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A B S T R A C T   

Understanding the influence of the heavy metal cadmium (Cd) on the phyllosphere microbiome of hyper
accumulator plants is crucial for enhancing phytoremediation. The characteristics of the phyllosphere of Sedum 
alfredii Hance, a hyperaccumulator plant, were investigated using 16S rRNA and internal transcribed spacer 
amplicon sequencing of powdery mildew-infected leaves treated or untreated with Cd. The results showed that 
the colonization of powdery mildew caused severe chlorosis and necrosis in S. alfredii leaves, and the relative 
abundance of Leotiomycetes in infected leaves increased dramatically and significantly decreased phyllosphere 
microbiome diversity. However, S. alfredii preferentially accumulated higher concentrations of Cd in the leaves 
of infected plants than in uninfected plants by powdery mildew, which in turn significantly inhibited powdery 
mildew colonization in leaves; the relative abundance of the fungal class Leotiomycetes in infected leaves 
decreased, and alpha and beta diversities of the phyllosphere microbiome significantly increased with Cd 
treatment in the infected plants. In addition, the inter-kingdom networks in the microbiota of the infected leaves 
treated with Cd presented many nodes and edges, and the highest inter-kingdom modularity compared to the 
untreated infected leaves, indicating a highly connected microbial community. These results suggest that Cd 
significantly inhibits powdery mildew colonization by altering the composition of the phyllosphere microbiome 
in S. alfredii leaves, paving the way for efficient heavy metal phytoremediation and providing a new perspective 
on defense strategies against heavy metals.   

1. Introduction 

Cadmium (Cd) is a widespread soil contaminant originating from 
both natural and anthropogenic sources (Wei and Yang, 2010; Zhao 
et al., 2015). The accumulation of Cd in the environment poses a threat 
to human health and ecosystems (Rubina et al., 2020; Zhang et al., 
2014). Phytoremediation is a relatively new technology considered 
novel, feasible, eco-friendly, cost-efficient, solar-driven, and is appli
cable in situ with adequate community acceptance (Clemens et al., 
2013; McGrath and Zhao, 2003). Translocation of metals to plant shoots 

is a crucial biochemical process required for active phytoextraction 
(Tangahu et al., 2011; Zacchini et al., 2009). Phytoremediation effi
ciency is largely determined by the storage capacity of the shoots; 
however, pathogen infections often affect plant mineral nutrient ho
meostasis (Zeng et al., 2022). As previously reported, Glycine max 
infected with a specialized fungus mobilizes local zinc (Zn) in the roots 
(Morina et al., 2021), and pathogen-infected Arabidopsis leaves may 
accumulate Zn at the infection site (Escudero et al., 2022). Furthermore, 
foliar diseases such as powdery mildew severely affect plant growth and 
the accumulation of heavy metals, thus seriously affecting 
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phytoremediation efficiency (Zou et al., 2018). However, few studies 
have been devoted to understanding the relationship between heavy 
metals and microbiota, specifically the phyllosphere microbiota. 

Being the aerial part of plants, the phyllosphere is the most ubiqui
tous and specific habitat for diverse microorganisms (Chen et al., 2018; 
Chen et al., 2020), and many microbes reside on leaf surfaces (Vorholt, 
2012). The microbial community of the phyllosphere plays an important 
role in protecting plants from pathogens (Jia et al., 2018; Mejia et al., 
2008), The phyllosphere microbiome interacts with the host plant and 
beneficially affects its health and function (Stone et al., 2018). There is 
growing evidence that plants experience biotic and abiotic stresses and 
require vigorous support from microbes to increase their ability to fight 
stress (Liu et al., 2020). In addition to disease protection, the phyllo
sphere microbiome can influence many other plant traits, including 
mineral nutrient homeostasis (Gong and Xin, 2021; Salas-Gonzalez 
et al., 2021; Zeng et al., 2022). These studies have also demonstrated 
the importance of microbial homeostasis on plant growth and health. 
However, whether and how the phyllosphere microbiome responds to 
heavy metals in hyperaccumulating plants remains unclear. 

Over the past few decades, hyperaccumulator plants have attracted 
great interest because of their superior ability to transport and accu
mulate high concentrations of heavy metals in their aboveground parts 
without showing any phytotoxic effects (Krämer, 2010; Manara et al., 
2020), which is valuable for their potential use in phytoremediation, 
especially in phytoextraction (Zhao and McGrath, 2009). Sedum alfredii 
Hance (S. alfredii) is native to China and is one of the few non-Brassica 
species that can hyperaccumulate Zn and Cd (Lu et al., 2008). Powdery 
mildew, a ubiquitous foliar disease, causes severe phytosanitary threats 
to S. alfredii growth, leading to a loss of quality and heavy metal phy
toremediation if control measures are not implemented (Nerva et al., 
2019). As one of the most toxic heavy metals, Cd is a potential line of 
defense against pathogens. Therefore, considering the relationship be
tween Cd and powdery mildew infection, or the phyllosphere micro
biome, can help devise better strategies to prevent pathogen infection, 
promote the accumulation of heavy metals in hyperaccumulator plants, 
and improve phytoremediation efficiency. 

