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Abstract: This study aimed to evaluate changes in abundance, structure, and enzyme activity of
the soil microbiome in response to 4 years of mulching using either black polyethylene plastic film
(PM) or wheat straw (SM). Soil samples (depth 0–5 and 5–10 cm) were collected from conventional
strawberry plots, in two samplings: 1 week prior (S1) and 7 weeks after straw application (S2).
Selected soil properties were monitored in each system and the abundance and structure of microbial
communities were characterized via phospholipid fatty acid (PLFA) analysis. The investigation of
soil microbial functions included activities of the enzymes chitinase, leucine aminopeptidase, and
acid phosphatase, as well as function genes involved in nitrogen transformation. Each mulch system
resulted in distinct physicochemical properties. In particular, a pH value higher by one-unit under
PM (7.6 ± 0.3) compared to SM (6.5 ± 0.3) was observed. Values for SOC, DOC, and total-N were
15%, 22%, and 16% higher in PM than in SM. The microbial biomass (total PLFAs) was 1.5-fold higher
in SM compared to PM. The abundance of soil fungi (F) and bacteria (B) increased by 37% and 44%
after straw incorporation compared to PM (S2). In particular, Gram-negative bacteria (gr–) increased
by twofold in SM. Consequently, wider F:B and gr+:gr– ratios were observed in PM. According to the
shifts in microbial abundance, the activity of the enzyme chitinase was lower by 27% in PM, while
the activity of the acid phosphatase increased by 32%. Denitrification genes were not affected by the
mulching systems. In conclusion, the abundance and structure of the investigated microbial groups
and the enzyme activities were strongly influenced by the mulching system. In detail, effects on
microbiota were primarily attributed to the altered soil pH and probably the input of degradable
organic matter with straw mulching in SM. This resulted in higher abundance of soil microorganisms
in SM, although measures within this cultivation system such as fungicide application may have
exerted adverse effects on the microbiota.

Keywords: plastic mulching; soil microbial properties; enzyme activity; fatty acid analysis; N-cycle
functional genes

1. Introduction

The high productivity of strawberry crops in Europe relies on the adoption of culti-
vation systems improving productivity and extending the harvest seasons [1]. Mulching
in combination with fungicides is a widely applied agricultural practice in strawberry
cultivation that enables early harvests and better yields by improving soil temperature
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and moisture [2,3] and reducing plant diseases [4,5]. In central Europe, straw (SM) and
black polyethylene plastic films (plastic mulch—PM—or film mulch) are commonly used
mulching materials and are often combined with high tunnels or fleece protection to ef-
fectively respond to weather conditions during cultivation [6]. In general, plastic mulches
are used for a period of approximately two consecutive years in strawberry cultivation [3],
combined with specific fertilization, pesticide management, and irrigation regimes. The
extent of such management practices depends on environmental and geographic condi-
tions, and the type of cultivation, adapted to the requirements of the field to optimize crop
performance and economic benefits [7].

The benefits of plastic mulches on fruit quality and yield are irrefutable and are based
on increases in soil temperature and soil water content [2]. Accordingly, plastic films may
modify biogeochemical soil processes with yet largely unknown consequences for nutrient
status and soil biological metabolism and diversity, as reviewed by Steinmetz, et al. [8].
For example, elevated temperatures and soil moisture increase soil biological activity and
metabolism, with expected higher levels for dissolved organic carbon. Also, CO2 from
soil respiration is retained under the plastic film, and it acts as fertilizer, increasing root
biomass and thus enhancing the plant nutrient uptake from the soil. Other than PM,
organic mulches, for example, straw, provide additional substrate inputs [9], changing
the nutrient status of soil. Furthermore, SM generate a cooling effect, slightly reducing
soil temperature compared to plastic covers [10]. Fu, et al. [11] reported a reduction of
bacterial diversity and richness in PM compared to SM or no mulch at 0–10 cm depth,
resulting from the elevated soil temperature under the plastic film, and due to increased
C & N fractions from the application of straw residues as mulching. Further studies have
demonstrated a reduction of the alpha diversity for soil bacteria by approximately 10%
in ridge-furrow PM compared to SM, as a response to soil C and N nutrient status [12].
Shifts in microbial communities were observed by means of N-cycle functional groups: film
mulching resulted in a significantly lower abundance of narG and nirS genes compared to
no mulch [13]. Yet, this effect reversed in the presence of increased fertilization. Further,
additional C-inputs and improved soil moisture as a consequence of the use of straw
mulches resulted in an increase of the enzyme activity of the hydrolytic enzymes urease,
phosphatase, and invertase, and the oxidative enzyme catalase [14]. Similar effects were
reported by Masciandaro, et al. [15] for the enzymes β-glucosidase and urease activity as
an expression of C and N cycles. Nutrient status, temperature, and humidity are the key
factors affecting the abundance, structure, and activity of the soil microbiome, and they
are modified by the different mulching systems. Anyhow, a comparison between systems
and studies is difficult due to the heterogeneity generated by the climatic and geographic
conditions; type of soil; modalities of cultivation; as well as the combination with highly
diverse use of fertilizers, irrigation regimes, and pesticides.

