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Abstract

Aims Saprotrophic soil fungi participate in bio-
mass mineralization, inhibit pathogen development
and promote plant growth. Pathogens accumulate in
soil and decrease crop yields. The structure of fun-
gal communities is determined mainly by the organic
matter content and pH of soil. Little is known about
the influence of crop rotation and long-term monocul-
ture on saprotrophic fungi that decompose plant roots
and crop residues as sources of soil biomass.
Methods Fungal communities that promote plant
growth (arbuscular mycorrhizal fungi (AMF), yeasts,
Trichoderma spp.), cellulolytic fungi and pathogenic
species were analyzed in a 6-year crop rotation sys-
tem (maize — spring barley — peas — winter rapeseed
— winter wheat — sugar beets) and in 50-year maize
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monoculture. Fungal DNA was extracted from the
rhizosphere and plant roots, and the ITS2 region
of fungal rDNA was analyzed by high-through-
put sequencing. In both treatments, weeds were
controlled chemically (terbuthylazine + mesotri-
one + s-metolachlor) or mechanically.

Results A total of 311 fungal species were identi-
fied. The biodiversity of soil fungi, in particular AMF
and yeasts, was higher in monoculture than in crop
rotation. Maize pathogens were more frequently iden-
tified in monoculture, whereas species of the genus
Trichoderma were more prevalent in crop rotation.
Herbicides clearly increased the abundance of cel-
lulolytic fungi of the phyla Mucoromycota and Mor-
tierellomycota, Mortierella spp. and Minimedusa
polyspora. The abiotic properties of soil were affected
by the cropping sequence. The content of organic car-
bon (C,,,) and the availability of P and Mg decreased
in monoculture. Maize yields were bound by a strong
positive correlation with the availability of macro-
nutrients and C,,, in soil, as well as a weak positive
correlation with the abundance of Trichoderma spp.,
Mucoromycota and Mortierellomycota.

Conclusions Fungi exert a complex and ambiguous
effect on maize biomass yields, whereas a decrease
in the macronutrient content of soil in monoculture
strongly decreases maize yields. In the long term, the
cropping sequence considerably influences the struc-
ture of the soil microbiome which can be a reservoir
of unique species and species that minimize the nega-
tive effects of monoculture in agroecosystems.
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Introduction

Plants and soil are increasingly described as reser-
voirs of bacterial and fungal microbiomes (Gatazka
and Grzadziel 2018; Duniere et al. 2017; Fadiji et al.
2020) whose structure can affect plant development
(Guler et al. 2016; Kusuma et al. 2017; Sobowale
et al. 2010). Soil microbial communities are very
important components of the ecosystem. According
to estimates, 1 g of soil is colonized by around 10°
microorganisms (Delmont et al. 2021; Kong et al.
2020). Fungal communities play diverse roles in the
soil environment, and some fungal species infect the
roots and aerial parts of maize plants. Soil can be a
reservoir of mycotoxin-producing Fusarium gramine-
arum and F. verticillioides, which are among the
most dangerous pathogens of maize (Pechanova
and Pechan 2015; van Capelle et al. 2021). Many
soil fungi, including Sporotrichum pruinosum and
Stachybotrys atra, participate in the decomposition
of plant residues and nutrient cycling, thus increas-
ing the productivity of agricultural soils (Mahmood
et al. 1986). In a study by Kusuma et al. (2017), fungi
of the genera Trichoderma and Penicillium inhibited
the development of Rhizoctonia solani which causes
banded leaf and sheath blight in maize. Most agricul-
tural treatments significantly affect soil structure as
well as the abundance and structure of fungal com-
munities (Beauregard et al. 2013; Sasvari et al. 2011;
Wang et al. 2017; Fadiji et al. 2020). The substances
secreted by the roots of several maize varieties
exerted varied effects on fungal communities (Kong
et al. 2020). In a study by Tyagi et al. (2018), herbi-
cides significantly reduced fungal populations in soil
under maize cultivation.

Maize is one of the most important food crops
around the world, and its global production reached
1162.4 million tons in 2020 (FAOSTAT 2022). The
United States, China and Brazil are the leading pro-
ducers of maize. These countries supply nearly 60%
of maize grain on the global market, whereas Poland
produces around 6 million tons of maize grain each
year. Maize is also grown for silage which is used
as cattle feed. The United States is also the leading
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producer in this category, and the area under maize
cultivated for silage accounts for 20% of the total
area. In the European Union (EU 27), maize is grown
for silage on around 6,3 million hectares each year.
Germany and France are the leading producers of
maize harvested for silage, whereas Poland ranks
third in the EU with an area of 675 thousand hectares
(EUROSTAT 2022).

Monoculture, namely the practice of growing the
same crop species in the same field year after year,
is relatively popular because it enables farmers to
specialize in a particular crop and maximizes prof-
its (Gatazka and Grzadziel 2018; WozZniak 2019).
However, monoculture decreases crop yields already
after several years, mainly due to the depletion of soil
nutrients (Mao et al. 2021). Long-term monoculture
affects the structure of soil microbial communities,
for example, by promoting the growth of selected fun-
gal pathogens of crops Fusarium oxysporum and F.
solani (Liu et al. 2019; Strom et al. 2020), but it does
not significantly decrease the diversity of mycorrhi-
zal fungi (Glomus spp.) colonizing maize roots (Sas-
véri et al. 2011). Soil-dwelling microorganisms can
mobilize nutrients (such as nitrogen-fixing bacteria,
Kosakonia sacchari, Bloch et al. 2020) and enlarge
the root absorption area (as the mycorrhizal fungus
Rhizoglomus intraradices; Smith and Smith 2012);
therefore, the bioavailability of nutrients can be lim-
ited in the absence of specific microbial species in
soil (Mao et al. 2021; Bergmann et al. 2020; Roumet
et al. 2016).

