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A R T I C L E  I N F O   

Keywords: 
Pathogen suppression 
Disease suppression 
Fungistasis 
Rhizosphere 
Microbiome 
Metabarcoding 

A B S T R A C T   

Certain soils promote crop health because they are pathogen-suppressive (i.e., fungistatic) or disease-suppressive, 
but the effect of soil management on these properties is not fully understood. Here, we tested the hypothesis that 
manure could favor fungistasis by screening 26 manured or non-manured wheat fields from Serbia for their 
ability to control survival/growth of the fungal plant pathogen Fusarium graminearum Fg1. Quantitative PCR 
showed that the pathogen grew after inoculation in all 26 autoclaved soils. In absence of autoclaving, the 
pathogen was stable or grew in 16 soils (37 % manured) but declined in the 10 others (70 % manured). For most 
soils, there was no significant link between soil chemistry and fungistasis, except with Mionica in western/central 
Serbia. Mionica soils MI2 and MI3, which had received manure, exhibited higher levels of organic matter and 
potassium compared with soils MI4 and MI5, which had not received manure and were non-fungistatic. Using 
Mionica soils, we then tested the hypothesis that fungistatic (manured) soils rather than non-fungistatic (non- 
manured) soils would protect wheat from F. graminearum disease. Indeed, fungistatic soils were suppressive to 
wheat damping-off. Non-fungistatic soil MI4 was conducive, as expected, but non-fungistatic soil MI5 turned out 
to be suppressive. Metabarcoding showed that the structure of prokaryotic and fungal rhizosphere communities 
depended mostly on field location, with a significant effect of F. graminearum inoculation. In conclusion, our 
findings show that certain farming practices (here, manure amendments) may promote soil fungistasis towards 
F. graminearum. However, both fungistatic and non-fungistatic soils can be suppressive to F. graminearum disease 
in wheat, and their differences in rhizosphere microbiota suggest different phytoprotection mechanisms.   

1. Introduction 

Soil hosts a diversified community of microorganisms, which present 
beneficial, detrimental, or neutral effects on plants (Berendsen et al., 
2012; Vacheron et al., 2013). The resulting impact on plant health and 
performance depends on multiple microbe-microbe and plant-microbe 
interactions. Within the complex rhizosphere ecosystem, these multi
ple interactions may lead to effective plant protection, despite the 
presence of virulent pathogen(s) and environmental conditions 

favorable for disease development. In soils where this emerging property 
takes place, plants exhibit limited or no disease symptoms and such soils 
are termed disease-suppressive soils (Alabouvette, 1986; Hornby, 1983; 
Raaijmakers et al., 2009; Schlatter et al., 2017; Mitsuboshi et al., 2018). 

Practically speaking, disease suppressiveness refers to the inherent 
ability of certain soils to actively restrict the population size, physio
logical activity, or negative effects of microbial phytopathogens. While 
several studies attributed suppressiveness to particular soil physico
chemical properties (Stotzky and Torrence Martin, 1963; Almario et al., 
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2014), the soil microbiome plays a prominent role (Mazurier et al., 
2009; Almario et al., 2014; Ossowicki et al., 2020), which may be re
flected by differences in soil microbiota composition between disease- 
suppressive soils and their conducive counterparts (Kyselková et al., 
2009; Ossowicki et al., 2020). 

In disease-suppressive soils, plant-protecting soil microorganisms 
inhibit pathogens directly, through competition or antagonism, or 
indirectly by stimulating other plant-associated microorganisms or 
inducing plant immune responses (Mazzola, 2002; Raaijmakers et al., 
2009). Often, these interactions take place in the rhizosphere, and thus 
the analysis of disease-suppressiveness has focused on rhizosphere in
teractions (Almario et al., 2014; Ossowicki et al., 2020). However, 
specific plant-beneficial interactions can also be driven from the bulk 
soil, thereby reducing saprophytic survival of pathogens (Leplat et al., 
2013; de Boer et al., 2019; Legrand et al., 2019), a property often 
referred to as fungistasis in the case of fungal pathogens (Garbeva et al., 
2011; Sipilä et al., 2012; Legrand et al., 2019). Certain agricultural 
practices such as organic amendments can impact the soil microbiota, 
with the potential to influence both soil fungistasis and disease sup
pressiveness (Cuesta et al., 2012; Mousa and Raizada, 2016; Bonanomi 
et al., 2017; De Corato, 2020). Indeed, manure application can influence 
soil structure, brings allochtonous microorganisms into soil, provides a 
range of organic substrates that may modify survival of both soil-borne 
pathogens and plant-beneficial microorganisms, and is likely to influ
ence soil microbial diversity (Legrand et al., 2018a, 2019; Tang et al., 
2023; Tao et al., 2020; Todorović et al., 2023). Arguably, the effects of 
both fungistasis and rhizosphere-based disease-suppressiveness can be 
expected to add up in terms of phytoprotection efficacy, but these two 
aspects have rarely been considered together. 

In this work, we focused on Fusarium graminearum, a pathogen 
causing a range of diseases at different stages of wheat development, 
including damping-off disease early on, root and collar rot, and later 
Fusarium Head Blight (Leslie and Summerell, 2006; Goswami and Kis
tler, 2004). Interestingly, soils suppressive to Fusarium diseases have 
been evidenced in different geographic regions and Fusarium pathos
ystems (Ossowicki et al., 2020; Siegel-Hertz et al., 2018; Todorović 
et al., 2023), and F. graminearum can also be strongly affected by fun
gistasis (Legrand et al., 2019). Microorganisms antagonistic to this 
pathogen have been described (Legrand et al., 2017; Besset-Manzoni 
et al., 2019). 

Here, we tested the hypotheses that soil fungistasis is associated with 
specific soil physico-chemistry properties, can be enhanced by manure 
amendments, and may promote rhizosphere-based disease-suppres
siveness. We screened 26 agricultural soils from five locations in Serbia, 
which represent different soil types (chernozems, pseudogleys, eutric 
cambisols, and vertisols), and comprise manured and non-manured soils 
at each location, for their ability to inhibit the development of 
F. graminearum. After characterizing fungistatic and non-fungistatic 
soils, contrasted soils from one location were then assessed for sup
pressiveness of Fusarium graminearum-mediated damping-off of wheat 
and compared based on fungal and bacterial microbiota diversity in the 
wheat rhizosphere. 

2. Material and methods 

2.1. Soil sampling 

Soil sampling was conducted in 26 agricultural fields from five lo
cations of Serbia, i.e., Sombor (SO) and Novi Karlovci (NK) in northern 
Serbia, and Valjevo (VA), Mionica (MI), and Čačak (CA) in western/ 
central Serbia (Table 1; Fig. 1A). Some fields received manure amend
ments regularly but others did not, and all soils were managed with 
tillage, fertilizers and pesticides (Table 1). In all fields, wheat was pre
dominant within the crop rotation (Table 1). In each field, 6 areas at 
intervals of 10 m were sampled in October 2020 (no crop present). The 
top few centimeters of soil were carefully removed, and soil samples 

were collected at a 5–20 cm depth. These individual subsamples were 
then combined into one composite sample per field. The composite soils 
samples were then sieved (0.5 cm), and stones, roots and other organic 
material were removed. Soil was also collected in June 2021 to perform 
plant testing using four fields in Mionica, i.e., MI2 (planted with maize), 
MI3 and MI5 (planted with wheat), and MI4 (meadow) (Table 1). 

2.2. Soil physicochemical analysis 

Soil physicochemical analysis was carried out at the Fruit Research 
Institute in Čačak (Serbia), using 500-g samples. Mechanical properties 
of the soils were determined by dry sieving procedures, disaggregation 
with 4 % Na4P2O7

. 10H2O and the pipetting method. Cation exchange 
capacity (CEC; cmol/kg) and CEC saturation (%) were determined using 
the Kappen method. Agrochemical soil determinations included pH 
(measured in H2O) and soil contents in humus (determined using the 
Kotzmann method; expressed as %), organic matter (determined by 
combustion; %), total nitrogen (recalculated from humus content; %), 
readily-available phosphorus (extracted with ammonium lactate; mg/ 
kg), readily-available potassium (extracted with ammonium lactate; 
mg/kg), and total iron (determined by HCl:HNO3 extraction at a ratio of 
1:3; %). 