Therefore, this study aimed to (i) compare the differences in the 
phyllosphere microbiome of S. alfredii treated with or without Cd in 
response to powdery mildew infection and (ii) examine whether and 
how the Cd-regulated phyllosphere microbiome protects S. alfredii from 
pathogen infection. The results of this study provide additional evidence 
for phytoextraction. 

2. Materials and methods 

2.1. Plant materials and culture 

Seeds of Sedum alfredii Hance, a Cd hyperaccumulator, were ob
tained from an old Pb/Zn mine in the Zhejiang Province, China (Yang 
et al., 2004). As previously reported (Lu et al., 2008), seedlings were 
grown in uncontaminated soil for several generations, and healthy and 
uniform shoots were selected and pre-cultured. The selected shoots were 
rooted in water for one week and treated with 1/4- and 1/2-strength 
nutrient solutions for three days. The nutrient solution was prepared 
as described by (Lu et al., 2008), consisting of 0.1 mmol L− 1 KCl, 0.7 
mmol L− 1 K2SO4, 5 μmol L− 1 ZnSO4, 0.1 mmol L− 1 KH2PO4, 0.01 μmol 
L− 1 (NH4)6Mo7O24, 0.2 μmol L− 1 CuSO4, 0.5 mmol L− 1 MgSO4, 10 μmol 
L− 1 H3BO3, 100 μmol L− 1 Fe-EDTA, 2 mmol L− 1 Ca(NO3)2, and 0.5 μmol 
L− 1 MnSO4 (HuShi, Shanghai, China). Plants were then cultured in a 
full-strength nutrient solution, continuously aerated, and refreshed 
every 3 d. The pH of the nutrient solution was adjusted daily using NaOH 
or HCl to maintain the pH at 5.5–5.8. Plant cultivation was performed in 
a growth chamber (LeDian, Shanghai, China) under 16 h light and 8 h 
dark conditions. Light intensity during the photoperiod was set at 350 
μmol m− 2 s− 2, day and night temperatures of 26 ◦C and 20 ◦C, respec
tively, and chamber humidity of 65 %. 

2.2. Experimental design and sample collection 

For inoculation, 6-week-old seedlings were placed in a separate 
humid chamber (LeDian, Shanghai, China) at 23 ◦C for 72 h. Freshly 
collected powdery mildew spores were applied with a fine paintbrush to 
the adaxial surface of the leaves of S. alfredii seedlings and re-inoculated 
every day for 7 d at the same time (9:00 AM in China). Healthy and 
uniform 6-week-old seedlings were sprayed with sterile water in sepa
rate growth chambers under the same exposure and treatment condi
tions. As reported previously (Huai et al., 2019), S. alfredii seedlings 
inoculated with powdery mildew over 7 d, and S. alfredii showing 
similar infection rates, were chosen for treatment with 0 or 25 μmol L− 1 

CdCl2 (202908, Sigma, USA) in a growth nutrient solution in a growth 
chamber at 26 ◦C for another 7 d. Finally, fresh plant samples from 
different treatment groups were collected in 50 mL Falcon tubes, frozen 
in liquid nitrogen at − 80 ◦C (Thermo Scientific TSX70086V, USA), and 
analyzed as described below. 

2.3. Infection quantification and elemental determination 

As previously reported (Hao et al., 2015), disease severity (DS) in 
leaves was determined to quantify the powdery mildew infection index, 
with certain modifications. The DS had six levels, namely, DS = 0; 1, 0 <
DS ≤ 20 %; 2, 20 % < DS ≤ 50 %; 3, 50% < DS ≤ 70 %; 4, 70 % < DS ≤
90 %; 5, full susceptibility, DS ≥ 90 %; 6. 

As previously reported (Hou et al., 2017; Tian et al., 2011), the 
S. alfredii seedlings were separated into roots, stems, and leaves 
immersed in 1.0 mmol L− 1 EDTA for 5 min to remove surface-absorbed 
ions, and immediately rinsed thoroughly with distilled water for 
elemental determination. All samples were dried in an oven at 65 ◦C for 
72 h until a constant weight was reached, after which the dry weight was 
measured. By using a graphite digestion instrument (GY-NDXJ, Yonggui, 
Shanghai), dried samples (0.1 g) of individual treatments were digested 
for 8 h at 180 ◦C with 1 mL H2O2 (1.0 mol L− 1) and 3 mL HNO3 in a glass 
digestive tube with a glass funnel. The digested sample solution was 
transferred to a flask, and the volume was made up to 50 mL with highly 
purified deionized water and filtered for elemental determination. 
Inductively coupled plasma mass spectrometry (Agilent 7500a, USA) 
was used to determine the Cd concentrations in the digested sample 
solutions. We digested and analyzed a standard powder (rice powder, 
GBW08512, National Research Center for Certified Reference Materials 
of China) for quality control and assurance. Each treatment group con
sisted of 24 S. alfredii plants from eight pots, representing eight bio
logical replicates. 

