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ARTICLE INFO ABSTRACT

Keywords: Phenolic acids are mainly released from plant residue decomposition and play important roles in the assembly of
Allelochemical the soil microbiome. Understanding the general features of soil microbial communities modulated by phenolic
Microbiome

acids could provide fundamental insights into the assembly of the soil microbiome. We analyzed the effects of
four phenolic acids (ferulic acid, phthalic acid, salicylic acid and tannic acid) on the soil fungal communities at
two concentrations. Despite the application of different phenolic acids to the soil, we were able to identify certain
general changes in the fungal communities. We found that the tested phenolic acids significantly increased the
deterministic assembly process of the fungal community but decreased the fungal diversity. Moreover, the fungal
community structure under each tested phenolic acid treatment was distinct at low concentrations but similar at
high concentrations. Salicylic acid had the greatest impacts on the fungal community. In addition, Fusarium and
Aspergillus were significantly enriched in the soil amended with all the tested phenolic acids at high concen-
trations. Our study revealed certain general changes in the soil fungal communities modulated by phenolic acids,
which deepened our understanding of the fungal assembly mechanism and provided robust insights for identi-
fying candidate phenolic acid-degrading microbes.

Assembly mechanism
Fungal diversity

microbes.
Some studies have reported that phenolic acids can significantly

1. Introduction

Phenolic acids are mainly released from plant residue decomposition
and not only affect plant growth but also the soil microbiome (Liu et al.,
2017; Xie et al., 2018). In particular, the enrichment of phenolic acids in
soil increased the abundances of fungal soil-borne pathogens (Tian et al.,
2015). To relieve continuous cropping obstacle, certain microbes, such
as Paraburkholderia madseniana (Wilhelm et al., 2021) and Pseudomonas
nitroreducens (Zhang et al., 2010), that can efficiently degrade phenolic
acids have been applied in soil. Identification of the general features of
soil microbial communities modulated by phenolic acids could not only
help decipher the community assembly processes but also provide the
fundamental insights for identifying candidate phenolic acid-degrading

change the soil microbial community composition (Liu et al., 2017; Tian
et al., 2015; Zhou et al., 2018). For example, the relative abundance of
Bionectria and Trichoderma was significantly increased, whereas the
relative abundance of Metarhizium was reduced in the soil amended with
benzoic acid (Liu et al., 2017). However, previous studies have focused
on the effects of individual phenolic acids or concentrations on the soil
microbiome (Liu et al., 2017; Zhou et al., 2018). Whether we could
identify the general changes in the soil microbiome modulated by
phenolic acids is still poorly known.

Generally, fungi have a higher level of enzymes secretion that can
effectively degrade phenolic acids compared to bacteria (Su et al.,
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2012). Furthermore, a previous study indicated that the degradation
amount of phenolic acids was positively related to the abundance of the
fungal community (Wang et al., 2016). Therefore, we aimed to inves-
tigate the effects of phenolic acids on the fungal community and to
identify efficient phenolic acid-degrading microbes. We systematically
investigated the effects of four phenolic acids at two concentrations on
soil fungal communities. We found that the application of different
phenolic acids in the soil resulted in changes in the fungal communities.
In addition, the dominant fungi, Fusarium and Aspergillus, were signifi-
cantly enriched under all tested phenolic acids, providing valuable in-
sights for identifying potential phenolic acid-degrading microbes.

2. Materials and methods

2.1. Determination of the fungal taxa affected by the four phenolic acids
in the soil

The experimental soil information was listed in Supplementary Ma-
terial. The chemical properties of the tested soil were shown in Table S1.
Four different phenolic acids (ferulic acid, phthalic acid, salicylic acid
and tannic acid) at two concentrations were added to the soil in 100-ml
bottles. The phenolic acids and concentrations were chosen based on
previous studies (Table S2). In our study, the low and high concentra-
tions of phenolic acids were 0.06 mg g~ * of soil and 0.3 mg g~ of soil,
respectively. The detailed processes of application of phenolic acids in
soil were shown in the Supplementary Material. Soil that was not
amended with phenolic acids was used as the control. The soil moisture
was adjusted to 45 % of the soil capacity. All treatments were replicated
5 times. All bottles were incubated at 28 °C. Three samples were
randomly taken on the seventh day and then stored at —80 °C.

2.2. DNA extraction and sequencing

Total genomic DNA was isolated from the tested soils. For each
sample, 0.25 g of soil was used to extract DNA using the PowerSoil DNA
Isolation Kit (MoBio Laboratories, Carlsbad, CA, USA) following the
manufacturer’s protocol. The microbial community composition was
characterized via MiSeq amplicon sequencing. The PCR primers and
processing of the sequencing data were shown in the Supplementary
Material.