2.3. Preparation of fungal mycelia and spore suspension 

The virulent strain Fusarium graminearum MDC_Fg1 (hereafter Fg1), 
obtained from contaminated cereals in northern France (Alouane et al., 
2018), was used in the experiments. To obtain mycelia for the fungistasis 
experiment, the fungus was grown for eight days at 20–22 ◦C on Potato 
Dextrose Agar (PDA; Conda Pronadisa, Madrid, Spain). To prepare the 
inoculum, a protocol adapted from Legrand et al. (2019) was followed. 
Maize grains were soaked in water at 22 ◦C for 72 h. They were then 
ground to Ø 1–2 mm and put into 2-l Erlenmeyer flasks, which were 
autoclaved two times for 20 min at 121 ◦C with a 24-h interval. After 
autoclaving, inoculation was done with 7-mm-diameter plugs taken 
from the edge of 8-day-old PDA cultures of F. graminearum Fg1. The 
flasks were incubated 10 days at 22 ◦C with vigorous shaking for 5 min 
once a day to promote kernel colonization, and colonized kernels were 
used as an inoculum. 

To obtain spore suspension used in the damping-off experiment, we 
employed Mung Bean Broth (MBB) (Evans et al., 2000), which was 
prepared by adding 40 g of organic mung bean seeds in 1 l of boiling 
water and leaving to infuse and cool down for 10 min. After that, beans 
were discarded and 50 ml of the resulting medium was poured into 250- 
ml Erlenmeyer flasks and autoclaved for 20 min at 121 ◦C. MBB (50 ml) 
was inoculated with ten 7-mm-diameter plugs taken from the edge of a 
8-day-old F. graminearum Fg1 PDA plate and incubated for six days at 
22 ◦C and 180 rpm agitation (Incubator Shaker Series I26, New Bruns
wick Scientific, Edison, NJ, USA). On the sixth day, the preculture was 
diluted one-tenth with fresh MBB and incubated under the same con
ditions for 10 additional days. The culture was filtered using sterile 
Miracloth to discard mycelium and centrifuged for 10 min at 4700 g 
(Avanti J-E Series, Beckman Coulter, Fullerton, CA, USA) at room tem
perature. The resulting pellet was washed twice with sterile water. 
Titration of spores in the suspension was performed using a Thoma 
counting chamber. 

2.4. Evaluation of soil fungistasis to Fusarium graminearum Fg1 

The fungistatic status of each soil was assessed using a protocol 
adapted from Legrand et al. (2019). In brief, prior to inoculation, four 1- 
g autoclaved and four 1-g non-autoclaved samples of each soil, as well as 
four 1-ml aliquots of F. graminearum Fg1 inoculum were collected and 
stored at − 20 ◦C before quantifying F. graminearum. The experiment was 
done in 20-ml vials containing 15 g soil, which were autoclaved (for 20 
min at 121 ◦C on two consecutive days) or not, and then inoculated (600 
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Table 1 
Location, field ID, type and quantity (t/ha) of manure, recent cropping field history, use of fertilizers and pesticides, postharvest residues management, field symptoms of Fusarium Head Blight of wheat, soil type and GPS 
coordinates of 26 Serbian soils.  

Location Field 
ID 

Type of animal 
manure 

Manure 
quantity 

Recent cropping history 
b 

Use of 
fertilizers 

Use of 
pesticides 

Use of 
fungicides 

Postharvest residues 
management 

Recent wheat 
fusariosis observations 

Soil typec GPS coordinates 

Mionica MI2 Sheep 80 t/ha 
Alfalfa-wheat-maize- 
wheat-maize Yes Yes No Ploughing No Vertisol  44.24611 N 20.10431 E  

MI3 Sheep 80 t/ha 
Sunflower-wheat- 
maize-wheat-maize 

Yes Yes No Ploughing No Vertisol  44.24540 N 20.10350 E  

MI4 – – 
Wheat-maize-wheat- 
maize-wheat 

Yes Yes No Ploughing No Vertisol  44.24745 N 20.10012 E  

MI5 – – 
Meadow-wheat-maize- 
wheat-maize Yes Yes No Ploughing No Vertisol  44.24759 N 20.09931 E 

Valjevo VA1 
Sheep, cattle 
and chicken 70–80 t/ha 

Wheat-maize-wheat- 
maize-wheat Yes Yes No Ploughing No 

Eutric 
cambisol  44.33050 N 19.968102 E  

VA2 – – 
Wheat-maize-wheat- 
maize-wheat 

Yes Yes No Burning No 
Eutric 
cambisol  

44.330491 N 19.966663 E  

VA3 – – 
Oat-wheat-maize-wheat- 
maize-wheat 

Yes Yes No Ploughing No Eutric 
cambisol  

44.330466 N 19.969106 E  

VA4 
Sheep, cattle 
and chicken 70–80 t/ha 

Maize-maize-wheat- 
maize-wheat Yes Yes No Ploughing No 

Eutric 
cambisol  44.330110 N 19.968102 E  

VA5 – – 
Wheat-maize-wheat- 
maize-wheat Yes Yes No 

Ploughing and 
burning No Pseudogley  44.351892 N 19.981415 E  

VA6 Cattle 80 t/ha Wheat-maize-wheat- 
maize-wheat 

Yes Yes No Ploughing and 
burning 

No Pseudogley  44.351155 N 19.978144 E  

VA7 Cattle 80 t/ha Maize-wheat-maize- 
wheat-maize 

Yes Yes No Ploughing No Pseudogley  44.355395 N 19.977465 E  

VA8 – – 
Wheat-maize-wheat- 
maize-wheat Yes Yes No Ploughing No Pseudogley  44.355012 N 19.977650 E 

Novi 
Karlovci NK1 Cattle 14.5 t/ha 

Wheat-maize-sunflower- 
beetroot Yes Yes Yes Ploughing No Chernozem  45.060182 N 20.215013 E  

NK2 Cattle 14.5 t/ha Wheat-maize-sunflower- 
beetroot 

Yes Yes Yes Ploughing No Chernozem  45.060066 N 20.215213 E  

NK3 – – 
Wheat- sunflower- 
beetroot-maize-beetroot 

Yes Yes Yes Ploughing No Chernozem  45.088806 N 20.102067 E  

NK4 – – 
Wheat- sunflower- 
beetroot-maize-beetroot Yes Yes Yes Ploughing No Chernozem  45.088011 N 20.099312 E 

Sombor SO1 – – Wheat-soybean-maize Yes Yes Yes Ploughing Yes Chernozem  45.758696 N 19.1840320 E  
SO2 – – Wheat-soybean-maize Yes Yes Yes Ploughing Yes Chernozem  45.746168 N 19.159358 E  

SO3 a 35 t/ha Wheat-maize-wheat- 
maize 

Yes Yes Yes Ploughing Yes Chernozem  45.750012 N 19.170019 E  

SO4 a 35 t/ha Wheat-maize-wheat- 
maize 

Yes Yes Yes Ploughing Yes Chernozem  45.750839 N 19.172977 E 

Čačak CA1 – – 
Wheat-maize-wheat- 
maize-wheat Yes Yes No Ploughing Yes Vertisol  43.89897 N 20.54435 E  

CA2 Cattle 30–40 t/ha 
Wheat-maize-wheat- 
maize-wheat Yes Yes No Ploughing No Vertisol  43.89910 N 20.54450 E  