2.4. Phyllosphere microbial DNA extraction 

For microbial DNA extraction from the leaf phyllosphere, 10.0–15.0 
g fresh leaf samples were collected from fresh S. alfredii, with 20 leaves 
per plant. Each harvested plants’ leaves were stored in eight sterile 
bottles containing release buffer with 100.0 mL, 0.1 mol L− 1, and pH 
8.0, and sterilized potassium phosphate buffer solution to uphold leaf 
integrity, as previously described (Bodenhausen et al., 2013; Ruiz-Perez 
et al., 2016; Xiong et al., 2021a, 2021b). The leaf samples were soni
cated at 40 kHz for 1 min, and the solution was shaken at 180 rpm for 30 
min at 24 ◦C, with the procedure repeated twice to ensure quality con
trol and assurance. The plant tissues were removed using sterile twee
zers, and the wash solution containing the microorganisms was filtered 
through a 0.22 µm nitrocellulose membrane filter (JinTeng, China). The 
filter membranes were then cut into pieces, and total microorganism 
DNA was extracted using the MP FastDNA® SPIN Kit for Soil (MP Bio
chemicals, Solon, OH, USA), following the manufacturer’s instructions. 

2.5. Generation of amplicons 

The PCR cycling conditions included an initial denaturation of DNA 
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at 94 ◦C for 5 min, followed by 30 cycles of denaturation at 94 ◦C for 30 
s, annealing at 52 ◦C for 30 s, and extension at 72 ◦C for 30 s, followed by 
a final extension at 72 ◦C for 10 min. The PCR products were mixed in 
equidensity ratios according to GeneTools Analysis Software (version 
4.03.05.0, SynGene) and sequenced on an Illumina Nova6000 platform 
(New England Biolabs, MA, USA) by MeiGe Genomic Biotech (Guangz
hou, China). Fragments of the bacterial 16 S rRNA (V4–V5) genes were 
amplified using primer sets 515 F:5′-GTGCCAGCMGCCGCGGTAA-3′

and 806 R:5′-CCGTCAATTCMTTTRAGTTT-3. ’ In contrast, the fungal 
internal transcribed spacer (ITS) region containing the ITS1–2 genes was 
amplified using primer sets 1737 F:5′-CTTGGTCATTTAGAGGAAGTAA- 
3′ and 2043 R:5′-GCTGCGTTCTTCATCGATGC-3. ’ The amplicons were 
sequenced on a MiSeq platform (Illumina, CA, USA). 

2.6. Processing of pyrosequencing data 

After MiSeq sequencing, the reads were analyzed using the Quanti
tative Insight into Microbial Ecology 2 (QIIME 2, version 2020.11) 
software and its plugins. DADA2 was then used to filter out noise and 
low-quality reads and eliminate chimeras to obtain amplicon sequence 
variants (ASVs) (Callahan et al., 2016). The ASVs of bacteria and fungi 
were assigned to taxonomic groupings based on comparisons with the 
SILVA 16S (version 12_8) (Quast et al., 2013) and UNITE ITS databases 
(version 7.0) (Koljalg et al., 2005), respectively. After classifying ASVs, 
bacterial ASVs were filtered and assigned to archaea, mitochondria, 
chloroplasts, and those that did not have a recognized kingdom 
assignment; the average frequency per sample was 11721.0. For fungal 
ASVs, plants and protists were removed and the average frequency per 
sample was 11779.3. 

2.7. Statistical analysis 

The functional diversity of taxonomic α- (Shannon diversity, Faith 
phylogenetic diversity (Faith_pd), and observed diversity) and α- (be
tween samples) diversity indices were determined using QIIME 2. 
Cluster and principal coordinate analyses (PCoA) were performed based 
on Bray–Curtis dissimilarities across sequence samples. The results of 
these analyses were presented using the “PCoA” function of the “ape” 
package in the R software (version 4.2.0). 

Manhattan plots were constructed using the edgeR package in R 
software utilizing operational taxonomic unit (OTU)-based approaches 
to evaluate the differential expression of OTU across the treatments 
based on log2|fold change| ≥ 2 and Q-value > 0.05 (Robinson et al., 
2010). A taxonomic dendrogram based on specific microbial clusters 
was generated with one representative sequence of each OTU using 
Mega-X (Kumar et al., 2016) and was displayed using the Interactive 
Tree Of Life (iTOL) (https://itol.embl.de/) (Letunic and Bork, 2011). 

Molecular ecology networks of S. alfredii phyllosphere microbes 
based on the random matrix theory were constructed using molecular 
ecological network analyses (http://ieg4.rccc.ou.edu/mena) (Xiao 
et al., 2022). P values were adjusted using the “Benjamini–Hochberg” 
procedure (Benjamini and Hochberg, 1995) to reduce false-positive 
signals. The Gephi interactive platform (Bastian et al., 2009) was used 
to visualize molecular ecological networks. In microbiome networks, 
nodes represent individual microbial genera and edges represent the 
pairwise correlations between nodes, which indicate biologically or 
biochemically meaningful interactions. 

