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Abstract

Fungal communities are associated with healthy peanut crops and good crop production, through the regulation of pod rot
disease. Rotted peanut pods and their surrounding soil samples were collected from locations in northern China. Fungal
species were identified by next-generation sequencing, using the conserved sequences of their internal transcribed spacer
regions. Results showed that rotted pod samples were rich in the phyla Ascomycota and Basidiomycota, and soil samples
also contained these, plus Chytridiomycota and Zygomycota. There were regional variations in the species of fungi related to
peanut pod rot and its surrounding soil, between locations. Fungal species of Cryptococcus and Fusarium were less abundant
in soil samples than in rotted pod samples, and were the main pathogenic fungi identified in our study. Soil total carbon,
nitrogen, and potassium had a strong influence on the fungal community, and total phosphorous and calcium ions, together
with soil pH, had a modest influence. Only Mycosphaerella and Gibberella were not significantly affected by these factors.
These findings may be of some help to control pod rot disease and reduce the production loss of peanut crops.

Introduction

The peanut (Arachis hypogaea) is originally from South
America but is now an important oil and food crop in many
countries, especially in China, which contributes more than
a quarter of global production [1]. Peanut pod rot, which
leads to kernel damage, has become an important fungal
disease worldwide, affecting the production and quality
of peanuts. It is difficult, above the ground, to determine

Meijing He and Weiming Sun contributed equally to this work.

b4 Lifeng Liu
liulifeng @hebau.edu.cn

Wei Guo
1787421502@qq.com

College of Plant Protection, Hebei Agricultural University,
Baoding, China

College of Agronomy and Forestry, Hebei North University,
Zhangjiakou, China

College of Agronomy and Biotechology, Hebei Normal
University of Science & Technology, Qinhuangdao, China

College of Agronomy, Hebei Agricultural University,
Baoding, China

Graduate School, Chinese Academy of Agricultural Sciences,
Beijing, China

whether the peanut is affected by pod rot disease, and the
specific fungi which cause the disease are difficult to dis-
tinguish [2]. Therefore, it is difficult to control the disease
using traditional approaches such as chemical or cultivation
methods [3].

Several species of fungi, and calcium ions (Ca”), have
been verified as important to the rotting of peanut pods and
in the surrounding soils [4]. The uptake of Ca2* by pea-
nut pods is essential for the development of cell walls and
seeds [5]. In field surveys, Pythium myriotylum, Rhizoctonia
solani, and Fusarium solani have been frequently isolated
from rotted peanut pods [6]. The primary cause of peanut
pod rot in different districts also differs; P. myriotylum was
the main cause of peanut pod rot in Cosigiiina, Nicaragua,
and F. solani in Egypt [7].

It is clear that changes in chemical, environmental factors
regulate the microbial community via the ecosystem [8].
Soil quality, together with the soil-based microbial commu-
nity, are constrained by pH, which can become the main fac-
tor controlling soil productivity and sustainability [9]. The
microbial community plays an important role in mediating
organic cycles in the soil and, in return, the limiting nutri-
ents, nitrogen, phosphorus, and potassium, also regulate the
microbial community [10]. How the major nutrient elements
and the pH of soil act to modify the microbial community
remains unclear.
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A peanut production survey conducted in China showed
several instances of peanut pod rot in Hebei Province,
which led to production losses [11]. In order to reduce
production loss, experimental trials are needed to provide
theoretical support. Hence, our objective here is (1) to
investigate the composition and structure of the fungal
community causing peanut pod rot in northern China; (2)
to compare the differences in fungal community between
rotted pods and their surrounding soils; (3) to identify the
main pathogenic fungal species causing peanut pod rot,
and (4) to explore the correlations between soil chemical
properties and the pathogenic fungal community.

Materials and Methods
Materials

Peanut (Arachis hypogaea L.) material Jihua 5 was the
control variety of peanut used in the regional test in Hebei
province. It has multi-resistance and wide adaptation, and
is derived from a cross between Pu93-11 and Zheng86036-
26-1. It was obtained from the Hebei Academy of Agri-
culture and Forestry Sciences. Conventional field planting
was used, with protected areas around the study regions,
with normal cultivation management, intertillage weeding,
and no fungicide application.