CA3 – – 
Wheat-maize-wheat- 
maize-wheat 

Yes Yes No Ploughing Yes Vertisol  43.89905 N 20.54312 E  

CA4 Cattle 30–40 t/ha Wheat-maize-wheat- 
maize-wheat 

Yes Yes No Ploughing No Vertisol  43.89930 N 20.54315 E  

CA5 – – 
Wheat-maize-wheat- 
maize-wheat Yes Yes No Ploughing Yes Vertisol  43.8867833 N 20.5462167 E  

CA6 Cattle 30–40 t/ha 
Maize-wheat-maize- 
wheat-maize 

Yes Yes No Ploughing No Vertisol  43.8878667 N 20.5475167 E  

a Type of animal manure is not known. 
b Soil for fungistasis tests was taken in October 2020 (no crop present), and soil for plant tests was taken in June 2021 at Mionica (maize in MI2, wheat in MI3 and MI5, meadow in MI4). 
c Based on Tanasijević et al. (1964) and Nejgebauer et al. (1971). 
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μl of mycelia inoculum) or not (600 μl of sterile water), giving for each of 
the 26 soils (i) 4 inoculated, autoclaved vials, (ii) 4 inoculated, non- 
autoclaved vials, and (ii) 4 non-inoculated, non-autoclaved vials, i.e., 
26 × (4 + 4 + 4) = 312 vials. The vials were arranged following a 
randomized block design and incubated in the dark at 60 % air humidity 
and 20 ◦C. Every three days, vials were weighted to estimate water loss, 
and the corresponding amount was added back. At 15 days (Legrand 
et al., 2019), all soil samples were lyophilized (Lyophilizator, Alpha 1- 
4LSC, Christ, Germany) for 48 h, 1 g soil was sampled from each vial 
and stored at − 20 ◦C until DNA extraction. 

Total DNA was extracted from 0.5 g soil for each of the 520 samples 
(208 samples before inoculation and 312 samples at 15 days) and the 
Fg1 inoculum added, using FastDNA Spin Kit for Soil (MP Biomedicals, 
Illkirch-Graffenstaden, France), according to manufacturer's in
structions. Using primers Fg16N-F/Fg16N-R, F. graminearum DNA was 
quantified by qPCR using a CFX-96TM Real-Time PCR System (Bio-Rad, 
Hercules, CA, USA), as previously described (Legrand et al., 2018b; 
Nicholson et al., 1998 and Supplementary Data). Obtained number of 
copies.µl− 1 were transformed into number of copies.g− 1 soil and 
normalized to the total DNA quantity extracted from 0.5 g of soil and 
expressed as a number of copies.g− 1 dry soil, as previously done 
(Bouffaud et al., 2016). The amount in the Fg1 inoculum was calculated 
for 1 ml (same calculation as for 1 g of soil), extrapolated to the 600 μl 
used to inoculate 15 g of soil, and expressed per g of soil. This amount 
was subtracted from the DNA quantity found in each sample of 1 g of 
soil. All results were log10-transformed for subsequent analysis. Mean 
values and standard deviation were calculated. The fungistasis level was 
calculated according to the formula: Δday15 = log10(Fg1 DNA in soil at 
15 days after inoculation) - log10(Fg1 DNA in the inoculum). 

2.5. Wheat damping-off suppressiveness assay 

The wheat damping-off suppressiveness assay with F. graminearum 
Fg1 was conducted with the four MI soils (Fig. 1B), in a plant growth 
chamber (FitoClima, 10.000 EH, ARALAB, Rio de Mouro, Portugal) with 
16 h of day at 20 ◦C, 8 h dark period at 18 ◦C and a relative humidity of 
80 %. Soils had been collected in June 2021. For each soil, 100 seeds of 
winter wheat (Triticum aestivum) variety Récital were distributed into 20 
pots (height 12 × 10 × 10 cm; 5 seeds per pot) filled with 250 g of soil 
mixed with sterile siliceous sand (granulometry 0.6–1.6 mm, Gedimat, 
Dagneux, France; autoclaved twice, at 24 h interval) in a 50:50 ratio. In 
10 pots, the seeds were inoculated with 100 μl of spore suspension (106 

spores per seed), while seeds in the other 10 pots received 100 μl of 
water (control). The experiment followed a randomized block design 
with 10 blocks (n = 10). The plants were watered every 3 days by adding 

water under each pot, to maintain water content close to 21 % w/w. 
The number of germinated seeds was recorded at 14 days, and (i) the 

number of plants alive, (ii) shoot length (cm), (iii) dry shoot biomass 
(mg), and (iv) dry shoot density (i.e., shoot length divided by dry shoot 
biomass; mg/cm) were measured at 28 days. 

At 28 days, six blocks were used to sample the root system of one 
plant per pot. Loosely-adhering soil was discarded by shaking. Roots and 
tightly-adhering rhizosphere soils were frozen in liquid nitrogen, 
lyophilized for 48 h and then stored at − 20 ◦C. Root-adhering soil was 
mechanically separated (using sterile tweezers) and 0.5 g of soil was 
used for DNA extraction with the FastDNA SPIN kit for Soil and the 
FastPrep instrument (MP Biomedicals), following manufacturer's in
structions. DNA was eluted in 80 μl DNase-free water and quantified 
using Qubit dsDNA High sensitivity Assay Kit with an Invitrogen Qubit 
4.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) for low 
DNA concentrations. DNA quality was assessed using a UV spectro
photometer (NanoPhotometer NP80, Implen, Munich, Germany). 

2.6. 16S rRNA gene and ITS sequencing from rhizospheric DNA 

16S rRNA gene and ITS sequencing using an Illumina platform was 
performed on rhizospheric DNA from MI2, MI4 and MI5 inoculated and 
non-inoculated samples from the disease-suppressiveness experiment. 
Bacterial diversity in rhizosphere (n = 6 samples) was assessed by Illu
mina MiSeq sequencing (2 × 250 bp) of V3-V4 region of the 16S rRNA 
gene using primers Uni341F and Uni806R (Yu et al., 2005; Caporaso 
et al., 2011; Sundberg et al., 2013). The purification of PCR products, the 
construction of amplicon libraries and Illumina MiSeq sequencing with 
2 × 250 bp paired-end reads were carried out by Novogene (Cambridge, 
UK; see Table S1 and Supplementary Data for further detail). 

The fungal ITS2 region was amplified using the primers fITS7/ITS4 
(Gardes and Bruns, 1993; Ihrmark et al., 2012). Primers were equipped 
with Illumina adaptors (Nextera XT Index Kit, Illumina). To obtain high- 
fidelity amplification, PCR was performed using Kapa Hifi HotStart 
ReadyMix (KAPA Biosystems, Wilmington, MA, USA). Construction of 
amplicon libraries and paired-end Illumina MiSeq sequencing (2 × 300 
bp) were performed at the Department of Soil Ecology, UFZ-Helmholtz 
Centre for Environmental Research in Halle (Saale, Germany) (for 
further detail, see Table S1 and Supplementary Data). 

