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a b s t r a c t 

Aflatoxin B 1 is a strong carcinogenic and toxic fungal toxin produced by Aspergillus flavus and other Aspergillus 

species, and can seriously threaten the health of consumers and the safety and quality of agricultural products. 

Aspergillus in agricultural products are closely related to topography and symbiotic microbes. It is not fully clear 

that how topography affects the assembly process of A. flavus and symbiotic fungi on plant. In this study, we 

analyzed the structure and assembly process of fungi on the peanut. We also performed the metatranscriptome 

analysis, identified the functional genes and metabolic pathways enriched in both A. flavus and its symbiotic 

fungi. In our experiment, terrain and soil properties could significantly affect the gene expression of microbiome, 

A. flavus abundance and infection ability to peanuts. Meanwhile, the Permanova correlation analysis revealed 

that differentially expressed genes were strongly correlated with the soil physicochemical factors. Furthermore, 

metabolomic analysis identified the main metabolites associated with A. flavus and aflatoxin B 1 , the results proved 

that the terrain significantly affected the microorganisms associated with peanut pods to produce a variety of 

metabolites. In conclusion, our results indicate that topography can significantly influence the assembly process 

of A. flavus and microorganisms, the activation of functional genes and metabolic pathways, the enrichment of 

aflatoxin-producing fungi. 
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. Introduction 

Peanuts is one of the world’s five major oil crops, widely planted

n developing countries such as Asia, Africa, South America and some

eveloped countries such as the United States ( Archer, 2016 ). Peanut

lays an important role in the world’s agricultural production and trade

 Santos, 2000 ). In 2016, the world’s total output was about 41,000 kt

nd the planting area was about 24,000 khm 

2 , ranking third only to

oybean and rapeseed among oil crops. China is the main producer of

eanut in the world, with an annual planting area of 5000 khm 

2 , ac-

ounting for 20% of the world’s total planting area, ranking second; an

utput of 17,000 kt, accounting for 45% of the world’s total produc-

ion, ranking first (http: //faostat.fao.org). China occupies a leading po-

ition in the international peanut export trade and is the world’s largest

xporter of peanut, with an average annual export volume of 700 kt,
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ccounting for about 40% of the world’s peanut product trade volume

http://data.stats. gov. cn/easyquery.htm?cn = C01). 

The quality and safety of peanut products can be affected by many

actors, including those such as aflatoxin B 1 contamination, tempera-

ure, humidity, physical and chemical properties of soil ( Nataraj et al.,

016 ; Han et al., 2019 ; Dong et al., 2018 ; Zhao et al., 2019 ; Xia et al.,

019 ; Subhashini., 2016 ). With the rapid increase in peanut produc-

ion and consumption, aflatoxin B 1 contamination is raising concern.

he Yangtze River zone, Jiangxi Province, China, is the major peanut-

roducing region of the country and has a subtropical climate with high

emperatures and high relative humidity, which is the favorable envi-

onmental condition for A. flavus growth and aflatoxins B 1 production

n peanuts. Aflatoxin is a secondary metabolite of A. flavus (Link) and A.

arasiticus (Speare), belongs to the strongest carcinogenic chemical in

ature ( Bankole et al., 2004 ; Williams et al., 2004 ; Barros et al., 2003 ).
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eanut is highly susceptible to Aspergillus infection and the consequent

flatoxin B 1 contamination ( Passone et al., 2010 ; Santos et al., 2001 ;

EC, 2010 ). Aflatoxin B 1 contamination seriously hinders the sustain-

ble development of the peanut industry, particularly in southern China.

nvironmental factors, such as water activity and temperature, influ-

nce A. flavus growth and aflatoxin production ( Giorni et al., 2009 ). The

tudies suggest that endophytic A. flavus is derived from local soil but

ot from the seed source, and some fungi show inhibitory effects against

. flavus. Therefore, soil properties and the symbiotic microbiome are

ritical for aflatoxin B 1 production and food safety in peanuts. Thus,

t is important to explore the microbiome composition of the peanut

hizosphere and their impacts on toxin production. The study of the

eanut rhizosphere microbiome is highly challenging because most mi-

roorganisms cannot be isolated and cultured alone. However, the use of

ext-generation sequencing provides a new technology to study the mi-

robiome of the peanut rhizosphere ( Fitzpatrick et al., 2018 ; Chen et al.,

018 ). 

In addition, this approach enables us to screen symbiotic microbes

ssociated with the stress tolerance of host plants ( Chen et al., 2018 ).

ecent studies have helped to elucidate the correlation between sym-

iotic microbes and environmental factors, diseases and host plants

 Fitzpatrick et al., 2018 ; Chen et al., 2018 ; Devin et al., 2016 ; Dan et al.,

017 ; Tas et al., 2018 ). Research has shown that root symbiotic microor-

anism populations influence fungal composition ( Chen et al., 2018 ),

ut studies concerning microbiota and A. flavus and aflatoxin B 1 remain

imited. Our previous research showed that cultivating regions signif-

cantly influence A. flavus abundance and aflatoxin B 1 production in

eanuts. However, the role of topography has not been elucidated to

ate, which hinders the preventive management of aflatoxin. 