Next-generation sequencing methods support reli-
able identification of microbial species and quantita-
tive changes in their populations (Fadiji and Babalola
2020). The internal transcribed spacer (ITS) region
of fungal DNA has been sequenced to study the com-
position and diversity of endophytic fungi in crops,
especially maize (Fadiji et al. 2020). In the present
study, next-generation sequencing was applied to
compare the structure of fungal communities, maize
biomass yields. The content of organic matter and
minerals was also analyzed in soil under maize grown
in 50-year monoculture and crop rotation systems,
with and without the use of herbicides, in order to
investigate the interactions between maize yields, soil
fungi, and nutrient concentrations in soil. The aim
of this study was to check the following hypotheses:
(1) monoculture strongly influences the structure of
fungal communities in soil and induces significant
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changes in the abundance of non-pathogenic fungal
functional groups (mycorrhizal fungi that suppress
plant pathogens and promote the decomposition of
organic compounds); (2) pathogens that accumulate
in soil inhibit the growth of maize plants in mono-
culture; (3) herbicides increase the abundance of
fungi that decompose the organic matter of damaged
weeds. The aim of this study was to evaluate quan-
titative changes in the structure of fungal communi-
ties colonizing the rhizosphere in maize monoculture,
including under the influence of herbicides, to exam-
ine the interactions between fungal taxonomic and
functional groups vs. maize yields, and to determine
nutrient concentrations in soil.

Materials and methods

Site description, weather conditions, agricultural
practices and sampling

The experimental material originated from a long-
term maize monoculture experiment established in
1968 in Balcyny (53°35'49” N, 19°51'20” E; Poland).
The analyzed region is characterized by a moderate
climate with mean annual temperature of 7.1 °C and
mean annual precipitation of around 600 mm (Kuchar
et al. 2021). Maize biomass was collected between
2017 and 2019, and weather conditions for this period
are presented in Table 1. Weather conditions were
analyzed with the use of the Selyaninov hydrothermal
coefficient, calculated with the formula K=P/0.1-Et,
where K is the hydrothermal coefficient, P — total
monthly precipitation, and Et — sum of mean daily
air temperatures in a given month. In 2017, precipi-
tation was high between June and September when
maize is harvested (K=2.31). 2018 was a rather dry

year (K=1.05). Following a dry spring (April-May),
which marked the beginning of the maize grow-
ing season, precipitation increased in June and July,
whereas rainfall deficit was noted in August and Sep-
tember. In 2019, April was an extremely dry month
(K=0.01), but the remaining months of the growing
season were characterized by favorable hydrothermal
conditions for the growth and development of maize
plants.

The field experiment had a randomized block
design, where treatments were randomly assigned
to sub-blocks in four replications. Plot area was
1.8 X 14 m. Maize was grown in a 6-crop rotation sys-
tem: maize — spring barley — peas — winter rapeseed
— winter wheat — sugar beets (treatments: CR — with-
out herbicides, and CRH — with herbicides), and in a
50-year monoculture system (treatments: M — without
herbicides, and MH — with herbicides). Crops were
grown in a conventional tillage system. Medium-
maturing maize variety Lg 31.233, a three-way
hybrid recommended for silage production, was sown
between 2017 and 2019. The optimal dates of agri-
cultural treatments in maize production are presented
in Table 2. Each year, the health status of plants was
monitored twice during the growing season, in full
flowering (BBCH 65) and medium milk (BBCH 75)
stages (Meier 1997).

In crop rotation (CRH) and in monoculture
(MH), weeds were controlled after emergence with
Lumax 537.5 SE (terbuthylazine; triazine herbicide)
- 1875 ¢ I"' (16.9%), mesotrione (triketone herbi-
cide) - 375 ¢ I"' (3.39%), and s-metolachlor (chlo-
roacetanilide herbicide) — 312.5 g "' (28.2%)) at 3.5
L ha™! (Syngenta, Poland) on the dates indicated in
Table 2. In treatments not protected with herbicides
(CR and M), weeds were controlled mechanically,
and weed residues were left on the soil surface.

Table 1 Weather conditions during the experiment in Batcyny 2017-2019

Year Month Mean Apr-Sep
Apr May June July Aug Sep

Selyaninov hydrothermal coefficient, K"

2017 2.59 0.87 2.19 2.05 0.98 5.21 2.31

2018 0.79 0.83 1.21 2.36 0.51 0.63 1.05

2019 0.01 2.67 1.44 1.63 1.11 2.06 1.48

"K < 0.4 — extremely dry; 0.4-0.7 — very dry; 0.7-1.0 — dry; 1.0-1.3 — rather dry; 1.3-1.6 — favorable; 1.6-2.0 — rather wet; 2.0-2.5 —

wet; 2.5-3.0 — very wet; > 3.0 — extremely wet

@ Springer



136 Plant Soil (2023) 484:133-153
Tal?lg 2 .Sowing,. . Year N1+P+K Sowing Herbicide N2 fertilization =~ Harvest (day in growing
fertilization, herbicide fertilization season)
treatment and harvest dates
in maize production BBCH 0 BBCH 0 BBCH9-10 BBCH 10-11 BBCH 85-89
2017 28 Apr 1 May 25 May 30 May 23 Sep (149)
2018 21 Apr 24 Apr 30 May 30 May 18 Sep (150)
BBCH — growth stages of 2019 15 Apr 18 Apr 21 May 24 May 11 Sep (149)
maize