2.7. Sequence data processing 

Amplicon sequencing datasets from 16S rRNA gene and ITS were 
handled independently. Sequences from the 16S rRNA gene dataset were 
processed and classified using the R package DADA2 (Divisive Amplicon 

Fig. 1. Locations where soils were sampled in Serbia. A. Five locations in Serbia, i.e., Sombor (SO), Novi Karlovci (NK), Valjevo (VA), Mionica (MI) and Čačak 
(CA) where the 26 fields were sampled. B. Aerial picture of the four sampling fields MI2, MI3, MI4 and MI5 at Mionica, visualized in Google Maps [Map data 
©2023, Google]. 
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Denoising Algorithm) v.1.12.1 pipeline (Callahan et al., 2016). Using 
the “FilterAndTrimmed” function, quality filtering and trimming stages 
were executed. Reads shorter than 100 bp were removed, allowing two 
errors per read. ITS sequences were processed using dadasnake v.10 
(Weißbecker et al., 2020; https://github.com/a-h-b/dadasnake), with 
the DADA2 package in R (v.3.6.1; Callahan et al., 2016). Only reads with 
the expected amplification primers were kept, and primer sequences 
were cut using cutadapt v.1.18 (Martin, 2011). The amplicon reads were 
truncated to a minimum base quality of 7, with a minimum length of 70 
nucleotides for the forward and reverse reads. For both datasets, read 
pairs were merged with zero mismatches, and exact sequence variants 
were determined as ASVs (Amplicon Sequence Variants). Chimeric reads 
were removed using the DADA2 “consensus” algorithm. For the 16S 
rRNA gene dataset, the ASVs were assigned taxonomically using the 
SILVA database v.138 (Quast et al., 2013), while the UNITE database v.9 
(Abarenkov et al., 2022) was used to assign the ITS2 gene amplicon 
sequences taxonomically using the mothur implementation of the 
Bayesian Classifier (Schloss et al., 2009). During this process, any un
classified ASVs and those identified as chloroplasts, mitochondria, or 
eukaryotes in the 16S rRNA gene sequences were excluded from the 
analysis. The phyla nomenclature was maintained as suggested by the 
Silva database v.138 (Quast et al., 2013). The 16S rRNA gene primers 
have been designed to target both the archaeal and bacterial domains; 
hereafter, we refer to this subset of the microbiota as the prokaryotic 
community. For ITS, all ASVs assigned to Fungi were kept. In both 
datasets, the rarefaction curves tended to reach a plateau, indicating 
that the sequencing method supplied sufficient sequences to cover most 
of the diversity (Fig. S1). Prokaryotic and fungal taxa were identified at 
the genus level when possible, otherwise at family or order level. 

2.8. Statistical analyses 

All the data were analyzed at P < 0.05, using the R v.4.2.1. software 
(https://www.r-project.org). The relationships among soil samples 
based on their physicochemical composition were assessed with Non- 
metric MultiDimensional Scaling (NMDS) using vegan package (Oksa
nen et al., 2022). The data were centered and scaled, Euclidean distances 
were used as distance metric and two dimensions were kept for ordi
nation with NMDS. The stress value was <0.1. Fitting variables into 
NMDS plot and testing their significance were done with the envfit 
function. 

For qPCR data, outliers were detected using the Grubbs' test (Grubbs, 
1969; Burns et al., 2005) and discarded. This comprised one replicate 
from soil CA1, one from soil CA4, one from soil VA4, one from soil VA6 
and one from soil MI2 for inoculated, non-autoclaved soils at 15 days, 
and one replicate from soil CA4 for inoculated, autoclaved soils at 15 
days. At 15 days, in some samples, the amount of F. graminearum Fg1 
DNA was at the quantification limit (lowest DNA concentration at which 
the quantification can be achieved), equal to 4.95 × 105 gene copies.g− 1 

dry soil, or below. This comprised all replicates (4 in total) of soils MI3, 
VA5, VA2 and CA6, three replicates of soils MI2, VA4, VA7, VA1 and 
CA4, two replicates of CA5 and CA3, and one replicate of soils MI4, SO4 
and NK4. qPCR data are presented as means ± standard errors. Firstly, 
these data were processed using an ANOVA, followed by Fisher's LSD 
tests from the agricolae package (de Mendiburu, 2023), to assess dif
ferences in fungistasis levels for 26 fields. Secondly, a two-way ANOVA 
was performed to assess the effects of field location × manure amend
ment. Thirdly, differences between manured vs. non-manured fields at 
all 5 locations were tested with ANOVA and LSD tests. 

The plant growth chamber experiment followed a randomized block 
design with 10 replicates (i.e., 10 pots). The data for the number of 
germinated seeds at 2 and 4 weeks did not display normal distribution 
and homogeneity of variance, based on Shapiro and Levene tests, 
respectively, so Kruskal-Wallis and post-hoc Dunn's tests were used to 
compare treatments. For shoot length, shoot biomass and shoot density, 
the data displayed normal distribution and homogeneity of variance, so 

an ANOVA followed by Tukey's HSD tests was used. Additionally, for 
plant shoot length, shoot biomass and shoot density, t-tests were per
formed to compare plants grown in manured vs. non-manured soils. For 
shoot length, biomass and density, the plants that did not germinate 
were regarded as missing data (NA). In the case of shoot biomass mea
surements, one plant was discarded from MI2 inoculated soil and one 
from MI3 inoculated soil, and in the case of shoot density, two plants 
were discarded from the MI2 inoculated soil and one from MI3 inocu
lated soil because of extreme values. 

For the microbial communities, samples with low number of reads or 
ASVs were discarded. Specialized R package functions were used to 
determine taxa relative abundances, alpha and beta diversities and to 
perform statistical tests. Alpha diversity was computed, and sequences 
were rarefied based on the lowest number of sequences identified among 
samples, with a minimum of 41,961 sequences for 16S rRNA gene and 
34,482 sequences for ITS. Alpha diversity indices were computed for 
each rarefied sample using the phyloseq (McMurdie and Holmes, 2013), 
microbiome (Lahti and Shetty, 2018), or vegan (Oksanen et al., 2022) 
packages. Kruskal–Wallis tests were used to assess changes in alpha di
versity with 10,000 permutations. If the Kruskal–Wallis test led to 
rejecting the null hypothesis (P < 0.05), LSD tests with Bonferroni 
correction were conducted to compare categories using agricolae pack
age (de Mendiburu, 2023). Kruskal–Wallis tests were also used to assess 
the effect of inoculation on the relative abundance of phyla. 

Beta diversity analysis was carried out using the rarefied datasets and 
the ASVs for both 16S rRNA gene and ITS. The dissimilarity among 
samples was determined by calculating the Bray-Curtis distance. The 
statistical significance of the comparisons was assessed using a permu
tation analysis of variance (PERMANOVA) with 10,000 permutations 
using the adonis2 function of the vegan package (Oksanen et al., 2022). 
NMDS was employed to visually represent the microbial communities 
with the ggplot2 (Wickham, 2011) package. Analysis of similarities 
(ANOSIM) (with 10,000 permutations) was used to compare microbial 
communities of the three soils (MI2, MI4 and MI5), while pairwise 
comparisons were used for pairwise comparisons of microbial commu
nities (for MI5 vs. MI4, MI5 vs. MI2, and MI4 vs. MI2). 

We employed a negative binomial Wald test implemented in DESeq2 
v.1.18.1 within the phyloseq R package to identify taxa with significant 
differences to test for differential abundance (DA) on unrarefied reads 
(Love et al., 2014). After the Benjamini-Hochberg correction method, 
the taxa were considered differentially abundant when the adjusted P 
value was below 0.05. We tested the control against Fusarium inocula
tion (Fg1 samples) for each soil. 

For the analysis of Fusarium diversity, all ASVs affiliated with the 
genus Fusarium were kept. When possible, the taxonomic identification 
at the species level was used, based on the UNITE database (Nilsson 
et al., 2019). In each soil and inoculation condition, the proportion of 
Fusarium reads among the total number of fungal reads was computed, 
as well as the proportion of reads for each identified Fusarium species 
among the total number of Fusarium reads. To assess the impact of Fg1 
inoculation on the abundance of each identified Fusarium species, ASV 
data from the eleven retrieved Fusarium species were treated by Kruskal- 
Wallis tests, followed by post-hoc LSD tests with Benjamini-Hochberg 
correction (P < 0.05). 

3. Results 

3.1. Soil fungistasis of Serbian fields against Fusarium graminearum 

Before soil inoculation (day 0), F. graminearum was not found in any 
of the 26 soils analyzed, implying that any observed Fg DNA increase or 
decrease over the 15 days of experiment was specifically due to Fg1 
growth or decline after inoculation. When autoclaved soils were used, 
growth of F. graminearum Fg1 took place in all soils during the 15 days of 
soil incubation, to a magnitude of 2 log10 units or more (Fig. 2A). In non- 
autoclaved soils, levels of Fg1 DNA at day 15 were always lower than in 
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autoclaved soils. The pathogen quantities remained stable or even 
increased in 16 of 26 non-autoclaved soils as compared with the initial 
inoculum, while the amount of Fg1 DNA decreased in the 10 others (i.e., 
38 %; all from western/central Serbia), indicating a strong fungistasis 
potential attributable to soil microbiota in these 10 soils. Subsequently, 
soils in which the amount of Fg1 DNA decreased were thus defined as 
displaying fungistasis. 