In this study, we examined the microbiota on and around peanut

ods from experimental plots at various terrains. The parameters includ-

ng microbiota composition, function, metabolic pathways, and metabo-

ites were analyzed to evaluate their effects on A. flavus abundance and

flatoxin production. We further analyzed the association between the

hysical and chemical properties of soil in different terrains and micro-

iota, their functions and their relationship with A. flavus. These results

ill promote the development of aflatoxin contamination prediction and

ontrol systems. 

. Materials and methods 

.1. Sample collection 

Based on our previous research, experimental plots in Zhangshu,

iangxi (27.9346°N, 115.3114°E) were selected to collect the samples

ecause they suffer the most serious aflatoxin contamination problem

nd represent the typical topography of the peanut planting areas in

outhern China ( Ding et al., 2015a , b ). The investigation area included

ve experimental plots at three different slope positions, all of plots are

aced to the sun. Fifty samples, including soil around and on the peanut

od, were collected from experimental plots A and B (soil sample IDs are

he following: around-the-pod samples from plot A: A1T, uphill position

75 m above sea level), 8 samples; A2T, medium position (70 m above

ea level), 8 samples; A3T, downhill position (65 m above sea level),

 samples; around-the-pod samples from plot B: B1T, uphill position

73 m above sea level), 8 samples; B2T, medium position (68 m above

ea level), 8 samples. On-the-pod samples: AK, 7 samples from plot A;

K, 3 samples from plot B. We respectively evaluated the soil physical

nd chemical properties between plot A and plot B on terrain, in addi-

ion to water activity, no significant differences in other physical and

hemical properties of soil (Supplementary Table 15) . The around-the-

od soil samples compartment was composed of ~1 mm of soil tightly

dhering to the pod surface that is not easily shaken from the pod. The

n-the-pod sample compartment microbiome was derived from the suite

f microbes on the pod surface that cannot be removed by washing in
2 
uffer but is removed by sonication. Control soil samples collected from

he same experimental plot were processed in parallel, the control was

0 cm away from the root and corresponding to the peanut plant. The

amples with the highest and lowest abundances of Aspergillus flavus

ere selected for ITS amplicon analysis. Metatranscriptome analysis of

he corresponding soil samples on the peanut pods were also performed.

ature peanut plants with entire roots were harvested. Roots were sep-

rated from the stems, and pods were collected. In parallel, normal and

ltrasonic cleaning were combined to separate the microbiome in the

eanut pods and on the peanut pods. Peanut pods were socked with

terile filter paper. Clean peanuts and 20 g soil were snap-frozen with

iquid nitrogen and stored at − 80 °C until use. Another 80 g of soil was

ubjected to analysis of the physical and chemical properties. 

.2. DNA sequencing and analysis 

Total DNA from samples was extracted using the E.Z.N.A. Soil DNA

it (Omega Bio-tek, Norcross, GA, USA). PCR-based library construction

argeting the internal transcribed spacer (ITS) was performed and then

equenced on an Illumina HiSeq 2500 instrument (Illumina, SanDiego,

A, USA) using a 250 bp paired-end (PE) sequencing method. Raw reads

ere filtered with an in-house pipeline and assembled into consensus

equences by FLASH (Fast Length Adjustment of Short reads, v1.2.11)

 Bokulich et al., 2013 ) based on the overlapping of the two paired-end

eads. 

We used Uparse software (Uparse v7.0.1001,

ttp://drive5.com/uparse/) to perform 97% and 95% identity

lustering on all the effective tags of all samples to form OTUs

Operational Taxonomic Units) ; we then selected the repre-

entative OUTs sequences and used the assign-taxonomy script

http://qiime.org/scripts/ assign-taxono-my.html) in QIIME together

ith the Unite (ITS, http://unite.ut.ee/index.php) database for species

nnotation ( Edgar et al., 2018 ; Quast et al., 2013 ). Weighted and

nweighted UniFrac distance analysis was performed based on the

bundance of OTUs and phylogenetic tree. Principal coordinate analysis

PCOA) was conducted based on the UniFrac distance by customized

 (version 3.3.3) scripts. Alpha and beta diversity and rarefaction

urves were analyzed based on the relative abundance table of OTUs

 Koljalg et al., 2013 ; Chen et al., 2012 ). 

.3. Transcriptome analysis 

Eukaryotic mRNA was enriched with magnetic Oligo-dT beads from

otal RNA. mRNA was sheared in fragmentation buffer. Random hexam-

rs were added to synthesize the reverse complementary DNA (cDNA).

 mixture of buffer, dNTPs, RNase H and DNA polymerase I was added

o synthesize the second strand of cDNA, which was then purified with

 QiaQuick PCR kit and eluted with EB buffer. DNA fragment ends were

igated with adapters after adenylation and then subjected to agarose

lectrophoresis for size selection. After PCR amplification, the con-

tructed libraries were sequenced with Illumina HiSeq 2500 ( Love et al.,

014 ). 