Sampling

Five samples of rotted peanut pods and corresponding
soil samples were collected, at the later stages of peanut
growth, from four locations in the old Yellow River drain-
age area and the Sha River drainage area, including Baod-
ing (BD), Tangshan (TS), Xinle (XL), and Handan (HD).
Soil was classified as yellow loam in BD, TS, HD, and
sandy loam in XL, with medium fertility, flat terrain, and
good water retention. The affected pods and corresponding
soil samples (10—15 cm deep around the infected peanut
plant) were taken by a five-point method in each region,
and repeated five times. All samples were stored in liquid
nitrogen for transfer to the laboratory. The affected pods
were cleaned with sterilized water, dried, and stored at
—70 °C. Soil samples were forced through a 2 mm sieve,
and then mixed thoroughly. Each soil sample was divided
into two parts, one of which was used for high-throughput
sequencing and stored at —70 °C. The other part was used
for the determination of physical and chemical properties.
The pod samples were labeled as BP, TP, XP, and HP, and
the corresponding soil samples were marked as BS, TS,
XS, and HS.
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Sequencing of Fungal ITS Regions

Next-generation sequencing library preparation and Illu-
mina MiSeq sequencing, together with DNA extraction
using the CTAB method, were conducted at GENEWIZ,
Inc. (Suzhou, China). DNA samples were quantified using
a Qubit 2.0 Fluorometer (Invitrogen, Carlsbad, CA, USA).
DNA (50-100 ng) was used to generate amplicons, using a
panel of primers designed by GENEWIZ (GENEWIZ, Inc.,
South Plainfield, NJ, USA). Oligonucleotide primers were
designed to anneal to the relatively conserved sequences
spanning the internal transcribed spacer (ITS) regions of
fungi. The ITS2 region was amplified using forward primer
ITS1 (5'-GTGAATCATCGARTC-3') and a reverse primer
ITS4 (5'-TCCTCCGCTTATTGAT-3"), which were used as
the universal fungus-specific primers [12]. In addition to ITS
target-specific sequences, the primers ITS1 and ITS4 also
contained adapter sequences, allowing uniform amplification
of the library with high complexity, ready for downstream
NGS sequencing on the Illumina Miseq platform. DNA
libraries were validated using an Agilent 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA), and quantified
using a Qubit 2.0 Fluorometer. DNA libraries were multi-
plexed and loaded on an Illumina MiSeq instrument accord-
ing to the manufacturer’s instructions (Illumina, San Diego,
CA, USA). Sequencing was performed using a 2x300/250
paired-end (PE) configuration. Image analysis and base call-
ing were conducted by the MiSeq Control Software (MCS)
embedded in the MiSeq instrument.

Environmental Parameter Measurements

Total carbon, nitrogen, phosphorous, potassium, and cal-
cium ions, together with soil pH in sampling locations,
were measured according to the national standard of P.R.C.
Total carbon was determined by potassium dichromate
oxidation-outer heating method [13], total nitrogen by the
automatic kjeldahl apparatus method [14], total phosphorus
by molybdenum-antimony anticolorimetry method [15],
and total potassium by extraction-flame photometer method
[16]. Exchangeable calcium was measured by the volumetric
method [17] and pH value by the acidimeter method [18].

Data Analysis

The QIIME data analysis package was used for statistical
analysis of operational taxonomic units (OTUs) at 97%
sequence identity [19]. The RDP classifier (Ribosomal
database program) was used to assign a taxonomic cat-
egory to all OTUs at a confidence threshold of 0.8 [20].
Quality filtering of joined sequences was performed, and
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sequences that did not fulfill the following criteria were
discarded: sequence length < 200 bp, no ambiguous bases,
and mean quality score > 20. The UCHIME algorithm was
used to classify the sequences, based on the RDP Gold data-
base [20], and then the chimeric sequences were removed.
Sequences were rarefied prior to calculation of alpha and
beta diversity statistics [21]. A beta diversity distance-based,
nonmetric, multidimensional scaling (NMDS) method was
used to analyze and classify all samples. Cluster analysis was
conducted using UPGMA (Unweighted pair group method
with arithmetic mean) based on the Bray—Curtis similar-
ity distance. Spearman correlation coefficients and P values
were calculated, from a test of significance between species
abundance and environmental factors. Correlation heatmaps
were then drawn, according to the results, to visually show
the relationship between environmental factors and com-
munity composition. An ordination analysis, redundancy
analysis (RDA), was conducted to characterize the relation-
ship between environmental factors and the microbial com-
munity. The symbols represent the location, and the arrow
lines with capital letters represent environmental factors. R
version 3.5.3 with the Vegan package was used to process
the data and draw figures.