The “Fungi” + “Functional” + “Guild” (FUNGUILD, version 1.0) was 
used to predict the functions of fungal taxa (Langille et al., 2013), 
respectively. A heat map was generated using the ggplot2 (version. 
3.2.1) graphic system in the R package (Villanueva and Chen, 2019) to 
visualize the enrichment profile of each fungal function. 

Statistical analysis of the elemental determination was performed 
using the IBM® SPSS® Statistics 25 (IBM, USA) application, and analysis 
of variance (ANOVA) was used on the data sets. The mean and standard 
deviation (SD) of individual treatments and the SD for each of the 

corresponding datasets (P < 0.05, P < 0.01) was calculated. The figures 
were created using OriginPro version 2021b software (OriginLab, 
Northampton, MA, USA) and the R package (version 4.2.0). 

3. Results 

3.1. Cd inhibits powdery mildew colonization in S. alfredii leaves 

S. alfredii is highly sensitive to powdery mildew. After 7 d of powdery 
mildew exposure, the infected S. alfredii leaves developed symptoms of 
severe chlorosis and necrosis without Cd treatment (Fig. 1a). Mean
while, the leaf biomass of infected S. alfredii significantly decreased by 
0.70 g of fresh weight as the powdery mildew infection rate increased to 
60.45 % (Fig. 1a, b, and d). However, in contrast to infected plants 
grown in a Cd-free nutrient solution, infected plants grown in a nutrient 
solution containing 25 μmol L− 1 CdCl2 showed a considerable decrease 
in the powdery mildew infection index, remaining at only 9.5 % 
(Fig. 1d), wherein the leaves remained green and leaf biomass increased 
to 4.27 g (Fig. 1a and b). The powdery mildew infection rate also had a 
significantly negative linear correlation with Cd treatment (R2 = 0.7056, 
P < 0.01) (Fig. 1e), and the concentration of Cd in the aerial parts of 
S. alfredii increased 2-fold with powdery mildew infection (Fig. 1c). 

3.2. Distinct microbiota community structure in the S. alfredii 
phyllosphere 

Based on the Bray–Curtis distances, we further investigated the beta- 
diversity (β-diversity) of the overall variation in the microbiota com
munity structure among samples in the S. alfredii phyllosphere across all 
treatments. Combined with cluster analysis, the PCoA of Bray–Curtis 
distances revealed that the phyllosphere fungal community in plants 
with powdery mildew infection formed separate clusters and was 
significantly separated from the other treatments across the first prin
cipal coordinate. However, the fungal community diversity of infected 
S. alfredii with Cd clustered with that of the uninfected plants (Fig. 2a). 
However, although the average distance of the Bray–Curtis matrix 
reached 0.92 with severe powdery mildew infection, Cd treatment 
significantly decreased the Bray–Curtis distance in the infected plants by 
0.27, resulting in no significant difference between the Bray–Curtis 
distances in plants uninfected with powdery mildew and Cd-treated 
plants infected with powdery mildew (Fig. 2b). Thus, these results 
indicate that in the leaves of S. alfredii without Cd treatment, the fungal 
communities were more susceptible to powdery mildew than in the 
plants treated with Cd. 

Furthermore, FUNGuild was used to annotate fungal functions. The 
principal component analysis results also revealed that the functions of 
phyllosphere fungi in powdery mildew infection were significantly 
separated across the first principal coordinate (Fig. S1a), and the func
tion of the plant pathogen reached 99.29 % (Fig. S1b). However, after 
Cd treatment, plant pathogen abundance decreased rapidly (33.85 %). 
The abundance of undefined saprotrophs (20.70 %) and animal 
pathogen-plant pathogen-undefined saprotrophs (19.43 %) increased 
(Fig. S1b). 

3.3. Diversity and abundance of the phyllosphere fungal community 

Next, we determined the phyllosphere microbiota composition in 
powdery mildew-infected S. alfredii plants subjected to Cd treatment (0 
or 25 μmol L− 1 CdCl2) and in uninfected plants subjected to Cd treat
ment (0 or 25 μmol L− 1 CdCl2). There was a significant difference be
tween the relative abundance of phyllosphere fungal taxa with and 
without Cd treatment under powdery mildew infection (Fig. 3). Unin
fected with powdery mildew, Dothideomycetes (25.51 % in the control 
and 35.94 % in the Cd treatment), Sordariomycetes (10.53 % in the 
control and 14.30 % in the Cd treatment), Basidiomycota (30.17 % in the 
control and 14.25 % in the Cd treatment), and Leotiomycetes (9.76 % in 
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the control and 9.54 % in the Cd treatment) were the most dominant 
fungal classes in the leaves of S. alfredii (Fig. 3a). However, the relative 
abundance of Leotiomycetes, which is responsible for powdery mildew 
disease, increased significantly to 99 % with powdery mildew infection 
in the control group. In contrast, for S. alfredii treated with 25 μmol L− 1 

CdCl2 after exposure to powdery mildew infection, the relative abun
dance of Leotiomycetes decreased significantly to 43.7 %. The relative 
abundances of other classes, such as Dothideomycetes (10.42 %), Sor
dariomycetes (3.70 %), and Basidiomycota (38.00 %), significantly 
increased in the leaves of S. alfredii exposed to powdery mildew and 
subjected to Cd treatment (Fig. 3a). 