Reads were trimmed to guarantee the quality of raw data based on

he in-house scripts. Reads with N content over 10%, adaptor contam-

nation and low quality were removed. Trinity (http://trinityrnaseq.

ourceforge.net/) was applied to reconstruct the full-length transcripts,

hich were further processed by Tgicl to exclude redundant and

himeric assemblies and homologous transcript clusters. The resulting

onredundant unigenes were aligned to reference databases, including

R, Swiss-Prot, KEGG and COG, by blasting ( e -value < 0.00001) to ob-

ain annotation of gene and species information. Expression levels of

nigenes were calculated by RPKM (reads per kb per million reads). Fi-

ally, fold change of gene expression comparing various samples was

alculated by FPKM value. A gene with an FDR less than 0.001 and
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 fold change above 2 was defined as a significantly differentially ex-

ressed gene ( Love et al., 2014 ). 

.4. Metabolomics analysis 

In a 5 mL EP tube, 1 g ± 1 mg of sample, 1 mL of extraction liq-

id (methanol:dH 2 O 3:1, v/v), 1 mL of ethyl acetate, and 5 𝜇L of L-2-

hlorophenylalanine (1 mg/mL stock in dH 2 O) were added, vortexed for

0 s, and homogenized in a ball mill for 4 min at 45 Hz followed by 5 min

f sonication (incubated in ice water). The homogenization process was

epeated 6 times. Samples were centrifuged for 15 min at 10,000 rpm at

 °C. One milliliter of supernatant was transferred into a fresh 1.5 mL EP

ube. Samples were dried completely in a vacuum concentrator without

eating. Next, 20 𝜇L of methoxy amination hydrochloride (20 mg/mL

n pyridine) was added and incubated for 30 min at 80 °C. Then, 30 𝜇L

f the BSTFA regent (1% TMCS, v/v) was added to the sample aliquots

nd incubated for 1.5 h at 70 °C. All samples were analyzed by gas chro-

atography coupled with a Pegasus BT time-of-flight mass spectrometer

LECO, Pegasus BT, USA). 

GC-TOF-MS analysis was performed using an Agilent 7890 gas

hromatograph system coupled with a Pegasus HT time-of-flight

ass spectrometer. The system utilized a DB-5MS capillary column

oated with 5% diphenyl cross-linked with 95% dimethylpolysiloxane

30 m × 250 𝜇m inner diameter, 0.25 𝜇m film thickness; J&W Scientific,

olsom, CA, USA). A 1 𝜇L aliquot of the analyte was injected in splitless

ode. Helium was used as the carrier gas, the front inlet purge flow was

 mL min − 1 , and the gas flow rate through the column was 1 mL min − 1 .

he initial temperature was kept at 50 °C for 1min, then raised to 310 °C

t a rate of 10 °C min − 1 , then kept for 8 min at 310 °C. The injection,

ransfer line, and ion source temperatures were 280, 280, and 250 °C,

espectively. The energy was − 70 eV in electron impact mode. The mass

pectrometry data were acquired in full-scan mode with the m/z range

f 50–500 at a rate of 12.5 spectra per second after a solvent delay of

.17 min. 

.5. Analysis of the soil physical-chemical properties 

The amounts of nutrient elements (effective K, Cu, Zn, Fe, Mn) in the

oil were measured by a plasma emission spectrometer (PE company,

ptima 7300 V). Two grams of air-dried soil sample was transferred to

 100 mL digestion tube, in which 15 mL of HCL and 5 mL of HNO 3 

 𝜌 = 1.42 g/mL) were added to digest the soil with shaking for 30 min.

he digestion solution was filtered, scaled up to 100 mL, and measured

ith the ICP spectrometer. Standard solution and 5% HNO 3 were mixed

n a 25-mL volumetric flask for a standard curve. The absorbance of dif-

erent concentrations of the standard solution was measured to generate

he standard curve with 5% HNO 3 solution serving as a blank. The soil

ample solution was then measured to calculate the amounts of nutrient

lements in the soil. 

Organic substances in the soil were determined by the potassium

ichromate method. Air-dried soil (0.05–0.5 g, 100 mesh) was trans-

erred into a 150 mL Erlenmeyer flask. A small amount of solid silver

ulfate, 5.0 mL of 0.8 mol/L potassium dichromate, and 5 mL of H 2 SO 4 

ere added, in turn. The mixture was well shaken and placed on a 220 °C

ot plate with a cold air pipe inserted into the flask neck. The flask was

eated for 8 min until the liquid in the air pipe cooling tube raised and

egan to fall. The flask was then removed from the plate. The air-cooling

ipe was rinsed with dH 2 O several times to a final volume of 60–70 mL.

 standard solution of ferrous sulfate was used for titration until the

olor of the solution changed from orange to cyan and then brownish

ed. Experiments with silica powder as a replacement for the soil sample

ere conducted once or twice as a blank test ( Zhang et al., 2019 ). 

The total nitrogen in the soil was dissolved with concentrated sulfu-

ic acid by heating in a 300 W electric furnace. The total phosphorus was

lkali melted with sodium hydroxide at 720 °C. The digestion solution
3 
as analyzed by Kjeldahl nitrogen, molybdenum blue colorimetry, and

ame photometry. In detail, (0.3 ± 0.01) g of air-dried soil (100-mesh)

as well mixed with 4 mL of concentrated sulfuric acid with shaking.

ydrofluoric acid (1.2 mL) was added three times with shaking. Then,

.3 mL of perchloric acid was added. The digestion tube was tightly

apped and heated at 195 °C for 4 h in an automatic digestion appara-

us. Later, after the solution was completely cooled, with the cap open,

he tube was heated at 120 °C for 30 min on a hot plate to remove

ydrofluoric acid. The solution was cooled and diluted to 100 mL in a

olumetric flask for further tests. 