In 2017-2019, mineral fertilizers were applied at
identical rates in all treatments (CR, CRH, M and
MN): N — 120 kg ha™! (N1 — 60 kg+N2 — 60 kg), P
- 70 kg ha™!, and K — 150 kg ha™', on the dates indi-
cated in Table 2. In monoculture, crop residues had
been recycled in the field since 1968. Maize stem and
root residues were incorporated into the soil during
tillage, and manure was applied every three years at
15 t ha™!. In crop rotation, crop residues were incor-
porated into the soil during tillage, and manure was
applied to sugar beets every six years at 30 t ha™!
(last application in 2016). Maize green forage (bio-
mass) was harvested in the milk/dough stage (BBCH
86). The biomass yield per plot was determined by
weighting immediately after harvest.

Soil samples for analyses of the fungal microbi-
ome were collected on 10 July (BBCH 65) 2018.
Three maize root samples (with soil) were collected
at a depth of 20 cm in three random locations in each
treatment with the use of a soil probe (length — 20 cm,
internal diameter — 16 mm). The collected samples
had a size of approximately 16 mm X5 cm.

Agronomic characteristics of soil

The field experiment was established in a slightly
undulating area, on haplic Luvisols formed from silty
light loam (IUSS Working Group WRB 2015). Soil
samples were analyzed with the use of the method
described by van Reeuwijk (2002). Soil pH was
determined potentiometrically in water and potassium
chloride solution (1 M KCI dm™). Total organic car-
bon (C,,,) was measured with a Vario Max Cube CN
elemental analyzer. In the arable layer, the content of
clay, silt, and sand was 2-4%, 26-39% and 57-72%,
respectively (Rychcik et al. 2006). In crop rotation
and monoculture, soil was slightly acidic; the content
of C,,, was determined at 10.25 and 7.23 g kg™'; the

org
content of available phosphorus was very high, and
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the content of available potassium was moderate. The
content of available magnesium was moderate in crop
rotation and low in monoculture (Table 3).

DNA isolation from soil

DNA was isolated directly from the rhizosphere
and plant roots with the Soil DNA Purification Kit
(EURx LTD, Poland) according to the manufac-
turer’s instructions. The samples were homogenized
mechanically in bead tubes with the use of the Star
Beater for Molecular Biology (Bio-Strategy Ltd.,
USA). The quantity and quality of the isolated DNA
were checked by measuring absorption at a wave-
length of 260 nm and 280 nm (NanoDrop 2000,
Thermo Scientific, Polska). DNA was stored at a tem-
perature of -20 °C.

Amplification of DNA fragments by PCR

The metagenomic sequencing analysis of the hyper-
variable ITS2 region in fungi was conducted accord-
ing to a previously described method (Jastrzgbska
et al. 2020). The selected region was amplified and
the library was prepared with the use of fungi-specific

Table 3 Selected soil properties

Properties M* MH CR CRH
pH KCl 4.9 5.1 52 5.1
gkg™!

Corg 6,80 7,65 10.2 10.3
mg kg™

Available P 86.8 95,0 112.7 116.2
Available K 124.5 127.9 128.6 134.5
Available Mg 46,0 44.5 59.8 53.5

"M — Monoculture without herbicides, MH — Monoculture
with herbicides, CR — Crop rotation without herbicides, CRH —
Crop rotation with herbicides
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primers fITS7 (GTGARTCATCGAATCTTTG) and
ITS4 (TCCTCCGCTTATTGATATGC), supple- §
mented with an overhang adapter sequence at the 5’ E
end of each primer. PCR was conducted with the use 218 § ®
of the Q5 Hot Start High-Fidelity 2X Master Mix. R
Dual-indexed libraries were prepared with the Nex- g
tera XT Index Kit. :
L , AEEEE
[llumina MiSeq sequencing = | e <<
k3 5
Paired-end (PE) DNA sequencing was performed in g 2
the MiSeq sequencer (Illumina, Polska) (2x250 bp) - § -
with the Illumina Kit v2 (Genomed 2020, Poland). 2 Elasss 3
The sequencing procedure was described previously 5 R 3
by Jastrzebska et al. (2020). Fungal DNA samples LE g Té
were sequenced by Genomed, a biotechnology com- & é 5
pany (www.genomed.pl). Operational taxonomic & 5 g
units (OTUs), at a 97% similarity threshold, were £ % = § § E 3
determined using the simple alignment search tool s < 8
(BLAST). gl |8 3
1N
Statistical analysis é % EE §
= < S © S <o 5
Data were processed by analysis of variance (ANOVA), ‘:’ g ;
linear correlation analysis and principal component anal- go é —é
ysis (PCA) in the Statistica 13 program (StatSoft 2019). 5 E =
The significance of differences between means was eval- e Rl i 2| B
uated by Duncan’s test (p<0.01). The Shannon-Wiener £ = I I
diversity index (Hw) was calculated from the equation E 5 é’
Hw= - pi(In pi), where pi is the proportion of indi- é, § L
viduals found in the i OTU. The similarities between g g a @ a o §
fungal communities in the analyzed samples were deter- 28 5 S 4w § %
mined based on normalized Euclidean distances. Spear- § g £
man’s correlation coefficients between fungal taxonomic & “é: g ;
and functional groups vs. maize yields and nutrient con- § § g eoog oy 55
centrations in soil were calculated. ?: AR é
S5 2
Results % TE% R %
E = 0o a Q= = g
Fungal community profiles % L 3 g
2le25|esgsz|©
A comparison of fungal community profiles in sam- Sl|ez E|==oC DJ’
ples of rhizosphere soil from monoculture and crop § 5, 5
rotation systems revealed that the vast majority of § é% 2 2 g s i
OTUs were represented by the phyla Ascomycota 2|26 R E
(75.64% on average) and Basidiomycota (14.67%) j 2 E
(Table 4). The reads associated with the phylum 2 g = | 8
Mortierellomycota accounted for nearly 8.07% of & LS e
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total OTUs. The remaining reads were linked with
the kingdoms Aphelidiomycota (0.03%), Chytridi-
omycota (0.83%), Glomeromycota (0.54%), Muco-
romycota (0.22%) and Olpidiomycota (0.006%) that
occurred sporadically and accounted for less than 2%
of total OTUs.