Results
Overview of Sequence Assignment

A total of 4,966,440 sequence reads and 1,488,951,007 bp
were obtained from 40 samples, with an average Q30 of
78.54, GC of 58.36, and 0.18 N (ppm). Each sample had
56,667 effective reads, accounting for 91.39%, with an aver-
age sequence length of 324.37. The reliability of our outputs
was tested at a similarity level of 97%, using rarefaction
curves to predict the maximum OTU numbers. As sequenc-
ing depth increased, the number of OTUs increased. When
the curve became flat, the number of observed OTUs did not
rise with an increase in the amount of data extracted. The
rarefaction curve of each sample reached saturation, which
shows that sufficient sequencing outputs, for the rotted pod
and soil samples, were used in this work (Figure S1).

Fungal Community Composition

Fungal community compositions at different taxonomic lev-
els for rotted peanut pods and their surrounding soil sam-
ples were counted and summarized. At the phylum level, the
number of fungal community taxons extracted from the rot-
ted peanut pods and its surrounding soils were the same. The
soil samples exhibited greater diversity than the pod samples
at the levels of class, order, family, genus, and species. The
number of fungal species extracted from pods ranged from
34 to 53, and from soils ranged from 127 to 179 (Table 1).

Most of the fungal community derived from rotted pod
samples belonged to the phyla Ascomycota and Basidi-
omycota, and the soil samples contained both of these plus
Chytridiomycota and Zygomycota. Sixteen fungal classes
were observed. Sordariomycetes, Eurotiomycetes, Dothideo-
mycetes, Agaricomycetes, Tremellomycetes, and Leotiomy-
cetes were common in both rotted pods and soil samples, and
the remaining ten classes, Orbiliomycetes, Chytridiomycetes,
Glomeromycetes, Saccharomycetes, Pezizomycetes, Ustilag-
inomycetes, Microbotryomycetes, Pucciniomycetes, Exoba-
sidiomycetes, and Agaricostilbomycetes were mainly found
in soil samples (Fig. 1). A relative abundance heatmap, rep-
resenting the composition of the fungal community, showed
a difference in species composition (Figure S2). Almost all
fungal species observed in soil samples were more abundant
than those of rotted pod samples, except for Fusarium and
Cryptococcus.

Fungal Community Diversity

The microbial taxonomic diversity of the rotted pod samples
was distinct from that of the soil samples (Table 2). Good
coverage was evidenced by the same value of observed spe-
cies index in both soil and pod samples. All soil samples had
a higher Ace index and Chaol index than their correspond-
ing rotted peanut pods. The soil samples had more calculable
OTUs than rotted pod samples, and the community richness
of soil samples was higher than that of rotted peanut pod
samples. Each soil sample had a higher Shannon index than
its corresponding pod samples, and the community diversity
of soil samples was higher than that of rotted pod samples.

Table 1 Summary of fungal

; : Samples XP XS HP HS BP BS TP TS

community numbers at different

taxonomy levels Kingdom 2 2 1 2 2
Phylum 6 6 6 6 6 6 6 6
Class 9 16 14 16 10 16 10 17
Order 18 38 27 37 20 38 23 45
Family 25 55 28 47 18 55 27 63
Genus 40 105 48 94 34 100 38 126
Species 48 149 53 127 34 153 40 179
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Fig. 1 Relative abundances of top 30 of biological species at the
phylum level. The abscissa is the name of the pod and soil sample.
The ordinate is the relative abundance of different species (relative

Table 2 Alpha diversity indexes calculated from rarefied samples

Sample Ace Chaol Shannon Simpson Goods coverage
XP 128.4174 129.2618 1.848 0.5594  0.9992
XS 575.4678 583.2998 6.3172  0.9698  0.9982
HP 208.0514 205.013 2.401 0.6688  0.9992
HS 446.6912 453.1894 5.3272  0.9322  0.9982
BP 117.6056 118.172 1.706 0.4954  0.9994
BS 522.0198 526.4498 59556 0.9544 0.9984
TP 1455184 1439156 2.1216  0.6228  0.9992
TS 650.7034 664.0304 6.3934 0.9638 0.9978

The Simpson index identified that the soil samples had a
smaller ecological dominance and a higher evenness than
rotted pod samples. The rank abundance curves of all soil
and rotted pod samples were used to visualize relative abun-
dance, and soil samples exhibited lower species evenness
and higher diversity and richness than rotted pod samples
(Figure S3).
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abundance). The bottom-up color in the bar chart corresponds to the
species name of the following legend. Other presented the taxonomic
name except for the first 30 species of relative abundance