.6. Analysis of Aflatoxin B 1 

.6.1. Sample pretreatment 

Accurate to take 2 g (0. 001 g) peanut samples in a 50 mL centrifuge

ube, 10 mL of 80% acetonitrile-water solution was added, swirled and

ixed for 30 s, soaked for 30 min, oscillated for 1 h and then sonicated

nder 500 W power Extract for 30 min, centrifuged at 10,000 r/min for

0 min, the supernatant was gathered and purified on MyCOsepTM226

ulti-function column, 5 mL of the purified solution was dried in nitro-

en at 50 °C, dissolved in 1.0 mL of 50% methanol, and then eddy mixed

or 30 s. The solution was filtered with 0.22 𝜇m microporous filter mem-

rane into the injection flask for UPLC-MS-MS detection ( Zhang et al.,

015 ; Ding et al., 2015a , b ; Wu et al., 2016 ). 

.6.2. Solution preparation 

.6.2.1. Solvent mixed standard working solution. The AFB 1 standard

as mixed with 50% methanol solution to prepare the solvent mixed

tandard working solution with mass concentration of 0.1, 0.2, 1, 5, 10,

0 𝜇g/L, configure when used. 

.6.2.2. Matrix mixed standard working solution. Peanut sample without

flatoxin was pretreated to obtain a blank sample extract. The AFB 1 

tandard was mixed with blank sample extract to prepare the matrix

ixed standard working solution with mass concentration of 0.1, 0.2,

, 5, 10, 20 𝜇g/L, configure when used. 

.6.2.3. Mass spectrometry conditions optimization working solution. The

FB 1 standard was mixed with 50% methanol solution to prepare the

FB 1 solution with mass concentration of 50 𝜇g/L for the optimization

f mass spectrum conditions. 

.6.3. Chromatographic conditions 

Chromatographic column: Kinetex SB - C18 (100 mm × 2.1 mm, 1.7

m); Mobile phase: Phase A is 0.1% formic acid solution, and phase B

s methanol. The gradient elution procedure is as follows: 0-8 min, 30–

00% B; 8–13 min, 100% B; 13.1–20 min, 30% B; Column temperature:

0 °C; Injection volume: 3 𝜇L. 

.6.4. Mass spectrometry conditions 

Scaning mode: positive ion scaning; monitoring mode; multi-reactive

on monitoring MRM; ion source temperature: 550 °C; ionization volt-

ge: 5500 V; curtain air pressure: 206.9 kPa; atomizing gas pressure:

79.2 kPa; auxiliary gas pressure: 379.2 kPa. 

.7. Statistical analysis 

Beta diversity analysis was used to evaluate differences of samples in

pecies complexity. Based on ITS abundance, Bray_curtis, unweighted-

niFrac, and weighted-uniFrac algorithms were calculated by QIIME

oftware and PCoA (principle coordination analysis) was used to as-

ess the variation in the composition of microbial communities between

aired samples. PERMANOVA (permutational multivariate analysis of

ariance) was used to calculate the difference and significance between

amples (vegan package in R). Alpha diversity (based on the Chao1 and
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Fig. 1. The population structure of the soil fungi around and on the surface of pod under different topography. (a) The relative abundance of fungi composition 

in the 50 samples at the phylum level. Soil sample ID are as follows: around-the-pod samples from experimental plots A: A1T, 8 samples; A2T, 8 samples; A3T, 8 

samples; around-the-pod samples from experimental plots B: B1T, 8 samples; B2T, 8 samples. On-the-pod samples: A.K, 7 samples from experimental plot A; B.K, 

3 samples from experimental plot B. (b) Alpha diversity of 50 samples from 7 groups in accordance with chao1 index and wilcox.test’s p -value between 2 sample 

groups. (c) The PCoA plot of 50 samples from 7 groups. 
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hannon index) between groups was calculated by the Wilcoxon rank-

um test. Variance of gene expression and metabolites were calculated

y the Kruskal–Wallis test. The Spearman coefficient was used to cal-

ulate the correlation between microorganisms, gene transcription and

etabolites. ( Buttigieg and Ramette, 2014 ). 

. Results and discussion 

.1. Fungal diversity on peanut pods and effects of topography 

The enrichment of fungi in each sample was examined by ITS se-

uencing. A total of 2,262,088 fungal ITS tags with high quality were

btained with an average of 45,242 per sample (Supplementary Table

). A total of 2,334 OTUs were obtained after clustering analysis with

n average of 302 per sample (Supplementary Table 2). 