The influence of crop rotation and herbicide
treatment on fungal community profiles

A total of 423,297 high-quality ITS2 sequences were
obtained from all samples (Table 4). When grouped at
97% sequence similarity, a total of 311 species were
identified in all treatments, including 243, 204, 172,
and 198 species in treatments M, MH, CR, and CRH,
respectively. The fungal community from rhizosphere
soil in monoculture (M) was characterized by greater
biodiversity than the community from crop rotation
(CR), and the values of the Shannon—Wiener diver-
sity index reached 1.465 and 1.217, respectively. The
application of herbicides decreased fungal community
biodiversity in monoculture (Hw=1.389), but it had
no apparent effect in treatment CRH (Hw = 1.254).

In all soil samples, the dominant fungal phyla were
Ascomycota (relative OTU abundance from 57.45% in
CRH to 92.22% in CR), Basidiomycota (5.12% in CR
to 30.36% in CRH) and Mortierellomycota (2.34%
in CR to 11.69% in MH). Rhizosphere soil from CR
treatments was far less abundant in taxa belonging
to the phylum Ascomycota than the phyla Basidi-
omycota and Mortierellomycota. The abundance of
OTUs originating from the phyla Chytridiomycota
and Glomeromycota was highest in monoculture
(M), although it was relatively low at only 1.73% and
1.53%, respectively. The relative abundance of OTUs
associated with Aphelidiomycota, Mucoromycota and
Olpidiomycota did not exceed 0.26% (Table 4).

The following percentage of dataset reads was
classified at kingdom, phylum, class, order, fam-
ily, genus and species level: 100%, 98.40%, 85.19%,
84.63%, 74.59%, 69.29% and 61% for M; 100%,
98.89%, 89.03%, 88.76%, 76.02%, 73.69% and
66.07% for MH; 100%, 98.99%, 90.34%, 89.87%,
86,60%, 77,85% and 76.96% for CR; and 100%,
98.42%, 87.47%, 85.85%, 81.38%, 76.16% and
68.29% for CRH, respectively (Table S1).

In the total number of 311 identified species of the
kingdom Fungi, the abundance of OTUs associated
with 36 dominant species was determined at 55.01%
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in M, 61.47% in MH, 73.49% in CR, and 62.33% in
CRH. Five of the dominant species formed a group of
hyperdominant species with a minimum total number
of 15,700 OTUs in all treatments. These were: Tricho-
derma hamatum, Didymella sancta, Talaromyces say-
ulitensis, Solicoccozyma fuscescens, and Minimedusa
polyspora (Fig. 1). Trichoderma hamatum dominated
in CR (25,215 OTUs), M. polyspora in CRH (24,644
OTUs), and D. sancta in M and MH (12,667 OTUs).
An analysis of the abundance of the dominant fungal
species in treatments revealed similarities between
treatments M and MH and the absence of similarities
between treatments CR and CRH (Fig. 1).

Species of the phylum Ascomycota were classified
into 24 orders, 64 families and 124 genera, where 16
genera contained three or more species each, and 12
genera contained two species each (Table S2). Spe-
cies of the phylum Basidiomycota were classified into
23 orders, 41 families and 76 genera, where 5 genera
contained three or more species each, and 16 genera
contained two species each (Table S3).

The influence of crop rotation on the number of
fungal taxonomic and functional groups

The identified fungal species were divided into six
taxonomic or functional groups: (1) pathogens, (2)
yeasts, (3) Glomeromycota, (4) Trichoderma spp., (5)
Mucoromycota+ Mortierellomycota, and (6) Euro-
tiales. The relative abundance of Glomeromycota,
Mucoromycota, Mortierellomycota, Eurotiales and
yeasts was 50-, 2-, 23- and 1.5-fold higher, respec-
tively, in soil samples from monoculture (M) than
crop rotation (CR) (Fig. 2). Crop rotation increased
the abundance of all pathogens 1.7-fold and the rela-
tive abundance of Trichoderma spp. tenfold. Herbi-
cide application (MH and CRH) clearly decreased the
abundance of pathogens and increased the abundance
of Mucoromycota and Mortierellomycota, compared
with treatments without herbicides (M and CR).