The similarity of fungal community composition was
clarified by Euclidean similarity distance-based cluster
analysis and Bray—Curtis similarity distance-based non-
metric multidimensional scaling (Fig. 2). When the stress
was less than 0.2, NMDS accurately reflected the differ-
entiation of samples. An NMDS stress value lower than
0.104 indicated excellent ordination representation. The
rotted pod samples from XL showed a bigger difference
between samples, and we suggest that sample BD3 might
be contaminated. The fungal community extracted from
soil samples only differed between locations, not within a
single location. However, the fungal community extracted
from rotted pod samples differed between samples in the
same location, and between locations. The fungal diversity
of rotted peanut pods was affected by the fungal commu-
nity of its corresponding soil, but was not determined by it.
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Fig.2 NMDS (a) and clustering
(b) analysis of fungal communi-
ties. a Each point represents

a sample, and the distance
between points represents the
degree of difference. Samples
from the same group were
marked in the same color. b
Each branch represents a sam-
ple, and different color branches
represent different groups
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Fungal Community Difference

Similarities were analyzed to verify the overall similar-
ity and significance. The difference between groups was
extremely significant and was greater than that within groups
(Table 3). Based on the community abundance data of dif-
ferent groups, strict statistical methods were used to detect
the differences in abundance in their fungal communities.
Multiple hypothesis tests of rare frequency data and false
discovery rate analysis can be used to assess the significance

Table 3 Anosim analysis of

> Factor R value P value
sample groups by location
BP-vs-BS  0.98 0.014
HP-vs-HS 1 0.007
TP-vs-TS 1 0.009
XP-vs-XS 1 0.01
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of the observed differences. This analysis was performed at
the genus level, and the abundance of five species with the
largest difference was plotted (Fig. 3). Fusarium had the
most obvious difference in relative abundance among the
classified genera in groups BP-vs-BS and HP-vs-HS. The
“unclassified genus” had the largest and most obvious dif-
ference in relative abundance in group TP-vs-TS. In group
XP-vs-XS, Alternaria, Fusarium, Geomyces, Mortierella,
and Volutella were the 5 genera with the largest difference.

Environmental Response

Environmental factors (Table S1) could directly reflect the
soil fertility, and have significant impact on fungal commu-
nity structures. Correlations between the fungal commu-
nity and nutrient elements were displayed using a heatmap
(Fig. 4). Only Mycosphaerella and Gibberella were not sig-
nificantly affected by these nutrient factors. Correspondence

50 Group
o HP
B HS

Group
TP
TS

Fig.3 Analysis of 5 species composition with significant differences between groups. Names of 5 species are on the abscissa and of that the

richness are on the ordinate
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Fig.4 Correlation heatmap
between species and environ-

mental factors. The environ-
mental factors are marked
horizontally at the bottom and
species are marked vertically at
the right. The values corre-
sponding to each square in the
heatmap show the relationship
between species and envi-
ronmental factors. Spearman
correlation coefficient r > 0 is
positively correlated, and r<0 is
negatively correlated. *** Sig-
nificance test P value < 0.001,
*#0.01 > P >0.001, *0.05

> P >0.01. A P value greater
than 0.05 is marked in color
white and results with statistical
significance are highlighted

—
o

analysis shows the correlation between the micro-ecological
environment and the fungal community, using straight lines
with arrows (Fig. 5). TK, TOC, and TN had the strongest
influence on the fungal community. HD samples were sensi-
tive to pH and TP. Nevertheless, samples from XL and TS
were Ca" sensitive. The correlation between environmental
factors and samples from BD differed from that of the other
three locations.

Discussion

Previous studies have shown that the peanut pod rot was
soil-borne pathogens mixed infection [22, 23] and it is
difficult to be completely controlled with chemicals, cul-
tivation methods or even biological techniques [24]. The
composition and diversity of soil microbial community
structure have a significant impact on plant soil-borne dis-
eases [25-27]. Analysis of peanut pod and surrounding
soil from the fungal community level may lay a foundation
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to study the dominant factors and the process of peanut
pod rot disease. In this study, the genetic diversity of the
fungal communities, extracted from rotted peanut pods
and their surrounding soil samples, was measured via
next-generation sequencing, and ample information was
obtained. The difference in fungal species between rotted
peanut pods and corresponding soils was clear. Further-
more, the effects on the fungal community of physico-
chemical parameters of the soil were subjected to orienta-
tion analysis.