A three-way ANOVA, including Shannon, Faith-pd, and observed 
OTU diversity, revealed that the alpha diversity (α-diversity) (within- 
sample diversity) of the fungal communities in S. alfredii (Shannon index 
[PM] = 0.28, P < 0.01; Faith_pd[PM] = 10.36, P < 0.01; and observed 

OTU diversity[PM] = 90.63, P < 0.01) (Fig. 3b, c, and d) was sharply 
decreased without Cd treatment under powdery mildew infection con
dition. However, with the 25 μmol L− 1 Cd treatment, the fungal com
munity diversity of powdery mildew-infected S. alfredii significantly 
increased (Shannon index [PMCd] = 3.04, 10.97-fold of PM treatment; 
Faith_pd[PMCd] = 17.87, 1.72-fold of PM treatment; and observed OTU 
diversity[PMCd] = 190.75, 2.10-fold of PM treatment) (Fig. 3b, c, and d). 
In contrast, there was no significant difference in the composition of 
total leaf bacteria in S. alfredii among any of the treatments (control, Cd, 
PM, and PMCd) (Fig. S2). 

3.4. Phyllosphere fungal assemblage divergence between S. alfredii 
infected and healthy leaves 

A comparison of fungal assemblages in the leaves of S. alfredii with 

Fig. 1. The effect of Cd on powdery mildew colonization. Six-week-old seedlings were pre-treated with either powdery mildew (PM, PMCd) or with sterile water 
(control, Cd) for 7 d, then treated with 0 (control, PM) or 25 μmol L− 1 CdCl2 (Cd, PMCd) in nutrient solution at 26 ℃ for another 7 d. Images of S. alfredii plants and 
representative leaves infected by powdery mildew and treated with 0 μmol L− 1 CdCl2 (PM) or 25 μM CdCl2 (PMCd) (a); Fresh-weight biomass of roots, stems, and 
leaves in the four treatment groups (control, Cd, PM, and PMCd) (b); Cd concentrations in mg g− 1 dry weight biomass of roots, stems, and leaves of infected and 
uninfected plants treated with 25 μM CdCl2 (Cd, PMCd) (c); Percentage of PM infection in leaves collected from S. alfredii subjected to different treatments (d); 
Correlation between Cd treatment and PM infection rate (e) Data represent mean ± SD (n = 8). Different letters indicate significant differences within different 
treatments (P < 0.05). Control, no powdery mildew with 0 μmol L− 1 Cd treatment; Cd, no powdery mildew with 25 μmol L− 1 Cd treatment; PM, powdery mildew 
infection with 0 μmol L− 1 Cd treatment; and PMCd, powdery mildew infection with 25 μmol L− 1 Cd treatment. 
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and without exposure to powdery mildew infection revealed that 
Dothideomycetes, Exobasidiomycetes, Sordariomycetes, and Ustilaginomy
cetes were abundant in the leaves of S. alfredii in the Control, Cd, and 
PMCd treatments. In contrast, Leotiomycetes were severely enriched in 
the infected leaves of S. alfredii without Cd treatment (Fig. 4a). As shown 
in the Venn diagram (Fig. 4b), 13 fungal taxa that were shared among 
the Control, Cd, and PMCd treatments belonged to Dothideomycetes, 
Sordariomycetes, and Ustilaginomycetes classes. Fig. 4c shows that 
Dothideomycetes, Sordariomycetes, and Ustilaginomycetes were abundant 
in uninfected and infected leaves subjected to Cd treatment, and the 
abundance of Ustilaginomycetes significantly increased in infected leaves 
subjected to Cd treatment. However, in the infected S. alfredii leaves, 
Leotiomycetes were enriched, and other fungal taxa were significantly 
less abundant (Fig. 4a, c, and d). Furthermore, based on the phyloge
netic tree and relative abundances of these OTUs displayed in Fig. 4d, it 
is clear that PM-enriched Leotiomycetes are closely related to Dothideo
mycetes. However, the relationships among Leotiomycetes, Exobasidio
mycetes and Ustilaginomycetes remain unclear. 