The identified fungal species were divided into
four taxonomic and functional groups: (1) pathogens
and Glomeromycota, (2) yeasts and Eurotiales (3)
Trichoderma spp., and (4) Mucoromycota and Mor-
tierellomycota (Fig. 3). Two clades were identified in
the first pattern (M, MH and CR, CRH). Three clades
were identified in the remaining patterns. In the group
of yeasts, Trichoderma spp. and Eurotiales, the first
clade comprised M and MH, the second — CR, and
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Trichoderma hamatum

Didymella sanctq |ee——
Talaromyces sayulitensis } J
Solicoccozyma fuscescens

Minimedusa polyspora
Boeremia exigua

Trichoderma spirale
Colletotrichum gloeosporioides
Paraphaeosphaeria angularis
Fusarium concentricum

Alternaria iridiaustralis

Gibberella avenacea

Mortierella alpina
Paraconiothyrium thysanolaenae
Fusicolla aquaeductuum
Mortierella exigua

Mortierella elongata

Penicillium simplicissimum
Monocillium mucidum 1
Acremonium curvulum

Fusarium solani
Trichoderma lanuginosum
Albifimbria verrucaria
Mortierella sarnyensis

Sampaiozyma ingeniosa
Setophoma terrestris
Penicillium rolfsii

Preussia tenerifae

Alternaria metachromatica
Exophiala bonariae
Chrysosporium pseudomerdarium
Chrysosporium merdarium
Podospora multipilosa
Hymenoscyphus kathiae
Malassezia restricta
Naganishia vaughanmartiniae

(=}
W

10 15 20 25

Euclidean distance

Fig. 1 Clusters of dominant fungal species determined based on Euclidean distance and Ward’s group linkage analysis of normal-

ized data

the third — CRH. The second and third clades dif-
fered in similarity to the first clade. The fourth clade
(Mucoromycota and Mortierellomycota) was unique
because the fungal community in M was grouped
with CR.

Structure of selected fungal taxonomic and functional
groups

Fungal pathogens accounted for 22.74% of total
OTUs, and they were represented by 19 species,
including several species that are potentially patho-
genic for maize: Ustilago maydis, Nigrospora oryzae
and Gibberella avenacea (Fig. 4). Ustilago maydis,
a biotrophic pathogen of maize, occurred only in
monoculture (3.57% of total OTUs in M). Gibber-
ella avenacea (anamorph of Fusarium avenaceum),
the dominant pathogen of the genus Fusarium, was

identified mainly in CR. Polyphagous pathogens of
the genus Didymella that target other crop species
were dominant in treatments M (47.93%) and MH
(40.28%). The soybean pathogen Boeremia exigua
was noted mainly in treatment CRH, and it accounted
for 34.46% of total OTUs in CRH.

Yeasts accounted for 5.32% of total OTU:s.
Twenty-eight yeast species were identified in treat-
ments M and MH, and 24 species — in CR and CRH
(Fig. 5). The dominant species Solicoccozyma fusce-
scens accounted for 62.49%, 81.28%, 55.72% and
65.54% of total OTUs in M, MH, CR and CRH,
respectively. Most yeast species were more abundant
in monoculture than in crop rotation. The greatest dif-
ferences were observed in the abundance of S. fusce-
scens, Naganishia vaughanmartiniae, Rhodotorula
glutinis and Malassezia restricta.
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Fig. 2 Average abundance of fungal taxonomic and functional groups in M, MH, CR and CRH

Only four Glomeromycota species were identi-
fied, and the remaining OTUs were identified to
genus, family, order or phylum level (Fig. 6). Glom-
eromycota accounted for only 0.54% of total OTUs.
The abundance of OTUs associated with most of
the identified taxa, including Glomus spp., Para-
glomus spp., Ambispora fennica, Claroideoglomus
claroideum and Funneliformis mosseae, was higher
in treatments M and MH than in CR and CRH.
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Fungi of the genus Trichoderma accounted for 11.3%
of total OTUs (Fig. 7). Nine Trichoderma species were
identified, and 7. hamatum was the hyperdominant spe-
cies that accounted for 96.18%, 96.86%, 71.53% and
37.49% of total OTUs in treatments M, MH, CR and
CRH, respectively. Due to the high abundance of T. spi-
rale, T. lanuginosum and T. harzianum in crop rotation,
in particular in treatment CR, the percentage share of
Trichoderma spp. was higher than in monoculture.
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Species belonging to the phylum Mortielellomy-
cota accounted for 4.63% of total OTUs, whereas
species belonging to the phylum Mucoromycota
accounted for only 0.22% of total OTUs (Fig. 8).
The three dominant species, Mortierella exigua,
M. elongata and M. alpina, were identified mainly
in herbicide-treated plots, where the abundance of
OTUs associated with M. exigua was up to 62.6
times higher in monoculture (MH/M) and 31.8
times higher in crop rotation (CRH/CR).

/5 2/5 3/5 4/5 1 11/5 12/5 13/5 14/5

2172 3

Euclidean distance

A total of 16 species belonging to the order
Eurotiales were identified and they accounted for
7.02% of total OTUs (Fig. 9). Talaromyces say-
ulitensis was the dominant species in all treatments,
accounting for 69.22%, 76.04%, 53.04% and 90.57%
of OTUs in M, MH, CR and CRH, respectively.
Penicillium jensenii, P. rolfsii, P. simplicissimum,
and P. spathulatum were also highly abundant and
dominated in monoculture soil.
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Fig. 4 Percentage share 45 000
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During the entire study, disease symptoms and pests
were noted only sporadically in maize plants grown in
crop rotation and monoculture. In 2017-2019, the aver-
age yield of maize biomass was 23.8% lower in monocul-
ture than in crop rotation (Table 5). Herbicide treatment
increased yields by an average of 15.2% in monoculture
and 17.5% in crop rotation. The highest yields in mono-
culture (74.2 t ha™) and in crop rotation (100.8 t ha™)
were noted in 2017, which can probably be attributed to
optimal precipitation levels during the growing season
(Tables 1 and 5).