When considering the effect of manuring on fungistasis, 7 out of 10 
non-autoclaved soils (70 %) displaying fungistasis originated from 
manured fields, whereas only 6 of 16 non-autoclaved non-fungistatic 
soils (37 %) had received manure (Fig. 2A). When locations were 
considered, fungistasis was found for the three western/central Serbia 
locations (Valjevo, Mionica and Čačak) for manure-amended soils, and 
only for Valjevo and Čačak for non-manured soils. Two-way ANOVA (P 
< 0.05) showed that field location and manure amendments were sig
nificant factors, but the interaction between them was not significant. 
Fg1 growth was significantly lower in manured soils than in non- 
manured soils from Mionica (LSD test, P < 0.01), with a similar trend 
(although not significant) in soils from Čačak (Fig. 2B). 

3.2. Relation between soil composition and fungistasis 

Non-metric MultiDimensional Scaling (NMDS) of soil physicochem
ical data showed that soils mainly clustered according to their 
geographical location (permutation test, P < 0.001), which coincided 
also with particular soil types, whereas manure amendment or fungi
stasis level did not have an over-riding effect overall (Fig. 3, non- 
significant in permutation test). However, higher organic matter con
tent (OM) was found in fungistatic (and manured) Mionica soils MI2 
(7.66 %) and MI3 (6.96 %), compared with non-fungistatic (and non- 
manured) soils MI4 (5.87 %) and MI5 (5.88 %) (Table S2 and Fig. 3). 
Higher potassium (K) content was also evidenced in fungistatic soils MI2 

(370 mg/kg) and MI3 (293 mg/kg), than in non-fungistatic soils MI4 
(218 mg/kg) and MI5 (184 mg/kg). When comparing fungistatic and 
non-fungistatic soils at other locations (Valjevo or Čačak), fungistatic 
soils did not display higher contents in organic matter or potassium 
compared with non-fungistatic soils, and they did not exhibit any other 
chemical particularity. In summary, soils exhibited particularities ac
cording to their location of origin (and soil type), and in Mionica 

Fig. 2. Difference in the quantities of F. graminearum Fg1 DNA in soil between day 0 and 15 days after inoculation. A. Differences in DNA quantity of 
F. graminearum Fg1 in 26 inoculated Serbian soils, from Valjevo (VA), Sombor (SO), Novi Karlovci (NK), Mionica (MI) and Čačak (CA), which were autoclaved or not 
autoclaved. Results are presented as means with standard errors. Striped bars indicate soils without manure amendments and non-striped bars indicate soils with 
manure amendments. Letters a-e are used to show statistical differences between individual soils (ANOVA and LSD tests, P < 0.05). B. Comparison of manured vs. 
non manured soils at each location. Results are presented as means with standard errors. Striped bars are used for soils without manure amendments and non-striped 
bars for soils with manure amendments. Letters a-c are used to show statistical differences between soil conditions (ANOVA and LSD tests, P < 0.05). 

Fig. 3. Non-metric MultiDimensional Scaling analysis of the physico
chemical composition (see Table S2 for details) of the 26 Serbian fields. 
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according to fungistasis status (confounded with manure usage; with 
higher OM and K contents). Therefore, there was no global relation 
between soil composition and fungistasis. 

3.3. Suppressiveness of Mionica soils against F. graminearum-induced 
wheat damping-off 

Based on the contrasted fungistasis results and the link with manure 
amendments found at Mionica, we selected these soils for a wheat 
damping-off suppressiveness assay with F. graminearum Fg1. At 14 days 
after sowing, the number of germinated seeds was statistically lower 
upon pathogen inoculation in soil MI4, whereas the difference was not 
significant in soils MI2, MI3, and MI5 (Fig. 4A). Similarly, at 4 weeks, 
the number of plants alive was statistically lower in F. graminearum Fg1- 
inoculated vs. non-inoculated MI4 soils, while the difference was not 
significant in the three other soils (Fig. 4B). Inoculation with 
F. graminearum Fg1 did not significantly impact wheat shoot length 
(Fig. S2A), but it resulted in lower dry shoot biomass (Fig. S2B) and 
shoot density (Fig. S2C) in soil MI2. In addition, dry shoot biomass, 
shoot length and shoot density were higher overall (t-tests, all P < 10− 12) 
in manured soils (MI2 and MI3) than in non-manured soils (MI4 and 
MI5). In summary, non-fungistatic (non-manured) soil MI4 was condu
cive to wheat damping-off caused by F. graminearum Fg1 but non- 
fungistatic (non-manured) soil MI5 turned out to be suppressive, 
whereas both fungistatic (manured) soils MI2 and MI3 were suppressive 
based on wheat germination and survival (even though plant growth in 
MI2 was affected by the pathogen). 

3.4. Diversity and genetic structure of prokaryotic and fungal rhizospheric 
communities 

When assessing the link between rhizosphere microbial diversity and 
disease-suppressiveness status of Mionica soils, metabarcoding data for 
the 16S rRNA gene (prokaryotic community) pointed to similar diversity 
levels for the three soils. Indeed, the only difference was that Pielou 
index (evenness) in the fungistatic, suppressive soil MI2 (also the only 
manured soil) was significantly higher than in non-fungistatic soils MI4 
(conducive) and MI5 (suppressive) when inoculated with Fg1 (Fig. 5C). 
The effect of Fg1 inoculation on bacterial alpha diversity was not sig
nificant, regardless of the soil and the diversity index. With ITS 

metabarcoding data (fungal community) from the rhizosphere, the 
Shannon (diversity; Fig. 5D) and Pielou (evenness; Fig. 5F) indices but 
not the Chao1 index (richness; Fig. 5E) were statistically higher (i) in 
soils MI4 (non-fungistatic, non-suppressive) and MI2 (fungistatic, sup
pressive) than in MI5 (non-fungistatic, suppressive) in the absence of 
inoculation, and (ii) in soil MI4 than in MI5 when Fg1 had been inoc
ulated. Inoculation itself resulted only in a lower Pielou index in soil MI4 
(Fig. 5F). 

NMDS plots based on Bray-Curtis distances showed that microbial 
communities clustered largely according to the field of origin, for the 
prokaryotic (Fig. 6A) and especially the fungal communities (Fig. 6B). 
Indeed, individual soils accounted for 42.6 % (for prokaryotes) and 60.0 
% (for fungi) of the variations in community structure (PERMANOVA, 
both at P < 0.001), whereas merely 3.7 % (prokaryotes; P = 0.048) and 
4.0 % (fungi; P = 0.023) of the differences were attributed to inoculation 
(Table S3). When considering each soil separately, the effect of Fg1 
inoculation was significant in most cases, i.e., for MI2 (P = 0.009 for 
prokaryotes and P = 0.004 for fungi), MI5 (P = 0.004 for prokaryotes 
and P = 0.048 for fungi), and MI4 (P = 0.004 for prokaryotes but P >
0.05 for fungi). 

In summary, most differences in prokaryotic alpha diversity were not 
significant, whereas fungi in soil MI5 (non-fungistatic, suppressive) 
displayed lower Shannon and Pielou indices. In addition, microbial 
community structure depended mostly on the field of origin, with a 
modest significant effect of inoculation. 