3.5. Changes in phyllosphere microbiota co-occurrence networks 

To further investigate whether the variations in microbial in
teractions accompanied variations in microbial community assemblies, 
we analyzed the fungal–fungal intra-kingdom networks and bacter
ial–fungal inter-kingdom networks to uncover possible associations and 
the complexity of connections among the phyllosphere microbiota. 
Based on the co-occurrence network analysis of the fungal–fungal and 
bacterial–fungal networks, the highest number of nodes and edges with 
the Cd treatment (nodes: 207, edges: 2530 in intra-kingdom and nodes: 
216, edges: 1256 in inter-kingdom network analysis; Fig. 5, Table S1) 
was observed. Furthermore, the intra-kingdom and inter-kingdom net
works in infected leaves subjected to Cd treatment were more complex 
(based on the number of nodes and edges) than those in infected leaves 
without Cd treatment, with the highest intra-kingdom complexity 
(average degree = 38.94) and highest inter-kingdom modularity 
(modularity = 0.66). However, in the powdery mildew-infected leaves, 
the network presented the lowest number of nodes and the highest 
number of negative edges (nodes: 60, proportion of negative edges 
47.11 % in intra-kingdom and 161/46.34 % in inter-kingdom with 63.16 
% in bacterial–fungal, Fig. 5a–e, Table S1). Finally, co-enriched OTUs 
(between all uninfected and infected leaves subjected to the Cd treat
ment) were also found, as shown in Fig. 4, and were highly connected to 
other fungi in the intra-kingdom networks (Fig. 5a). Compared to 

infected leaves, the nodal degree of these co-enriched OTUs increased 
significantly in infected leaves subjected to Cd treatment (Fig. 5a, b; 
Table S2). The powdery mildew node degree (of Leotiomycetes) reached 
31 in the infected leaves, but significantly decreased to 2 in the CD 
treated infected leaves (Table S2). 

4. Discussion 

The phyllosphere microbiome is ubiquitous in the aerial parts of 
plants and is essential for plant growth and disease resistance (Vorholt, 
2012). In the current study, by profiling the differences in the phyllo
sphere microbiome among the infected and uninfected S. alfredii leaves 
with or without 25 μM Cd treatment, we found that Cd application 
might significantly influence powdery mildew colonization, maintain 
phyllosphere microbiome diversity, and help S. alfredii recruit other 
microbiome taxa to cope with powdery mildew infection. S. alfredii can 
thrive, accumulate large amounts of Cd in its aboveground parts, and 
improve the phytoremediation efficiency of Cd-polluted soils (Tian 
et al., 2017). 

4.1. Cd efficiently inhibited powdery mildew colonization in S. alfredii 

As a biotrophic fungus, powdery mildew severely influences 
S. alfredii growth and affects the Cd concentration balance (Fig. 1). As an 
important hyperaccumulator plant, S. alfredii has a strong ability to 
hyperaccumulate heavy metals such as Zn and Cd in its aerial parts 
(Deng et al., 2007; Yang et al., 2004). The results obtained in this study 
showed that powdery mildew-infected S. alfredii exhibited enhanced Cd 
accumulation in shoots, which may decrease the nutrient status in leaves 
and cause powdery mildew to suffer high Cd toxicity while obtaining 
nutrients, and thus may strongly restrict powdery mildew acquisition 
and, therefore, their growth (Fig. 1a). Similarly, our results are consis
tent with previous results showing that Brassica juncea can accumulate 
selenium to protect Indian mustard plants from fungal infection and 
herbivory by caterpillars (Hanson et al., 2003), and that nickel hyper
accumulation in Streptanthus polygaloides enhances plant resistance to 
powdery mildew infection and bacterial pathogens (Boyd et al., 1994). 
Most studies have focused on the relationship between heavy metals and 
plant metabolism. However, the biological roles of Cd in the phyllo
sphere microbiome of the hyperaccumulator S. alfredii leaves have 
seldom been reported. 

Fig. 2. The phyllosphere microbiome commu
nity structure in S. alfredii populations. Six- 
week-old seedlings were pre-treated with 
either powdery mildew (PM, PMCd) or with 
sterile water (control, Cd) for 7 d, then treated 
with 0 (control, PM) or 25 μmol L− 1 CdCl2 (Cd, 
PMCd) in nutrient solution at 26 ℃ for another 
7 d. Principal coordinate analysis (PCoA) plots 
were used to show Bray–Curtis distances among 
the fungal communities compared with the hi
erarchical clustering of measurable OTUs 
(operational taxonomic units), based on pair
wise Bray–Curtis similarity (a); Bray–Curtis 
distances among the phyllosphere microbiome 
in control, Cd, PM, and PMCd in S. alfredii 
leaves (b). Data represent mean ± SD (n = 8). 
Different letters indicate significant differences 
within different treatments (P < 0.05). Control, 
no powdery mildew with 0 μmol L− 1 Cd treat
ment; Cd, no powdery mildew with 25 μmol L− 1 

Cd treatment; PM, powdery mildew infection 
with 0 μmol L− 1 Cd treatment; PMCd, powdery 

mildew infection with 25 μmol L− 1 Cd treatment; SD, standard deviation.   
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4.2. Cd efficiently maintained the diversity of the phyllosphere 
microbiome community 