Principal component analysis
In the principal component analysis based on 12
maize and soil parameters (maize yields, abiotic

and biotic soil properties) in monoculture and
crop rotation systems with and without the use
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W Fusarium solani
B Fusarium concentricum
® Fusarium asiaticum
B Fusarium armeniacum
W Drechslera spp.
Didymella sancta
B Didymella eucalyptica
W Didymella aurea
u Colletotrichum gloeosporioides
W Boeremia exigua
M Bipolaris sorokiniana
W Alternaria subcucurbitae
B Alternaria metachromatica

B Alternaria iridiaustralis

of herbicides, the first two principal components
explained 77.87% of total variance (Fig. 10). The
first principal component (PC1) explained 64.24%
of total variance, and it was dominated by yield,
content of available K, and the abundance of path-
ogenic fungi that can indirectly positively influ-
ence maize yields: Trichoderma spp., Mucor spp.
and Mortierella spp. The second principal com-
ponent (PC2) explained 23.63% of total variance,
and it was composed mainly of nutrient availabil-
ity in soil and the abundance of fungal communi-
ties that promote plant growth (Eurotiales, Glom-
eromycota, yeasts). Nutrient concentrations were
grouped around maize yields.

Several significant negative correlations were
observed between fungal abundance and the abiotic
properties of soil (Table S4, Fig. 11). The abundance
of Eurotiales and Glomeromycota was negatively cor-
related with the content of available Mg (r=-0.966)
and soil pH (r=-0.973), respectively.
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Discussion

The abundance of pathogenic and non-pathogenic
rhizosphere fungi in maize monoculture established
in 1968 differed considerably from that noted in a
6-year crop rotation system, which could explain the
observed difference in maize yields. The present find-
ings corroborate the results of previous studies where
the abundance of fungal OTUs in soil under maize
cultivation was relatively high in both crop rotation
and in long-term monoculture (Sasvari et al. 2011;
Kong et al. 2020). In the current study, the biodiver-
sity of the fungal community was very high in mono-
culture, and it decreased in crop rotation and under
the influence of herbicide treatment. Moreno et al.
(2021) also demonstrated that agricultural treatments
that reduce soil moisture content can decrease the
diversity of the fungal microbiome.

Naganishia albida
B Mrakia niccombsii
W Mrakia frigida
Moesziomyces rugulosus
B Meyerozyma smithsonii
B Malassezia restricta
Malassezia globosa
B Holtermanniella nyarrowii
B Holtermanniella festucosa
B Hannaella zeae

® Hannaella oryzae

B Hannaella coprosmae
B Filobasidium wieringae
W Filobasidium stepposum
B Filobasidium oeirense
B Dioszegia hungarica

W Dioszegia aurantiaca

W Debaryomyces hansenii

Candida sake

W Bulleromyces albus

: N
jan

CR CRH

B Barnettozyma vustinii

In the present study, the relative abundance of
all pathogens was high, and it accounted for around
24% of total OTUs. Similar observations were made
by Mao et al. (2021), in whose study, potentially
pathogenic fungi accounted for 18% of the fungal
community. Ustilago maydis, a biotrophic pathogen
that causes corn smut (Gonzalez-Prieto et al. 2014),
was identified only in monoculture. Corn smut was
observed sporadically, and its severity did not dif-
fer between treatments. The low prevalence of corn
smut can be probably attributed to the fact that the
tested maize varieties were characterized by increased
resistance to U. maydis infections (Pathi et al. 2020).

In this study, negative and non-significant correla-
tions were found between maize yields and the abun-
dance of hemibiotrophic and necrotrophic pathogens
of maize, including Drechslera spp. (Sugawara et al.
1987), Nigrospora oryzae (Standen 1945), Gibberella
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avenacea (Naef and Défago 2006), Setophoma ter-
restris (Levi¢ et al. 2013) and Parastagonospora ave-
nae (Marin-Felix et al. 2017). Similar observations
were made by Mao et al. (2021) who analyzed maize
monoculture. In the present study, pathogens that tar-
get crop species other than maize were also identified
in soil, including Boeremia exigua, Colletotrichum
gloeosporioides and Didymella santa. These patho-
gens were most abundant in crop rotation, in particu-
lar in the treatment without herbicides (CR). Their
abundance was not negatively correlated with maize
yields.

Colletotrichum gloeosporioides infections have
been reported in several dozen plant species, includ-
ing coffee, cereals, mangoes, strawberries and apples
(Huang et al. 2019). In the group of pathogens that do
not target maize, only Didymella spp. was bound by
a non-significant negative correlation with maize bio-
mass yields. Didymella is one of the 31 genera of the
family Didymellaceae that includes cosmopolitan pol-
yphagous pathogens damaging the stems and leaves
of plants growing in diverse environments (Keirnan
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et al. 2021). Didymella sancta (syn. Phoma sancta), a
dominant species in the current study, has been found
to infect Ailanthus altissima in South Africa and
Opuntia ficus-indica in Argentina (Aveskamp et al.
2009; Chen et al. 2017; Keirnan et al. 2021). Phoma
species colonize soil and a wide range of host plants
as primary pathogens, opportunistic pathogens, sap-
robionts or endophytes (Aveskamp 2014).