There were no significant differences at the phylum level. At the

enus level, Lodderomyces and (Basidiobolus were only detected on

he peanut pod, while Arthrobotrys, Periconia, and Purococillium were

ound only in the soil around the pod. OTUs in more than 90% of the
4 
0 samples collected around or on the peanut pod were considered

ore OTUs. According to these criteria, 35 and 31 core OTUs were ob-

ained from around-the-pod and on-the-pod samples, respectively (Sup-

lementary Table 4). Ascomycota accounted for 69.43% of the total en-

iched fungi, which was the most abundant fungal population related

o peanuts in either around-the-pod or on-the-pod soil samples. Basid-

omycota (4.32%), Zygomycota (2.30%) and Chytridiomycota (0.05%)

ere the top 3 species following Ascomycota. Mortierella (2.28%), As-

ergillus (2.34%), and Fusarium (1.71%) were the most abundant fungi

t the genus level. Next, 10 on-the-pod samples and their corresponding

round-the-pod soil samples were subjected to paired tests, and 6 fun-

al genera showed a significant difference in abundance (Wilcoxon test,

 -value < 0.05, Supplementary Table 3, Fig.1A). 

Alpha diversity between on-the-pod samples and around-the-pod soil

as compared. As shown in Fig. 1 B, the higher Chao1 of around-the-

od soil versus on-the-pod samples was consistent in plot A with uphill

osition, medium position and downhill position. However, this phe-

omenon of the B plot is not as obvious as that of the A plot, indicating

hat geographic factors also contribute to species diversity ( Fig. 1 A–C).
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Fig. 2. The composition of fungi populations in sample groups with high and low abundance of A. flavus under different topography. Twenty samples were assigned 

into 4 groups according to the A. flavus abundance (T. Low and T. High, around-the-pod soil with low or high abundance of A. flavus; K. Low and K. High, on-the-pod 

samples with low or high abundance of A. flavus). The top 30 abundant species enriched in the 4 groups were illustrated on the right. UPGMA clustering according 

to the Unweighted Unifrac was shown on the left. 

Fig. 3. The correlation analysis between around and on-the-pod fungi species and soil phenotypes under different topography. Correlation between environmental 

phenotypes and fungi species (A, 10 around-the-pod samples; B, corresponding 10 on-the-pod samples) was analyzed with PERMANOVA (Genus with red labels 

were significantly enriched in the T. High group while those with green labels were significantly enriched in the T. Low group). The color intensity represents the 

correlation between species and environmental phenotypes (spearman coefficient). ∗ , 0.01 < p < 0.05; ∗ ∗ , p < 0.01. (For interpretation of the references to color in 

this figure legend, the reader is referred to the web version of this article.) 
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rincipal coordinate analysis (PCoA) based on the Unweight-UniFrac

istance showed that the fungal composition from around-the-pod soil

amples (red dots) was significantly different from that in on-the-pod

amples (blue dots) ( Fig. 1 C). 

In this study, we analyzed the effects of topography and soil

hysicochemical properties on the microbial population associated with
5 
eanuts. Ecological factors were investigated due to their potential

ffects on microorganism species associated with plant ( Tas et al.,

018 ; Fitzpatrick et al., 2018 ; Novinscak et al., 2011 ; Wargo, 2013 ;

shiki et al., 2016 ). Topography can affect the changes in water and

utrients in the soil, which gradually decrease from the downhill posi-

ion to the uphill position; in particular, the uphill position is prone to
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Fig. 4. Metatranscriptomic analysis of gene expression of A. flavus-high and -low groups under different topography. (a) Genes with differential transcriptional levels 

between A. flavus-high and -low groups were shown in a volcano map. 46 differential expressed genes (DEG) were obtained with DESeq2 analysis ( p < 0.01). All were 

enriched in the A.flavus-low group (Blue and green dots represent genes with significant and non-significant expression difference between groups. Down indicated 

that genes were enriched in A.flavus-low group). (b) The scatter plot of PATHWAY enrichment for differentially expressed genes. The size of the dots corresponds to 

the number of differentially expressed genes enriched in the pathway; the color of the dots corresponds to the magnitude of Q factor. Rich factor indicates the ratio 

of the number of differentially expressed genes to the number of all annotated genes in the same pathway. (For interpretation of the references to color in this figure 

legend, the reader is referred to the web version of this article.) 
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Table 1 

PERMANOVA analysis of OTUs of the 50 samples from 7 groups. 

Group1 Group2 F.Model R 2 P.value P.adjusted 

A1T A2T 5.05 0.27 0.001 0.002 

A1T A3T 5.02 0.26 0.001 0.002 

A1T B1T 5.28 0.27 0.002 0.003 

A2T A3T 1.87 0.12 0.013 0.015 

A1T A.K 2.56 0.16 0.001 0.002 

A1T B.K 3.65 0.29 0.009 0.011 

A2T B2T 3.63 0.21 0.001 0.002 

A2T A.K 4.91 0.27 0.001 0.002 

A3T A.K 4.46 0.26 0.001 0.002 

B1T B2T 1.46 0.09 0.058 0.058 

B1T B.K 2.11 0.19 0.023 0.025 

B2T B.K 2.99 0.25 0.008 0.011 

F. Model, the value of F-test;R 2 , means Variation. It is Vari- 

ance contribution, indicating the explanatory power of differ- 

ent group to differences, that is, the ratio of group variance to 

total variance. The larger R 2 , the higher the explanatory power 

of groups to differences;p.value, it is Significant when p .value 

< 0.05; p.adjusted, the Correction of P value by FDR(false dis- 

covery rate). 