3.5. Composition of the prokaryotic rhizosphere community 

The most abundant rhizosphere phyla in soils MI2, MI4 and MI5 
were the same, i.e., Proteobacteria, Actinobacteriota, Firmicutes, Chloro
flexi, Verrucomicrobiota and Crenarchaeota. The 20 most abundant taxa 
(the lowest likely taxonomic information available for an ASV, often at 
the genus level) in the prokaryotic community represented an average of 
56.2 % (MI2 = 54.2 %, MI4 = 55.3 %, MI5 = 58.6 %) of the sequences 
(Fig. 7A, B and C). Some of these most abundant taxa were evidenced in 
all three soils, e.g., the Actinobacteriota Gaiella (average 4.6 % of the 
reads) and a taxon affiliated to the order Gaiellales (average 13.0 %). 
Some were found in specific soil(s), as for (i) an Acidobacteriota taxon 
from the order Vicinamibacterales (1.1 %) and various Actinobacteriota, i. 
e., the genera Microlunatus (2.1 %) and Rubrobacter (1.6 %), a 

Fig. 4. Wheat suppressiveness assay with soils from Mionica (MI4, MI5, MI2 and MI3), non-inoculated (shown as MIi_C) or inoculated with F. graminearum 
Fg1 (shown as MIi_Fg1). Non-manured soils are represented with stripes. Soil MI4 (orange-red) is non-fungistatic and non-suppressive to wheat damping-off caused 
by F. graminearum Fg1, soil MI5 (light blue-navy blue) is non-fungistatic and suppressive, while soils MI2 and MI3 (light green-forest green) are both fungistatic and 
suppressive. All results are presented as means and standard errors (n = 10). Statistical differences between soil conditions are shown with letters a and b (Kruskal- 
Wallis and Dunn's tests, P < 0.05). A. Number of germinated wheat seeds per pot (out of 5) at 2 weeks. B. Number of wheat plants alive per pot at 4 weeks. 
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Microtrichales genus (1.3 %) and a Ilumatobacteraceae genus (1.1 %), 
which were evidenced only in soil MI2, (ii) the Proteobacteria genus 
Sphingomonas in soil MI4 (1.4 %), (iii) an Elsterales (Proteobacteria) genus 
in soil MI5 (1.0 %), and (iv) the Actinobacteriota genera Conexibacter 
(2.0 %), Marmoricola (1.0 %), Intransporangium (1.3–1.1 %) and Acid
othermus (2.0–1.9 %) in soils MI4 and MI5. 

Inoculation with F. graminearum Fg1 resulted in a significant increase 
(P < 0.05) in the rhizosphere relative abundance of the phylum Firmi
cutes in the non-fungistatic soils MI4 (from 10.8 % to 15.8 %) and MI5 
(from 10.1 % to 14.4 %) (Fig. 8). In the fungistatic MI2 soil, pathogen 
inoculation caused a modest but significant increase (P < 0.05) in the 
relative abundance of Actinobacteriota (from 48.0 % to 50.9 %) and 
Proteobacteria (from 13.7 % to 17.1 %), but led to somewhat lower levels 
of Crenarchaeota (from 5.4 % to 1.5 %) and Chloroflexi (from 5.4 % to 
4.9 %) (P < 0.05). 

Differential analysis was also used to identify individual taxa that 
differed significantly (P < 0.05) in relative abundance between Fusa
rium-inoculated and non-inoculated samples, at the scale of the whole 
rhizosphere community. Among the 1493 identified prokaryotic taxa 
(Fig. 9), this concerned 17 taxa in soil MI4 (non-fungistatic, non- 
suppressive), 45 taxa in soil MI5 (non-fungistatic, suppressive), and 17 
taxa in soil MI2 (fungistatic, suppressive). Most of the taxa were found 
exclusively in one of the three soils, but Gemmatimonas (Gemmatimo
nadota) was evidenced in all three soils, with a lower abundance in 
inoculated than in non-inoculated samples (by 0.8, 0.5 and 1.2 log2 units 

for soils MI2, MI4 and MI5, respectively). In both soils MI4 and MI5, a 
taxon belonging to the candidate group SC-I-84 (Proteobacteria) was 
found more in non-inoculated than in inoculated samples (by 0.8 and 1.2 
log2 units, respectively), as for a Myxococcota taxon from the candidate 
group Blrii41 (by 0.6 and 1.2 log2 units, respectively), whereas the 
opposite was found for Bacillus (by 0.7 and 0.9 log2 units, respectively), 
Paenibacillus (by 0.8 and 0.9 log2 units, respectively) and Pelosinus 
(Firmicutes) (by 1.2 and 2.0 log2 units, respectively). Sphingobium (Pro
teobacteria) was more abundant in inoculated than in non-inoculated 
samples of soils MI2 and MI5 (by 7.0 and 8.0 log2 units, respectively). 
These inoculation effects concerned also some of the 20 most abundant 
prokaryotic taxa, i.e., for Solirubrobacter in soil MI4, Candidatus Udaeo
bacter and Bacillus for soil MI5 and for Nitrososphaeraceae in soil MI2. 

In summary, the wheat rhizosphere of the three soils shared the main 
phyla and the majority of the most abundant taxa, yet several taxa were 
soil specific. Additionally, soil inoculation with F. graminearum Fg1 
impacted the rhizosphere microbial community, but often with soil- 
specific effects. 

3.6. Composition of the fungal rhizosphere community 

In each soil, Ascomycota, Basidiomycota, and Mortierellomycota were 
the phyla harboring the most abundant taxa. However, differences were 
found between soils, as in soils MI4 and MI5 the phylum Chytridiomycota 
was also present. The 20 most abundant fungal taxa (considered at the 

Fig. 5. Alpha diversity of prokaryotic (A, B, C) and fungal (D, E, F) rhizosphere communities in soils from Mionica (MI4, MI5, and MI2) inoculated with 
F. graminearum Fg1 (shown as MI_Fg1) or non-inoculated (shown as MI_C). Letters a-d indicate statistical relations between soils × inoculation (Fg1 or not) 
combinations (Kruskal–Wallis tests, followed by Fisher's Least Significant Difference (LSD) tests with Bonferroni correction, P < 0.05). 

Fig. 6. Non-metric MultiDimensional Scaling (NMDS) of soils from Mionica MI2, MI4, and MI5 inoculated with F. graminearum Fg1 (shown as MIi_Fg1) or 
non-inoculated (shown as MIi_C) based on rhizosphere metabarcoding of prokaryotic (A) and fungal (B) communities. ANOSIM (10,000 permutations) 
indicated that the between-groups difference was larger than the within-groups difference (P = 10− 4 for prokaryotes and 10− 4 for fungi). All pairwise comparisons 
(for MI5 vs. MI4, MI5 vs. MI2, and MI4 vs. MI2) for prokaryotes were P = 10− 3 and P = 10− 3 for fungi. 
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genus level or higher rank if genus information was not available) rep
resented 61 % (in non-inoculated MI4 soil) to 77 % (in Fg1-inoculated 
MI5 soil) of the reads in rhizosphere samples (Fig. 7D, E and F). 
Distinctive features were evidenced in particular soil(s), as (i) Podila (a 
Mortierellaceae genus; representing 10 % of the reads), Hypocreales, 
Apiospora, Pleosporales, Enterocarpus were found only in soil MI2, (ii) 
Schizothecium, Sordariales, Tetracladium, Minimedusa only in soil MI4, 
(iii) Clonostachys, Microscypha, Paracremonium only in soil MI5, (iv) 
Pseudeurotium, Helotiales, Humicola, Saitozyma only in soils MI4 and MI5, 
(v) Apiosporaceae, Chaetomium, Trichoderma, Oidodendron only in soils 
MI4 and MI2, and (vi) Neocosmospora, Didymellaceae only in soils MI5 
and MI2. 

At phylum level, inoculation with F. graminearum Fg1 resulted into a 
significant increase (P < 0.05) in the rhizosphere relative abundance of 
the Chytridiomycota in the non-fungistatic soil MI4 (from 5.4 % to 7.8 
%), and a decrease of the Mortierellomycota (from 8.7 % to 6.6 %) in the 
fungistatic soil MI2 (Fig. 8). 