2.3. Statistical analyses

The fungal community diversity indices Chao richness and Shannon
diversity were calculated from the rarefied fungal OTU table (opera-
tional taxonomic unit) using Mothur software. The following analyses of
fungal community were performed in R 4.2.2. Principal coordinate
analysis (PCoA), the significant changes in the relative abundances of
genera (top 50), normalized stochasticity ratio index (NST index), the
associations between NST index and Shannon diversity were analyzed
by vegan, DESeq, NST, and R basic package. The detailed statistical
analyses were shown in the Supplementary Material.

3. Results
3.1. Phenolic acids decreased fungal diversity

We found that the application of ferulic acid and salicylic acid
significantly decreased the fungal Shannon diversity (Fig. 1). The
application of phthalic acid and tannic acid also slightly decreased the
fungal Shannon diversity. In addition to tannic acid, the Shannon di-
versity was higher in the soil amended the tested phenolic acids at low
concentration than that at high concentration. Moreover, the greatest
decrease (approximately 1.23-fold compared with the control) in fungal
Shannon diversity was found in the soil amended with salicylic acid at
high concentration. Similar results were also found for the Chao index
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Fig. 1. Fungal Shannon diversity in the soil amended with phenolic acids. a, b,
c and d correspond to ferulic acid, tannic acid, phthalic acid and salicylic acid,
respectively. CK, F, T, P and S refer to control, ferulic acid, tannic acid, phthalic

acid and salicylic acid, respectively. L and H refer to low and high concentra-
tions, respectively.

2.6

(Fig. S1).

3.2. Phenolic acids changed the fungal community structure and
increased the deterministic assembly process

We next determined the general changes in the fungal community
structure in the soil amended with phenolic acids (Fig. 2). The results
showed that all tested phenolic acids significantly changed the fungal
community structure at low or high concentrations (P < 0.01) (Fig. S2).
In addition, salicylic acid had the greatest impacts on the fungal com-
munity structure. Moreover, the fungal community structure of the
different phenolic acids differed at low concentrations. However, the
fungal community structures of all tested phenolic acids were similar at
high concentrations (Fig. 2a). To support the result, we compared the
different values of PCoAl in each compared phenolic acid treatment
between the low and high concentrations. In addition to the different
values of PCoAl between ferulic acid and phthalic acid, the different
values of PCoAl between each compared phenolic acid at low concen-
tration was higher than that at high concentration (Fig. 2b). Similar
results were also found for the different values of PCoA2 (Fig. S3).

We determined the normalized stochasticity ratio (NST) index of the
fungal community (Fig. S4). All the tested phenolic acids significantly
increased the deterministic assembly process of the fungal community.
Moreover, the greatest decrease (approximately 7.8-fold compared with
the control) in the NST index was found in the soil amended with sali-
cylic acid at high concentration. Furthermore, the different values of the
NST index between the control and treatments were positively related to
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the different values of the Shannon diversity index between the control
and treatments, suggesting that the decreased fungal diversity was
caused by the deterministic assembly of the fungal community.

3.3. Phenolic acids enriched Fusarium and Aspergillus

Due to the changes in fungal community structure, we further
determined the fungal compositions in the soil amened with phenolic
acids (Tables S3 and S4). Supporting the above results, the numbers of
significantly changed fungi were highest in the salicylic acid treatments.
At the low concentration level, the relative abundances of Fusarium and
Aspergillus were only significantly increased in the salicylic acid treat-
ments (Table S3). In addition, Fusarium and Aspergillus were significantly
enriched in all tested phenolic acid treatments at high concentrations
(Table 1).

4. Discussion

Previous studies have shown the impacts of phenolic acids on the soil
microbiome. However, most studies have focused on individual phenolic
acids or concentrations (Bao et al., 2022; Chen et al., 2018; Liu et al.,
2017). Here, we applied four phenolic acids at two concentrations to soil
to compare their effects on the soil fungal community. We found that
salicylic acid had the greatest impacts on the fungal community

Table 1
Significantly changed top 50 genera modulated by the tested phenolic acids in
soil at high concentration.