In this study, several potentially beneficial fungi
were identified in monoculture soil, including seven
genera of the phylum Glomeromycota. This phylum
comprises species of arbuscular mycorrhizal fungi
(AMF). In contrast, only one genus of the Glomero-
mycota, i.e. Paraglomus, was identified in crop rota-
tion. Mwakilili et al. (2021) demonstrated that the
genus Glomus was enriched in maize monoculture
plots. The abundance of Glomeromycota fungi was
significantly negatively correlated with soil pH which
was lower in monoculture. According to Beauregard
et al. (2013), soil pH as well as phosphorus fertili-
zation rates can influence AMF abundance. In the
cited studies, higher rates of nitrogen and phosphorus
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fertilizers clearly suppressed the growth of AMF.
Research shows that plant roots that are initially
exposed to mycorrhizal fungi are increasingly colo-
nized by AMF during the growing season (Henry and
Kosola 1999), and crops sown at the beginning of the
growing season are repeatedly colonized each spring
(Beauregard et al. 2013). However, the cited authors
observed that plant roots can be colonized by both
newly emerged fungi as well as AMF that had sur-
vived on degraded roots from previous years. These
observations suggest that root residues in monocul-
ture were less degraded due to a smaller number of
cellulolytic fungi, which, consequently, increased
the abundance of AMF. Johnson et al. (2003) postu-
lated that roots recruit only a small number of AMF
taxa that survive in the soil as spores. In the current
study, Ambispora fennica was detected only in mono-
culture. In the present study, the genus Glomus was
noted only in monoculture soil in the treatment with-
out herbicides, and its abundance was determined at
26 OTUs. Our results stand in contrast to the findings
of other authors. Beauregard et al. (2013) reported on
the high abundance of G. fasciculatum, G. intraradi-
ces and G. irregulare (currently Rhizoglomus) in soil

W Trichoderma lanuginosum
Trichoderma harzianum

B Trichoderma hamatum

MH CR

CRH

under maize cultivation, whereas Bhadalung et al.
(2005) detected five unidentified species of the genus
Glomus. The lower abundance of Glomus spp. in this
study can be probably attributed to different sampling
dates. Soil samples were collected in July, when the
abundance of Glomus fungi is much lower than in
October, November and December (Bhadalung et al.
2005).

Other AMF species, including Claroideoglomus
claroideum and Funneliformis mosseae, were also
detected in monoculture (M and MH). Funneliformis
caledonium was identified only in the herbicide
treatment in crop rotation (CRH). According to Tan-
war et al. (2013), maize, lemon grass (Cymbopogon
nardus (L.) Rendle) and palmarosa are the preferred
host species for F. mosseae. In a study by Malicka
et al. (2021), Funneliformis caledonium was most
tolerant to phenol and PAHs and was characterized
by the highest potential for plant growth promotion.
In the work of Wang et al. (2021), root inoculation
with F. caledonium increased maize yields, foliar
content of jasmonic acid and salicylic acid, foliar
content of Bt toxin, and B¢ gene expression in the
leaves of Bt maize.
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In the current study, several dozen yeast species,
Trichoderma spp. and Penicillium spp. of the order
Eurotiales were identified in soil under maize and
accounted for 33.64% of total OTUs. Nine species of
the genus Trichoderma were detected mainly in crop
rotation. Trichoderma species are known for their abil-
ity to suppress maize pathogens. Trichoderma hama-
tum and T. longibrachiatum inhibited the development
of Fusarium verticillioides colonies in vitro (Sobow-
ale et al. 2010), whereas T. longibrachiatum and T.
asperelloides suppressed the growth of the maize
pathogen Magnaporthiopsis maydis in vitro, in the
greenhouse and in the field (Degoni and Dor 2021).
In turn, the 7. atroviride BC0584 isolate enhanced the
emergence of maize seedlings in the greenhouse and in
the field (Coninck et al. 2020). In the present study, the
higher abundance of Trichoderma OTUs in crop rota-
tion probably contributed to maize growth by eliciting
plant defense mechanisms (Coninck et al. 2020; Guler
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et al. 2016), and exerting antagonistic effects on plant
pathogens (Narayanasamy 2013).

Talaromyces sayulitensis, a predominant species
in the present study, had been previously identified
in maize grain (Ekpakpale et al. 2021), shale by-
products and household dust (de Goes et al. 2017). In
the present study, Talaromyces sayulitensis and other
Penicillium spp. were identified mainly in monocul-
ture. Penicillium species produce antibiotics and sec-
ondary metabolites with biological activity (Saveetha
et al. 2021). According to the cited authors, the accu-
mulation of Penicillium fungi in maize roots could
have contributed to higher yields.

Many of the yeast species identified in this
study are widely used in biotechnological pro-
cesses (Nandya and Srivastavab 2018), biological
crop protection (Kohl et al. 2019) and food pro-
duction (El-Ghwas et al. 2014). These fungi were
detected mainly in monoculture, and one of the 35
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Table 5 Maize biomass yields

Year M* MH CR CRH
2017 39.8 g™ 74.2° 62.5¢ 100.8
2018 55.3¢ 493f 70.0 € 66.9 ©
2019 53.6¢ 52.1% 6294 69.1°
Mean 4968 58.58 65.14 7894

“_ see Table 3; ** — data indicated with the same letters do not
differ significantly at P <0.05

identified species, Candida sake (widely described
in the literature), is used to protect grapes against
storage pathogens (Calvo-Garrido et al. 2014).
Debaryomyces hansenii suppressed Monilinia fruc-
ticola in apple fruit (Czarnecka et al. 2019) and
Fusarium spp. in wheat (Wachowska et al. 2020).