In this study, as judged by the α- and β-diversities, the community 
structure of phyllosphere microbiota was sharply altered by powdery 
mildew invasion. Fungal diversity dramatically decreases with powdery 
mildew infection. However, powdery mildew-infected S. alfredii treated 
with Cd efficiently inhibited powdery mildew colonization, reduced the 
dissimilarity of the fungal community, and was attributed to an increase 
in phyllosphere microbiome α-diversity (Figs. 2 and 3). A previous study 
found that high microbial diversity supports mutualistic microbial in
teractions that prevent pathobionts (Bodenhausen et al., 2014). The 
results of functional diversity investigations of phyllosphere fungi also 
support this view (Fig. S1). However, pathogen-infected plants may 
harbor altered leaf microbial communities (Humphrey and Whiteman, 
2020), less diverse microbial communities, and may induce 

phyllosphere dysbiosis, and disease symptoms (Chen et al., 2020). 
However, perhaps because of coevolutionary processes, the phyllo
sphere microbial species on S. alfredii leaves may have evolved the 
ability to tolerate Cd toxicity. Meantime, as described previously, heavy 
metals can alter the composition of soil microbial communities (Wood 
et al., 2016). Furthermore, Cd treatment can be implicated in the 
assemblage of unique rhizosphere bacterial communities (Hou et al., 
2017), and can change the structure and activity of indigenous microbial 
communities (Khan et al., 2010). Multiple functions associated with 
microbial metabolism are enriched in infected leaves subjected to Cd 
treatment, which may impart important benefits to the nutrition, health, 
and quality of the plants (Igiehon and Babalola, 2017; Nie et al., 2018). 
Consistent with these results, the decreasing divergence of fungal com
munity assemblages during Cd treatment between infected and unin
fected S. alfredii further indicates interactions between the phyllosphere 
system and Cd treatment. These results strongly indicate that 

Fig. 3. Distribution of phyllosphere microbiome communities. Six-week-old seedlings were pre-treated with either powdery mildew (PM, PMCd) or with sterile 
water (control, Cd) for 7 d, then treated with 0 (control, PM) or 25 μmol L− 1 CdCl2 (Cd, PMCd) in nutrient solution at 26 ℃ for another 7 d. Relative abundances of 
different fungal classes in the phyllosphere microbiota of S. alfredii leaves (a); Shannon indices of the diversity of fungal classes (b); Faith phylogenetic distance 
(Faith_pd) of fungal classes (c); Observed OTU diversity of fungal classes (d). Data represent mean ± SD (n = 8). Different letters indicate significant differences 
within different treatments (P < 0.05). Control, no powdery mildew with 0 μmol L− 1 Cd treatment; Cd, no powdery mildew with 25 μmol L− 1 Cd treatment; PM, 
powdery mildew infection with 0 μmol L− 1 Cd treatment; PMCd, powdery mildew infection with 25 μmol L− 1 Cd treatment; OTU, operational taxonomic units; SD, 
standard deviation. 
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microbiome structure is crucial for plant health and metal hyper
accumulation. The results also showed that microbial diversity is 
strongly linked to powdery mildew resistance, and Cd efficiently 
maintains phyllosphere microbiome community diversity. 

4.3. Cd increased the complexity of phyllosphere microbiota co- 
occurrence networks 

Cooperative and competitive interactions between microbial species 
and network modularity can affect community stability (Coyte et al., 

2015; Faust and Raes, 2012; Gao et al., 2021). In our study, the lowest 
modularity and highest proportion of negative correlations among 
fungal taxa were observed in powdery mildew-infected S. alfredii net
works compared to those of the uninfected or Cd-treated S. alfredii 
networks (Fig. 5, Table S1). Mutually negative interactions indicated 
solid ecological competition, which also indicated that a lower variety of 
taxa could be hosted in infected S. alfredii leaves than in uninfected or 
Cd-treated S. alfredii leaves. In addition, lower modularity in the fungal 
network may exacerbate the destabilizing effect owing to the higher 
occurrence of cross-module correlations between taxa (Grilli et al., 

Fig. 4. Taxonomic characteristics of S. alfredii 
phyllosphere microbiome. Six-week-old seed
lings were pre-treated with either powdery 
mildew (PM, PMCd) or with sterile water 
(control, Cd) for 7 d, then treated with 0 (con
trol, PM) or 25 μmol L− 1 CdCl2 (Cd, PMCd) in 
nutrient solution at 26 ℃ for another 7 d. 
Manhattan plots present the differences in the 
relative abundance of enriched OTUs (opera
tional taxonomic units) in the fungal pop
ulations in the S. alfredii phyllosphere between 
control versus PM, Cd versus PM, and PMCd 
versus PM (a); Venn diagram showing the 
overlap in the fungal classes among control, Cd, 
and PMCd treatments (b), which correspond to 
the information presented in the Manhattan 
plots shown in panel (a) (P < 0.05); Column 
chart presenting the relative abundance of the 
enriched OTUs in fungal classes at the phylum 
level (c) selected from the Venn diagram pre
sented in panel (b); Taxonomic dendrogram 
showing the relative abundance of the enriched 
OTUs in fungal classes (d), corresponding to the 
overlap among control, Cd, and PMCd treat
ments evident in the Venn diagram shown in 
panel (b). Significantly enriched OTUs are 
depicted above the dashed line, corresponding 
to P = 0.05. Each circle or triangle represents a 
single OTU at the class level). OTUs enriched or 
depleted in the control, Cd, or PMCd treatments 
are represented by a filled triangle and an 
empty triangle, representing the PMCd treat
ment group. The sizes of the triangles corre
spond to their relative abundance in the 
respective samples. The taxonomic tree was 
constructed based on fungal ITS sequences. 
Control, no powdery mildew with 0 μmol L− 1 