When differential analysis was performed to assess inoculation ef
fects on the whole fungal community (Fig. 10), decreased levels were 
found for the Ascomycota genera Beauvaria (by 5.8 log2 units) and Col
larina (by 4.9 log2 units) in soil MI4 (non-fungistatic, non-suppressive), 
for four genera (of distinct phyla) including Waitea (Basidiomycota; by 
24 log2 units), Microscypha (Ascomycota; by 2 log2 units) in soil MI5 
(non-fungistatic, suppressive), and the four Ascomycota genera Septoria 
(by 22 log2 units) and Purpureocillium (by 2 log2 units) in soil MI2 
(fungistatic, suppressive), whereas higher levels were found for Atrac
tium (by 2.5 log2 units) and Scutellinia (by 3.0 log2 units) in soil MI2. 
Inoculation effects were also observed (Kruskal-Wallis tests and Fisher's 
tests with Bonferroni correction) for some of the 20 most abundant 
fungal taxa, but these effects were not significant anymore with the 
more stringent differential analysis. 

In summary, the three soils harbored representatives from the phyla 

Ascomycota, Basidiomycota, and Mortierellomycota in rhizosphere sam
ples, while taxa from the order Chytridiomycota were found only in soils 
MI4 and MI5. Similarly to the prokaryotic community, soil inoculation 
with F. graminearum Fg1 impacted fungal rhizosphere community. 

3.7. Composition of the Fusarium community 

In the absence of F. graminearum Fg1 inoculation, the Fusarium genus 
represented 9.4 % of all rhizosphere fungi in non-suppressive soil MI4 
(also non-fungistatic), vs. only 5.9 % and 6.6 % in suppressive soils MI5 
(non-fungistatic) and MI2 (fungistatic), respectively (Table S4). The 
Fusarium genus was more prevalent in Fg1-inoculated vs. non-inoculated 
rhizosphere for soil MI4 (up to 11.8 %) and MI2 (up to 8.8 %), but not for 
soil MI5. Within the genus, inoculation increased (P < 0.05) rhizosphere 
levels of F. graminearum from 2.6 % to 25.0 % of all Fusarium sequences 
for MI4, 0.9 % to 29.0 % for MI5, and 0.5 % to 20.0 % for MI2 (Fig. 11). 
In addition, a small decrease in levels of F. equiseti was found in soil MI4 
after inoculation (Table S4). 

4. Discussion 

F. graminearum is an important crop pathogen (Valverde-Bogantes 
et al., 2020) and its infectious cycle includes a phase where the fungus 
must survive in the soil before infecting new seedlings (Pereyra et al., 
2004; Cobo Díaz et al., 2019). Certain soils can negatively affect survival 
and growth of fungal pathogens, including F. graminearum, a property 
referred to as fungistasis (Lockwood, 1977; Garbeva et al., 2011; 
Legrand et al., 2019). Though fungistasis is an important soil trait in the 
context of sustainable agriculture and may belong to mechanisms 
contributing to disease suppressiveness, it remains insufficiently 
understood. 

As in the case of disease suppressiveness, fungistasis is mostly 

Fig. 7. Top 20 most abundant prokaryotic (A, B, C) and fungal taxa (D, E, F) in the wheat rhizosphere of soils from Mionica MI4, MI5, and MI2. MIi_C, 
control (non-inoculated soils); MIi_Fg1, F. graminearum-inoculated soils. The 20 most abundant taxa (the lowest taxonomic information available for an ASV; often at 
genus level) in the prokaryotic community represented 55.3 % (non-inoculated MI2 soil), 53.9 % (Fg1-inoculated MI2 soil), 53.2 % (non-inoculated MI4 soil), 57.7 % 
(Fg1-inoculated MI4 soil), 55.7 % (non-inoculated MI5 soil) and 60.5 % (Fg1-inoculated MI5 soil) of the sequences, whereas the 20 most abundant fungal taxa 
represented 65.2 % (non-inoculated MI2 soil), 66.1 % (Fg1-inoculated MI2 soil), 61.1 % (non-inoculated MI4 soil), 64.8 % (Fg1-inoculated MI4 soil), 70.7 % (non- 
inoculated MI5 soil) and 76.9 % (Fg1-inoculated MI5 soil) of the sequences. 
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provided by living microorganisms in soil (Lockwood, 1977) and may be 
influenced by soil physicochemical properties and soil management 
practices (Zhang et al., 2020; Bellini et al., 2023). In this context, we 
screened 26 fields from five localities in Serbia (northern and western/ 
central regions) for their fungistatic properties and tested the relation
ship between fungistasis, previous soil manuring and soil physico
chemical composition. The screening evidenced 10 soils in which the 
pathogen F. graminearum declined significantly and the observed fun
gistasis was obviously due to antifungal properties of native soil 
microbiota, as F. graminearum grew readily when the 10 soils were 
sterilized, to the same extent as in the non-fungistatic soils. Autoclaving 
may change certain properties of soil organic matter (Berns et al., 2008), 
but importantly this did not prevent pathogen growth. 

In this study, fungistasis was found with soils from Valjevo (eutric 
cambisols and pseudogleys), Čačak (vertisols) and Mionica (vertisols), 
located in a hilly region in western/central Serbia, where agriculture is 
less intensive and follows more traditional practices without use of 
fungicides than in northern plains of Serbia, where soils also differ 
(chernozems). Here, a majority of fungistatic soils and a minority of non- 
fungistatic soils were manured soils. Particularly in Mionica location, 
only manured soils were fungistatic, and they differed statistically from 
non-manured soils based on fungistasis levels. Animal manure amend
ments introduces new microorganisms to the soils, supplies nutrients 
and impacts the resident microbiota (Mousa and Raizada, 2016; Su 
et al., 2022), which may in turn have negative effects on pathogen 
growth and survival, but this was not sufficient to develop fungistasis in 
the chernozems of northern Serbia. Our study showed that manuring 
was a significant factor influencing fungistasis, but that the positive 
relationship between manuring and fungistasis cannot be generalized as 

it is also affected by (probably mixed) effects of location, soil type and 
prevailing management practices. 

The positive effect of manure on fungistasis may also be related to 
different soil physicochemical properties, as they can influence micro
biota functioning including phytoprotection properties (Sipilä et al., 
2012; Almario et al., 2014). For example, soil fungistasis to 
F. graminearum was related to manganese and nitrogen contents in 
Brittany soils (Legrand et al., 2019), but here soil types were more 
diverse and physicochemical properties varied primarily with 
geographic location (and soil type, Fig. 3). In Mionica, where the rela
tion between manure and fungistasis was significant, the manured, 
fungistatic soils displayed higher organic matter and potassium con
tents, which may be due to manuring itself (Aziz et al., 2010). In another 
study, the sole amendment of soil with potassium phosphite enriched 
the soil community with antagonistic bacteria and affected survival of 
the tomato pathogen Ralstonia solanacearum (Su et al., 2022). Based on 
the current results, it seems that particular soil composition (e.g., higher 
organic matter and potassium content) may favor fungistasis. 