Thermomyces stellatus
Thermomyces lanuginosus

Thermomyces dupontii

B Talaromyces ucrainicus
Talaromyces sayulitensis

B Talaromyces rugulosus

B Talaromyces piceae
Sagenomella ocotl

W Byssochlamys lagunculariae

B Penicillium spathulatum

B Penicillium simplicissimum

77777777777777777777777777777 Penicillium rolfsii

B Penicillium jensenii

W Aspergillus sydowii

B Aspergillus conicus

B Aspergillus appendiculatus

CRH

Rhodotorula glutinis inhibited the development
of Botrytis cinerea (Li et al. 2016), Sporobolomy-
ces roseus reduced the prevalence of blue mold in
apples (Janisiewicz et al. 1994), and Papiliotrema
flavescens decreases the severity of Fusarium head
blight (Schisler et. al. 2019). Rhynchogastrema
coronatum, also noted in the present study, acts as
a hyperparasite of fungi (Liu et al. 2015). Solicoc-
cozyma fuscescens, the most frequently identified
yeast species in this study, had been previously
detected in agricultural soil (Masinova et al. 2017),
but its ecosystem functions have not yet been fully
elucidated. To the best of our knowledge, several
yeast species identified in the current study had not
been previously identified in soil samples in Cen-
tral Europe. These include Saitozyma paraflava, the
species from Thailand and Japan, and Filobasidium
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oeirense which was the dominant species in durum
wheat grain in Italy.

In the present study, the dominant fungal species
Minimedusa polyspora was highly abundant in the
herbicide treatment in crop rotation, which could be
attributed to the presence of sugar beet residues that
are rich in sucrose as well as weed residues. Accord-
ing to Pinzari et al. (2017), M. polyspora is a highly
efficient pioneer colonizer that requires little nitro-
gen, is characterized by rapid growth, adapts its
metabolism to substrate modifications, and secretes
substances that inhibit the development of competi-
tive species. The cited study demonstrated that M.
polyspora has a preference to polysaccharides in early
stages of growth but prefers hexoses and then oligo-
saccharides in later phases of development. Pinzari
et al. (2017) found that M. polyspora was capable for
concentrating several important biogenic elements (N,
P, S, K and Ca). Fungi of the phyla Mucoromycota
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and Mortierellomycota, which were most abundant in
herbicide treatments, probably had similar properties.

In this study, herbicide application in monocul-
ture decreased the biodiversity of the fungal com-
munity relative to the treatment without herbicides.
The above resulted mainly from the fact that fun-
gal species representing the functional group of
fungi with cellulolytic properties participated in
the decomposition of weed organic matter. Three
dominant species of the genus Mortierella (M. exi-
gua, M. elongata and M. alpina) were overabundant
in the monoculture treatment with herbicides. In a
recent review article (Ozimek and Hanaka 2021),
species of the genus Mortierella were classified as
plant growth-promoting fungi (PGPF) that increase
the availability of P and Fe in soil, and are capa-
ble of synthesizing phytohormones and 1-amino-
cyclopropane-1-carboxylic acid (ACC) deaminase.
These species can survive in highly unsupportive
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Fig. 11 Graphical heat map representation of correlation
matrix between selected fungal groups, nutrient concentra-
tions in soil, and maize yields. Y 2017—yield in 2017, Y
2018—yield in 2018, Y 2019—yield in 2019, Y (mean)—
mean of yield in 2017-2029, pH—soil pH in KCI, Corg—
soil organic carbon, P—phosphorus available, K—potassium
available, Mg—magnesium available, S-W index—Shannon—
Wiener index, Euro—FEurotiales, Glom—Glomeromycota,

environments by relying on sources of carbon in
polymers such as cellulose, hemicellulose and chi-
tin, which makes them highly effective plant growth
modifiers in agricultural production (Ozimek and
Hanaka 2021).

Summary

The biodiversity of soil fungal communities, mainly
AMF and yeasts, was higher in monoculture than in
crop rotation. Biomass-decomposing fungi of the
phyla Mucoromycota and Mortierellomycota as well

S-Windex  Glom Trich

-0,5
U. may Drech S. ter Alt Fus B. exi - ’
Path N. ory G. ave P. ave Did F.aqu C.glo - -0,9

Mort, Muc—Mortierellomycota, Mucoromycota, Trich—
Trichoderma, Path—Pathogens, U. may—Ustilago maydis,
N. ory—Nigrospora oryzae, Drech—Drechslera spp., G.
ave—Gibberella avenacea, S. ter—Setophoma terrestris, P.
ave—Parastagonospora avenae, Alt—Alternaria spp., Did—
Didymella spp., Fus — Fusarium spp., F. aqu—Fusicolla
aquaeductuum, B. exi—Boeremia exigua, C. glo—Colletotri-
chum gloeosporioides

as Minimedusa polyspora partly minimized the neg-
ative effects of monoculture farming. Species of the
genus Mortierella additionally promoted the growth
of maize plants. Lower maize yields in monoculture
can be attributed to the presence of root pathogens
and soil nutrient depletion. The soil microbiome is
influenced by numerous factors, including the com-
plex interactions between soil abiotic properties and
plant root characteristics. Further research is needed
to explore the ecological functions of fungal com-
munities in agricultural soils, including the role of
biomass-decomposing species and yeasts in promot-
ing plant growth.
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