(  

p  

v  

n  

l  

p  

a  

o

 

g  

A  

c  
ause soil drought stress, threaten plant growth and development, and

educe biodiversity ( Xiong et al., 2018 ; Yang et al., 2020 ; Allen et al.,

010 ; Alpert et al., 2008 ; Tas et al., 2018 ). PCoA analysis based on the

nweighted UniFrac distance ( Fig. 1 C) showed that either around-the-

od or on-the-pod samples from experimental plot A (circle) were evi-

ently distinct from samples collected from experimental plot B (dot).

n terms of intra-experimental plot comparisons, all the around-the-pod

oil samples at different terrains from plot A showed significant dif-

erences in fungal composition, while samples from plot B were less

ifferent (uphill position vs. medium position). In terms of intersite

omparisons, soil samples at the uphill position and medium position

f plot A were also significantly different from their corresponding

ounterparts of plot B. In both plot A and plot B, fungal composition

howed a significant difference between on-the-pod soil samples and

round-the-pod samples. Therefore, the composition of fungal commu-

ities is affected not only by location but also by terrain. More specif-

cally, Candida grew preferentially in the on-the-pod soil from plot A,

hile Trichoderma and Microdochium favored on-the-pod soil from plot

. For around-the-pod soil, Geminibasidium, Scolecobasidium, and Al-

ernaria were more enriched at the uphill position of plot A, while Fusar-

um was the dominant species at the uphill position of plot B. At the

evel of the medium position, Geminibasidium from plot A, as well as

hanatephorus and Rhodotorula from plot B, were the most enriched

opulations. 

Our research shows that the composition of microbes associated with

eanut pods changed with the terrain, while they were also highly con-

istent according to alpha and beta diversity analysis. This feature im-

lied that plants and symbiotic microorganisms adapted to various en-

ironments to maintain healthy growth ( Tas et al., 2018 ). 

.2. Effects of topography on abundance of A. flavus 

For ITS sequencing, 10 around-the-pod soil samples were selected

ased on the abundance of A. flavus (5 lowest vs. 5 highest abundant).

orresponding on-the-pod soil samples were sequenced simultaneously
6 
Supplementary Table 6). The A. flavus level in both groups of sam-

les positively correlated with the diversity degree of fungal flora ( P -

alue = 0.095 for around-the-pod samples, Shannon index low vs. Shan-

on index high; P -value = 0.031 for on-the-pod samples, Shannon index

ow vs. Shannon index high). Interestingly, fungi living in around-the-

od and on-the-pod soil shared the same degree of diversity and A. flavus

bundance (Supplementary Fig. 1), indicating the dynamic enrichment

f fungi from soil to pods. 

The 20 samples were clustered based on the 30 most abundant fungal

enera (UPGMA clustering tree based on unweighted UniFrac distance).

s shown in Fig. 2 A, the species and annotation ratio varied dramati-

ally. Around-the-pod and on-the-pod samples could not be separated
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Fig. 5. Correlation analysis between differentially expressed genes and environmental phenotypes (spearman coefficient). PERMANOVA was used to analyze the 

correlation between environmental phenotypes and differentially expressed genes in Fig. 4 . The color intensity represents the correlation strength. ∗ , 0.01 < p < 0.05; 
∗ ∗ , p < 0.01. 
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ased on the abundance of A. flavus, suggesting the stability of the

oil microbial population. PCoA analysis based on unweighted UniFrac

istance showed that the samples from plot A at the medium position

iffered notably from the other samples ( Fig. 2 B). In addition, around-

he-pod samples were clearly distinguished from on-the-pod samples.

owever, we observed no significance in the comparison between on-

he-pod and around-the-pod samples, as well as between groups with

ow and high abundances of A. flavus and aflatoxin (T. Low vs. T. High:
7 
 -value = 0.170; K. Low vs. K. High: P -value = 0.291, Supplementary

able 7). 

In the meantime, we performed a Permanova analysis of species

bundance at the genus level and the corresponding phenotypic data of

0 selected around-the-pod soil samples. In the A. flavus-low group, Rhi-

opus was identified to be positively correlated with total nitrogen, Cu,

nd organic matter and negatively correlated with pH. In contrast, Tri-

hoderma in the A. flavus-low group showed a positive correlation with
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Fig. 6. Properties of around-the-pod fungal metabolomics un- 

der different topography. PLS-DA was used to analysis the 

metabolomics of the around-the-pod samples of A. flavus-high 

(blue) and -low (red) groups The VIP values of two principal com- 

ponents of PLS-DA (VIP ≥ 0.8), fold change of univariate analyses 

(Fold Change ≥ 1.2 or ≤ 0.8333), and p -value ( p < 0.05) were 

combined to screen metabolites with differential expression. (For 

interpretation of the references to color in this figure legend, the 

reader is referred to the web version of this article.) 
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rganic matter and a negative correlation with pH. In the A. flavus-high

roup, Sterigmatomyces was negatively correlated with phosphorous,

n, potassium, Fe, total nitrogen, Cu, and organic matter and positively

orrelated with pH ( Fig. 3 A,B). In conclusion, soil physical and chem-

cal properties have a significant impact on microbial population and

an be used to assess microbial diversity under different environmental

onditions. 