Cd treatment; Cd, no powdery mildew with 25 
μmol L− 1 Cd treatment; PM, powdery mildew 
infection with 0 μmol L− 1 Cd treatment; PMCd, 
powdery mildew infection with 25 μmol L− 1 Cd 
treatment; ITS, internal transcribed spacer.   
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2016; Hernandez et al., 2021). The nodes and modularity among mi
crobes in infected S. alfredii leaves significantly increased with Cd 
treatment (Fig. 5, Table S1), which is consistent with the results of many 
previous studies (Shi et al., 2020; Toju et al., 2018; Wagg et al., 2019). 
Based on its high modularity, S. alfredii efficiently enhanced inter- and 
intra-phyllosphere microbiome interactions, especially negative ones 
(Fig. 5, Table S1). Enhanced interactions improve network and hub taxa 
complexity, improve microbiome stability by diminishing the disrupting 
effects of cooperation (Coyte et al., 2015), enhance resistance to external 

stress (Wagg et al., 2019) and are important in supporting ecosystem 
functions. 

4.4. Crucial microbiome assembled by S. alfredii leaves under Cd 
treatment 

The phyllosphere of S. alfredii is characterized by a unique microbial 
community. The abundance of many fungi (at the OTU level) was higher 
in infected leaves subjected to Cd treatment than in infected leaves not 

Fig. 5. The co-occurrence of networks among S. alfredii phyllosphere microbiome kingdoms. Six-week-old seedlings were pre-treated with either powdery mildew 
(PM, PMCd) or with sterile water (control, Cd) for 7 d, then treated with 0 (control, PM) or 25 μmol L− 1 CdCl2 (Cd, PMCd) in nutrient solution at 26 ℃ for another 7 
d. Intra-kingdom (a) and inter-kingdom (b) co-occurrence of networks in the S. alfredii phyllosphere microbiome. The nodes are colored based on different treat
ments. Node size indicates the degree of connection between OTUs. Edge color represents positive (red) and negative (blue) correlations; the degree and interaction 
type in the fungal intra-kingdom networks (c), bacterial-fungal inter-kingdom networks (d), and the specific degree and interaction type of BB, FF, and BF networks 
(e) in each treatment group. Control, no powdery mildew with 0 μmol L− 1 Cd treatment; Cd, no powdery mildew with 25 μmol L− 1 Cd treatment; PM, powdery 
mildew infection with 0 μmol L− 1 Cd treatment; PMCd, powdery mildew infection with 25 μmol L− 1 Cd treatment; B, bacterial; F, fungal; BB, bacterial-bacterial; FF, 
fungal-fungal; BF, bacterial-fungal networks; pp, positive; np negative. 
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subjected to Cd treatment (Fig. 4). Dothideomycetes, Sordariomycetes, and 
Ustilaginonmycetes were widely present in uninfected or infected leaves 
subjected to Cd treatment and were less abundant in powdery mildew- 
infected samples (Fig. 4). These fungal taxa may confer new microbial 
functions to native microbiota in response to powdery mildew invasion. 
Emerging evidence has confirmed that several microbes recruited 
following stress may exhibit antagonistic activity against pathogens and 
benefit plant survival (Li et al., 2022). The results of the phylogenetic 
tree and network analysis in Fig. 4d and Fig. 5 show that the relationship 
between PM-enriched Leotiomycetes, Cd-enriched Exobasidiomycetes, and 
Ustilaginomycetes remains distant, suggesting that Exobasidiomycetes 
could have contributed to the suppression of powdery mildew via either 
resource or interference competition. For instance, Arabidopsis thaliana 
recruits a group of disease-resistance-inducing and growth-promoting 
beneficial microbes to downy mildew pathogen Hyaloperonospora ara
bidopsidis infection (Berendsen et al., 2018). Other studies have shown 
that S. alfredii recruits rhizobacteria to promote plant growth and 
improve phytoextraction (Hou et al., 2017; Wang et al., 2020). 

5. Conclusions 

Based on the presented data, our results demonstrate that phyllo
sphere fungal communities are sensitive to powdery mildew infection. 
However, Cd treatment efficiently inhibited S. alfredii powdery mildew 
infection, exerted a substantial effect on S. alfredii phyllosphere micro
biome assembly, and may recruit other microbiome taxa to provide 
protection to host plants. Furthermore, phyllosphere homeostasis may 
promote S. alfredii to thrive efficiently and accumulate predominantly, 
thereby increasing Cd absorption and accumulation. Consequently, the 
current study significantly improves our understanding of the role of Cd 
in pathogen defense in the phyllosphere and the beneficial effects of Cd 
on phyllosphere microbiome assembly in the hyperaccumulator 
S. alfredii plants, which, in turn, could improve the performance of 
natural ecosystems and heavy metal phytoremediation. 
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