Using soils from Mionica, we further tested whether fungistatic soils 
would also be disease-suppressive, as this possibility has been 
mentioned in earlier works (Lockwood, 1977; Garbeva et al., 2011). 
Here, the two Mionica fungistatic (manured) soils MI2 and MI3 were 
suppressive to F. graminearum disease of wheat, and it could be that 
either fungistasis promoted rhizosphere-based disease-suppressiveness 
or was sufficient to prevent pathogen attack on plant. Interestingly, one 
non-fungistatic soil (MI5) was disease-suppressive as well, raising the 
possibility that suppressiveness in this case entailed (at least in part) 
induced resistance triggered by the soil microbiota. In addition, this 
shows that manuring was not necessarily the primary determinant for 

Fig. 8. Relative abundance of prokaryotic (A, B, C) and fungal phyla (D, E, F) in the rhizosphere of Mionica soils MI4, MI5 and MI2. MIi_C, control; MIi_Fg1, 
F. graminearum-inoculated soils. Asterisks indicate significant differences between each inoculated vs. non-inoculated soil based on Kruskal-Wallis tests followed by 
Fisher's Least Significant Difference (LSD) tests with Bonferroni correction (P < 0.05). 
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biocontrol microorganisms in the rhizosphere of soils from Mionica. 
Finally, the other non-manured non-fungistatic soil (MI4) was disease- 
conducive. However, during the soil sampling for suppressiveness 
assay (June 2021), fields in Mionica were grown with maize (MI2), 
wheat (MI3 and MI5) or a meadow (MI4) (Table 1), whereas soil for the 
fungistasis assay was sampled in October 2020, when fields in Mionica 
were (or had been) grown with alfalfa (MI2), sunflower (MI3), wheat 
(MI4) or a meadow (MI5). Perhaps this contributed to the difference 
between the non-manured soils MI4 and MI5. More generally, the cur
rent approach based on the comparison of soil from farmers' fields 
(rather than using an experimental field site with controlled conditions) 
is interesting because it connects with the reality of true farming con
ditions, but a key limitation is the lack of control on crop rotation and 
crop genotypes. Both can have a strong influence on soil-borne patho
gens and plant-beneficial microorganisms (Gruet et al., 2024; Renoud 
et al., 2020; Nannipieri et al., 2023; Todorović et al., 2023; Yuan et al., 
2021). 

A wide range of bacterial and fungal taxa may be involved in disease 
suppression (Cha et al., 2016; Kloepper et al., 1980; Tamietti and Ala
bouvette, 1986; Weller et al., 2002; Kyselková and Moënne-Loccoz, 
2012; Ossowicki et al., 2020) and phytoprotection may often result from 
a joint contribution of various microbial taxa (Alabouvette et al., 1985; 
Rouxel and Sedra, 1989; Rasmussen et al., 2002; Kyselková et al., 2009; 
Ossowicki et al., 2020). Complex analyses of microbial communities 

from disease-suppressive soils against conducive soils may be thus 
helpful to reveal microbial taxa potentially involved in disease sup
pressiveness (Borneman et al., 2004; Kyselková et al., 2009). In the 
present study, Sphingobium (Alphaproteobacteria) increased its abun
dance after pathogen inoculation by two orders of magnitude in the 
disease suppressive soils MI2 and MI5, but not in the conducive soil MI4 
(Fig. 9), making it a candidate for further examination of its role in 
protecting wheat from F. graminearum disease. Indeed, Sphingobium is 
known for its biocontrol properties (Boss et al., 2022; Van Bruggen et al., 
2014) and its increased abundance in conditions suppressive to Fusarium 
oxysporum banana wilt was reported on several occasions (Fu et al., 
2017; Hong et al., 2020). In general, however, the microbial (both 
prokaryotic and fungal) communities were mostly soil-specific (Fig. 6), 
and it is likely that different mechanisms, provided by different micro
bial taxa, were involved in disease suppressiveness in MI2 and MI5. 

For example, soil MI2 maintained its original prokaryotic diversity in 
rhizosphere upon F. graminearum inoculation, in contrast to MI5 (and 
MI4, both non-fungistatic), where the prokaryotic diversity decreased 
with pathogen introduction (significant for Pielou index and a trend for 
Shannon and Chao1 indices, Fig. 5A, B and C). High microbial diversity 
is an important barrier against invasion of pathogens in soil in general 
(Van Elsas et al., 2012) and might be promoted by manure addition to 
soil (Zhong et al., 2010). It is thus likely that manure amendments in 
MI2 sustained high prokaryotic diversity that could contribute to 

Fig. 9. Differential abundance analysis of prokaryotic taxa in the wheat rhizosphere of soils from Mionica MI2, MI4 and MI5 following inoculation with 
F. graminearum Fg1. The X axes are shown with log2- and log10-fold changes. All taxa shown were affected by inoculation (P < 0.05), and those representing >0.1 % 
of all sequences are indicated with an asterisk. 
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fungistasis and to some extent also to disease suppression. In addition, a 
closer look at Fusarium composition in wheat rhizosphere (Fig. 11) 
indicated that the share of F. graminearum remained at lower levels in 
wheat rhizosphere of MI2, as compared to MI4 and MI5 (both for 
inoculated and non-inoculated samples). There was a strikingly high 
proportion of F. equiseti in the MI2 rhizosphere, which remained 
approximately in a 1:1 ratio with F. graminearum in inoculated MI2 

samples. F. equiseti is known for biocontrol of F. oxysporum by reducing 
growth of the Fusarium wilt pathogen in spinach (Horinouchi et al., 
2010), so it might be also considered as an agent contributing to fun
gistasis and disease-suppressiveness in the case of F. graminearum in MI2. 
In contrast, in the other suppressive (but non-fungistatic) soil MI5, the 
proportion of F. graminearum remained at higher levels comparable to 
that of the conducive soil MI4, pointing to the importance of rhizosphere 

Fig. 10. Differential abundance analysis of fungal taxa in the wheat rhizosphere of soils from Mionica MI4 (A), MI5 (B) and MI2 (C) following inoculation 
with F. graminearum Fg1. The X axes are shown with log2- and log10-fold changes. All taxa shown were affected by inoculation (P < 0.05), and those representing >
0.1 % of all sequences are indicated with an asterisk. 

Fig. 11. Proportion of the different Fusarium species in the wheat rhizosphere of soils from Mionica MI4, MI5 and MI2 inoculated (MIi_Fg1) or not (MIi_C) 
with Fusarium graminearum Fg1. 
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interactions for wheat protection in soil MI5. Stimulation of other plant- 
beneficial taxa or plant defenses is one possible explanation, as showed 
in other cases (Almario et al., 2014; Van Peer et al., 1991; Tamietti et al., 
1993; Leeman et al., 1995). 

In conclusion, we identified manure as an important farming practice 
for achieving soil fungistasis towards the wheat pathogen 
F. graminearum. On the example of Mionica, where manure is of 
particular importance for fungistasis, we showed that the two fungistatic 
soils were also suppressive to F. graminearum disease in wheat. The 
fungistasis, however, may not be the key factor determining disease- 
suppressiveness, as one non-fungistatic soil from Mionica was also 
disease-suppressive, which was reflected by particularities in rhizo
sphere microbial diversity of the individual soils. 
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Loccoz, Y., Muller, D., 2020. Co-occurrence of rhizobacteria with nitrogen fixation 
and/or 1-aminocyclopropane-1-carboxylate deamination abilities in the maize 
rhizosphere. FEMS Microbiol. Ecol. 96, fiaa062. https://doi.org/10.1093/femsec/ 
fiaa062. 

Rouxel, F., Sedra, H., 1989. Résistance des sols aux maladies (mise en évidence de la 
résistance d’un sol de la palmeraie de Marrakech aux fusarioses vasculaires). Al 
Awamia 66, 35–54. 

Schlatter, D., Kinkel, L., Thomashow, L., Weller, D., Paulitz, T., 2017. Disease suppressive 
soils: New insights from the soil microbiome. Phytopathology 107, 1284–1297. 
https://doi.org/10.1094/PHYTO-03-17-0111-RVW. 

Schloss, P.D., Westcott, S.L., Ryabin, T., Hall, J.R., Hartmann, M., Hollister, E.B., 
Lesniewski, R.A., Oakley, B.B., Parks, D.H., Robinson, C.J., Sahl, J.W., Stres, B., 
Thallinger, G.G., Van Horn, D.J., Weber, C.F., 2009. Introducing mothur: open- 
source, platform-independent, community-supported software for describing and 
comparing microbial communities. Appl. Environ. Microbiol. 75, 7537–7541. 
https://doi.org/10.1128/AEM.01541-09. 

Siegel-Hertz, K., Edel-Hermann, V., Chapelle, E., Terrat, S., Raaijmakers, J.M., 
Steinberg, C., 2018. Comparative microbiome analysis of a Fusarium wilt 
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