.3. Effects of topography on the microbial function of peanut 

The influence of ecological factors on functions of symbiotic microor-

anisms was evaluated by metatranscriptome analysis. A total of 112

 high-quality reads were generated with metatranscriptomic sequenc-

ng (PE150) of 10 on-the-pod samples (11.2 G per sample). A total of

41,135 genes were annotated with an N50 of 214 bp and an N90 of

50 bp (Supplementary Table 8, Fig. 2 A). The RSEM algorithm showed

o significant difference between the A. flavus-high and -low groups in

erms of transcript expression levels (Supplementary Table 9, Fig. 2 B,

amples of the A. flavus-low group were clustered together with a p-

alue = 0.151). There were 46 genes with significantly different expres-

ion (DESeq2 analysis), all of which were surprisingly enriched in the

. flavus-low group ( Fig. 4 A,B, Supplementary Table 10). The results

howed that the enrichment of A. flavus in plant roots could signifi-

antly affect the microbial population structure and functional expres-

ion of peanut pod, regulate the life process of peanut plant, and change

he nutrients in peanut pod. Species that can be annotated by these

enes were Mycobacterium abscessus, Ralstonia solanacearum, Kutzne-

ia sp.744, Turicella otitidis, and Partitivirus-like 4 (NR as the reference

atabase). Analyses of associated pathways that enriched these genes

ed to 9 candidates, among which proteasome was the most strongly

nriched factor. 

Correlations between the 46 differentially expressed genes and the

hysicochemical properties of soil were further evaluated by Permanova

 Fig. 5 ). CL893 Contig2 All (Mycobacterium abscessus) and CL1119

ontig108_All was positively correlated with potassium and CL1344

ontig1_All was positively correlated with Mn. CL2516 Contig1_All and
8 
nigene5818_All were positively associated with multiple factors, in-

luding phosphorous, organic matter, total nitrogen, and potassium,

ith the latter also associated with organic matter. In contrast, only two

enes were negatively correlated with soil physicochemical properties:

nigene5818_All with pH and CL135 Contig38_All with phosphorous,

rganic matter, total nitrogen, and potassium. 

In our experiment, terrain and soil properties could significantly af-

ect the gene expression of microbiome, A. flavus abundance and infec-

ion ability to peanuts. Meanwhile, the Permanova correlation analy-

is revealed that differentially expressed genes were strongly correlated

ith the soil physicochemical factors. Both domestic and foreign stud-

es have also shown that adverse ecological environments destroy the

opulation structure and function of symbiotic microorganisms of crop

hizospheres and their beneficial symbiosis with plants and reduce the

roduction of resistant substances, such as plant guard elements and

ungus-inhibiting proteins, thereby weakening the ability of crop resis-

ance to bacterial pathogens ( Ding et al., 2015a , b ; Wagner et al., 2016 ;

uhammad and Wu, 2020 ). We found that symbiotic fungi associated

ith peanut pods harvested from different plots shared high consistency

n terms of fungal composition and gene function. It is reasonable to

peculate that the overall function of the symbiotic microorganisms re-

ains highly conserved, despite the diverse ecological environments.

he stability of the plant-related microbial community plays an impor-

ant role in determining plant adaptability and is affected by many

nvironmental factors ( Santhanam et al., 2016 ; Naylor et al., 2017 ;

esk et al., 2016 ; Jasinska et al., 2015 ; Liu et al., 2018 ; Rolli et al.,

015a , b ; Chaparro et al., 2014 ). 

.4. Effects of topography on microbial metabolomics of peanut 

When exposed to external stimuli, symbiotic microorganisms re-

pond accordingly as self-defense ( Rolli et al., 2015a , b ; Chaparro et al.,

014 ). The study of metabonomics indicated that terrain affected the

icroorganisms associated with peanut pods to produce a variety of

etabolites. The metabolomics of 10 around-the-pod soil samples were

nalyzed using ChromaTOF software (V 4.3x, LECO) on the mass spec-
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Table 2 

Metabolites with differential expression levels. 

Peak Low_mean High_mean FC log 2 _FC P-value FDR PLS-DA VIP Diff

Cholesterol-2,2,3,4,4,6-d6 20566.7 61241.9 2.98 1.57 0.01 0.90 0.92 Up 

Analyte 167 18613.3 47641.7 2.56 1.36 0.04 0.90 0.80 Up 

Analyte 31 94077.7 135450.2 1.44 0.53 0.02 0.90 0.81 Up 

Analyte 41 293757.2 370963.7 1.26 0.34 0.04 0.90 0.99 Up 

Analyte 24 329213.5 407273.8 1.24 0.31 0.04 0.90 0.99 Up 

Ribonicacid, gamma-lactone 227773.8 275149.1 1.21 0.27 0.04 0.90 0.86 Up 

gluconic acid 1 150299.0 100400.6 0.67 -0.58 0.04 0.90 1.08 Down 

2-Deoxyerythritol 116188.2 64764.32 0.56 -0.84 0.01 0.90 1.25 Down 

Analyte 339 42004.9 15448.5 0.37 -1.44 0.01 0.90 0.81 Down 

Peak, the identified metabolite; Low and High mean, the average value of metabolites in A. flavus-low and -high groups; 

FC, fold change of metabolites in A. flavus-high groups versus -low groups; log 2 FC, the log 2 value of FC. P -value, the 

statistical significance; FDR, false discovery rate; PLS-DA VIP, VIP score calculated from PLS-DA; Diff, quantitative 

expression change of metabolite in A. flavus-high group versus -low group. When multiple peaks correspond to a 

single compound, only the peak with the highest similarity counts while the others are considered as unknown peaks. 