Genus CK Ferulic Tannic Phthalic Salicylic
Bisifusarium 0+0 0.16 + 0.11 + 0.16 + 0.09 £ 0.1
0.14 0.06 0.21
Rhizopus 0+0 1.46 + 0.18 + 0.22 + 0.22 +
2.33 0.28 0.2 0.11
Aspergillus 0.7 + 6.26 + 4.41 + 3.95 + 9.64 +
0.57 0.51 1.25 1.01 0.32
Fusarium 3.78 + 7.44 + 11.86 + 17.66 = 3 12.69 +
3.87 1.9 2.17 1.97
Rhodotorula 0.02 + 0.08 + 0.3+0.1 0.72 + 0.11 +
0.02 0.07 0.24 0.03
Chrysosporium 0.5 & 0.04 + 0.1+ 0.11 + 0.01 +
0.23 0.01 0.01 0.02 0.01

Note: The dominant genera (relative abundances >5 %) are marked with bold
type. The genera that were only significantly enriched in all the tested phenolic
acid were shown.

compared to other tested phenolic acids (Figs. 2 and 3). In addition, the
potential pathogen Fusarium was only greatly enriched under salicylic
acid at low concentrations (Table S3). To support our results, a previous
study showed that the combined eight phenolic acids and primary root
metabolites were added in soil, salicylic acid was the only phenolic acid
that stimulated a higher fungal biomass in the arable soil layer of mi-
crocosms (Clocchiatti et al., 2021). The combined information suggested
that salicylic acid should be considered the primary allelochemical to be
removed in soil.

We found that the fungal community structure in each phenolic acid

Ferulic acid
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Fig. 3. Proposed model for the soil fungal communities modulated by phenolic
acids.

The rectangles marked with different colours represent the soil fungal com-
munities modulated by distinct phenolic acids. The fungi between the rectan-
gles refer to the genera that significantly enriched in all tested phenolic acids.
NST refers to normalized stochasticity ratio.
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treatment was distinct at the low concentrations but similar at the high
concentrations (Fig. 2a). It is likely that low concentration of phenolic
acids may enrich the microbes that preferentially use the corresponding
phenolic acids. For example, exogenous application of cinnamic acid
resulted in a different fungal community structure from that of gallic
acid (Li et al., 2018). However, high concentrations may have negative
effects on most microbes, but greatly enrich the microbes that have high
tolerance to such concentrations. To support this, the fungal diversity at
high concentrations was significantly lower than that at low concen-
trations (Fig. 1), suggesting that the toxic effects of high concentrations
led to the disappearance of certain microbes. Moreover, the NST values
at high concentrations were significantly lower than those at low con-
centrations. Taken together, this information suggests that the deter-
ministic assembly processes were stronger at high concentrations,
resulting in lower fungal diversity (Ning et al., 2019). Additionally, the
reduced fungal diversity created more niches, which favored the
enrichment of microbes with high tolerance to high concentrations, such
as the plant pathogen Fusarium. A previous study showed that p-
hydroxybenzoic acid, vanillic acid and ferulic acid could significantly
stimulate the growth in vitro of Fusarium graminearum, Fusarium lang-
sethiae, and Fusarium poae at a concentration of 100 pg g~! (Schoneberg
et al., 2018). The greatly enriched Fusarium may contribute to the
similar community structures of different phenolic acids. Overall, our
results may provide reasonable information on the enrichment of
Fusarium in soil with a high content of phenolic acids.

The application of phenolic acid-degrading microbes could relieve
continuous cropping obstacle, such as Xanthomonas and Rhizobium
(Zhou et al., 2020) and Bacillus (Duan et al., 2022) resulted in the low
phenolic acid contents that contributed to soil borne disease suppres-
sion. We found that Aspergillus and Fusarium were significantly enriched
in the soil amended with high concentrations of all tested phenolic acids
(Table 1), indicating their potential to efficiently degrade phenolic acids
(Hegde et al., 2006). Aspergillus and Fusarium, which are dominant fungi
in the rhizosphere, may evolve to perform the function of degrading
plant residues that contain high concentrations of phenolic acids.
Although certain species of Aspergillus and Fusarium are plant pathogens,
such as Aspergillus flavus and Fusarium oxysporum, some species are
beneficial microbes. For example, Aspergillus sp. NPF7, which cannot
produce aflatoxin, stimulated the growth of wheat (Pandya et al., 2018),
and nonpathogenic rhizosphere strains of Fusarium culmorum protected
rye from Fusarium wilt (Jaroszuk-Scisel et al., 2008). Overall, our find-
ings provide promising insights for future improvements in the degra-
dation of phenolic acids at high concentrations by such certain plant-
beneficial microbes.

5. Conclusions

We obtained general results related to the effects of phenolic acids on
the soil microbiome. Our results form a basis to better understand the
fungal assembly mechanism in phenolic acid-rich soil and provide
robust insights for identifying candidate phenolic acid-degrading
microbes.
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