Hanlin [28] identified 70 genera of fungi related to pea-
nut shells and seeds in the Southeastern United States,
while Wang et al.[29] identified 272 genera in Shandong
Province, China. In the present study, the most abundantly
identified fungi, relating to peanut pods, were 126 genera
in Hebei Province, China. We assume that the fungal spe-
cies related to peanut pod rot are location-sensitive and vary
from place to place. However, the fungal gene database is
far from perfect and consequently the “unclassified sequenc-
ing reads” which comprise a large proportion of species,
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0.84

RDA2

RDA1

Fig.5 Correlations between environmental factors and fungal com-
munity. Different colors and shapes represent sample groups in dif-
ferent environments. Arrows represent environmental factors, and
angles between environmental factors represent positive and negative
correlations between environmental factors and species. Relationships
(acute angle: positive correlation; obtuse angle: negative correlation;
right angle: no correlation)

might significantly alter the conclusion if the information
was available to identify them.

Ascomycota and Basidiomycota dominated our analysis at
the phylum level. As the dominant fungi, Ascomycota were
frequently observed in peanut roots [30] and were identi-
fied as endophytic, which were ubiquitous fungi that inhabit
plant tissues, harmlessly [31]. Basidiomycota were also fre-
quently observed in surrounding soils, at high abundance
[32]. Zygomycota were found in soil and Sphagnum fuscum
plants, at a relatively high abundance [33]. Chytridiomy-
cota were absent from plant tissues but were found at a low
level in soil [34]. Our study showed that rotted pod samples
contained Ascomycota and Basidiomycota, and the soil sam-
ples contained Ascomycota, Basidiomycota, Chytridiomy-
cota, and Zygomycota. This is consistent with the results
of previous studies. Overall, the majority of fungal species
occur in the soil, through most of their life cycles, some of
which are difficult to identify separately [35]. The compo-
sition and structure of the field crop drives the ecological
succession of the microbial community, and soil fungi are
soil context-dependent [36]. Differences in the fungal com-
munity, between locations, provided a substantial expression
of this spatial heterogeneity. The soil ecosystem is the pri-
mary source of the microbial community, but fungal com-
munities are also regulated by the physiological processes
in peanuts [37]. The fungal diversity of rotted peanut pods
was affected by its corresponding soil community, but was
not determined by it.
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Fusarium has been found to significantly alter the
fungal community of the peanut root system, its absence
coincides with a decline in Fusarium-induced rot and the
improvement of crop growth [38]. Furthermore, Fusarium
is also proven to be correlated with peanut leaf wilt, as a
pathogenic fungus [39], it is unclear whether it can also
be derived from other plant tissues. Cryptococcus is con-
sidered a plant-beneficial fungus, also related to pathogen
accumulation [40]. This might explain the relatively less
abundance of Cryptococcus and Fusarium observed in soil
samples, compared to rotted pod samples.

The basic components of soil fungi environment,
including soil pH, organic carbon, nitrogen, and so on,
have a certain impact on the composition of soil com-
munity. Ectomycorrhizal fungi associated with plant roots
are related to organic carbon cycling, consistently increas-
ing soil carbon storage and slowing down carbon cycling
by competition for soil nitrogen [41]. Soil carbon content
and geographic location determine the composition of the
fungal community [42], and fungi species are also related
to turnover time and mineral decomposition, which are
critical to soil carbon and nitrogen cycling. Soil carbon,
nitrogen, and C/N ratio are changed by the composition
and structure of the soil fungal community [43].

Trials investigating the connection between potassium
and fungal disease revealed that the nutrient element potas-
sium dramatically stimulates epidemics caused by fungi
[44]. Such phenomena could help us to understand the
influence of soil potassium on the fungal community. Soil
phosphorus management also influences the ecological pro-
gression of soil microorganisms, without greatly affecting
the fungal community of organic plant tissues [45]. The
activity of the soil microbial community is affected by the
addition of CaCOs, but this is calcium ion-related and not
significant [46]. Soil pH is considered to be the primary
driver of the bacterial soil community rather than the fun-
gal community [47]. In our study, soil potassium, carbon
content, and nitrogen had the strongest influence on the
fungal community, and the influences of soil pH, calcium
ions, and phosphorus on the fungal community were mod-
est. Interestingly, the correlations between environmental
factors and samples differed from locations. The reason
for these results might be that soil features were different
between different regions, even in the same plots of differ-
ent locations. The inadequacies of this study is that only
limited samples were used to study the diversity of fungi
in rhizosphere soil at a single time point, and the statistical
analysis of data may be biased. In the further research, it
is necessary to track and monitor the diversity and compo-
sition of fungal community in different stages of pod rot
and in different locations, which will be able to help guide
researcher better analyze the law of compound infection
and grasp the changes of pathogen species in time.
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Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00284-021-02471-3.
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