Analytes indicates uncharacterized peaks. 
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o  
rum data after procedures of peak extraction, baseline correction, de-

onvolution, peak integration, and peak alignment. The LECO-Fiehn

tx5 database was used to annotate the mass spectrum data. Data pro-

essing led to 808 metabolites, among which 164 were recognized in

he KEGG database and were potentially involved in 192 metabolism

athways ( Fig. 6 ). 

The VIP values of two principal components of PLS-DA (VIP ≥ 0.8),

old change of univariate analyses (fold change ≥ 1.2 or ≤ 0.8333),

nd p -value ( p < 0.05) were combined to screen metabolites with dif-

erential expression ( Fig. 6 ). Eleven of the 808 metabolites that met

ll three criteria were identified, of which 6 were more abundant in

he A. flavus-high group (Cholesterol-2,2,3,4,4,6-d6, Analyte 167, An-

lyte 31, Analyte 41, Analyte 24, Ribonicacid, gamma-lactone), while

he other 3 were more enriched in the A. flavus-low group (Gluconic

cid 1, 2-Deoxyerythritol, Analyte 339) ( Table 2 ). In addition, accord-

ng to the results shown in Supplementary Figure 3, 11 metabolites

i.e., 24,25-dihydrolanosterol, carbobenzyloxy-L-leucine degr1, corti-

osterone 2, cycloleucine 2, galactose 1, glucose 2, hippuric acid 2, man-

itol, mannose 2, trehalose, and xylose 1) were significantly correlated

ith individual species(Supplementary Fig. 3). The results showed that

he differences of metabolites and species in aflatoxin B 1 contaminated

lots are closely related to environmental factors. 

The correlation between metabolomics and soil physicochemical

roperties (Cu, Fe, Mn, Zn, pH, organic matter, phosphorous, potassium,

nd total nitrogen) was examined. Metabolites with a significant corre-

ation with soil properties are listed in Supplementary Table 13. No-

ably, D-erythro-sphingosine_1, cholesterol-2,2,3,4,4,6-d6, Analyte_47,

nalyte_94, Analyte_322, and Analyte_339 were positively correlated

ith A. flavus. Cholesterol-2,2,3,4,4,6-d6 had no corresponding annota-

ion in the KEGG database, and the last four chemicals were unknown.

n contrast, D-erythro-sphingosine_1 was involved in multiple metabolic

athways, such as sphingolipid metabolism, metabolic pathways, sph-

ngolipid signaling pathway, apoptosis, and necroptosis, suggesting that

flatoxin might positively regulate these metabolic pathways which, in

urn, reduces peanut quality ( Ding et al., 2015a , b ) . In addition, our re-

earch results showed that different terrains had a significant impact on

eanut yield (Supplementary Table 14), and yields of downhill position

re higher, we will carry out relevant research in the future ( Table 1 ). 

The results of study indicated that there were significant differ-

nces in the metabolites between A. flavus-high group and A. flavus-

ow group, and the specific metabolites could be used as biomarkers to

valuate aflatoxin B 1 contamination in peanuts. Revealing the A. flavus-

elated symbiotic microorganisms associated with peanut pods, which

ere also influenced by topographical factors, and a comprehensive

nderstanding of the associated functional genes, as well as metabo-

ites, provide a novel perspective for us to explore a new strategy for

. flavus and aflatoxin B control in peanut planting. Through regulat-
1 e  

9 
ng microorganisms in the peanut rhizosphere and optimizing environ-

ental factors, it becomes plausible to improve peanut yield and qual-

ty. Indeed, restraining plant disease has been achieved by rebalancing

he homeostasis of rhizosphere microorganisms ( Rolli et al., 2015a , b ;

arulanda et al., 2009 ). However, whether this approach will be effec-

ive for A. flavus and aflatoxin B 1 prevention is unknown. Therefore, our

uture will study the microecological management of reducing aflatoxin

 1 contamination in peanuts. 

. Conclusions 

Symbiotic microorganisms play an important role in peanut produc-

ion and are notably affected by ecological environments. In this study,

e analyzed the composition and assembly of fungal microflora living

n the soil either around the pod or on peanut pods. We elucidated the

ffects of topography and soil physicochemical properties on the core

ymbiotic fungi and A. flavus abundance. To the best of our knowledge,

his study was the first to examine functional genes and metabolism

athways that integrated the soil physicochemical factors and A. flavus

nrichment. We also identified key fungal metabolites that were closely

elated to A. flavus abundance and analyzed the effects of soil properties

n these metabolites. In conclusion, our research showed that topog-

aphy and soil properties significantly affected fungal floral assembly

round and on the pod, enrichment of A. flavus, functional gene expres-

ion, and metabolite production. These results may help to characterize

ungi associated with disease and could promote healthy peanut pro-

uction. 
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