It must not be disregarded that mulching systems such as SM and PM are typically
combined with further agricultural measures such as a specific pesticide management
and irrigation regimes. Hence, it is required to compare not only individual agricultural
measures but multi-facetted cultivation systems. Fungicide application, in particular,
differs among mulching systems in conventional strawberry cultivation and is typically
less under PM [16]. Additionally, plastic films offer a substantial mechanical barrier to the
fungicide entry into soils [17], which is not the case in SM. Thus, the fungicide residual
concentrations in SM soils are expected to be considerably higher compared to PM [18].
Anyhow, recent studies have shown that fungicides can reach the soil, even under the use of
impervious plastic covers [17,18], leading for example to a decrease by ca. 60% of microbial
biomass [18,19]. It is obvious that fungicides can cause a community shift from fungi to a
larger bacterial share [20] and to a restricted soil respiration and enzyme activity [21]. Not
only the fungicide translocation into soil but also the effects in soil are modulated by the
mulching system, due to the aforementioned effects on pedoclimate and nutrient status [8].
Reports on the effects of mulching treatments in combination with fungicide application
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have been so far restricted to plant fitness and fruit yields [22]. Studies considering various
facets of a mulching system are largely missing.

The current evidence clearly states that the use of mulching in combination with
agrochemicals plays an important role in the physicochemical status of the soil and in
shaping the abundance, structure, and activity of soil microbial communities. In the present
study, we aimed to investigate how applied mulching systems namely PM and SM modify
soil parameters and how this is reflected in the abundance, structure, and activity of the soil
microbiome at the topsoil after 4 years of SM and PM systems. Conventional strawberry
cultivation was investigated since plastic films are laid out on the soil for at least 2 years,
so that more pronounced effects of the mulching systems are expected. Both mulching
systems were combined with fungicide application. Hence, two samplings were conducted:
1 week prior (S1) and 7 weeks after straw application (S2), in order to assess changes
in the structure and functionality of soil microbial communities in two multi-facetted
systems, SM and PM, both under fungicide treatments. The abundance and structure of
soil microbial communities were investigated via PLFA biomarkers. Soil enzyme activities
were determined, i.e., chitinase; leucine aminopeptidase; and acid phosphatase, covering
the C, N, and P cycles, and by nitrogen transformation functional genes. We hypothesized:
(1) The mulching systems PM or SM generate distinct conditions in soil, such as changes
in physicochemical parameters, particularly soil water content, pH, and C and N status.
This results in a dissimilar abundance of soil microorganisms and in a shift in the microbial
community structure. We expect, however, (2) that enzyme activities and functional gene
abundance are directly modified by changes in physical and chemical parameters in the
soil under the respective systems, rather than by changes in the abundance and structural
diversity of soil microorganisms. This is due to soil parameters i.e., pH mimicking in situ
reaction rates or due to a stabilization of enzymes in the soil matrix [23,24].

2. Materials and Methods
2.1. Site and Sampling Description

The study was conducted on conventionally managed fields of a commercial straw-
berry farm located in Offenbach an der Queich, Rhineland-Palatinate, Germany (latitude
49◦11′29.6′ ′, longitude 8◦10′35.1′ ′, 130 m above sea level). Fields of the same farm were
selected to avoid interferences related to variations in soil type, planting strategy, climatic
conditions, and fertilization [25]. The strawberry variety cultivated was Fragaria x ananassa.
The soil was classified as Eutric Cambisol with a silty loam texture. Two experimental
areas were selected for sampling, each 10 m × 25 m corresponding to the mulching sys-
tems investigated, namely wheat straw mulching in matted planting rows (SM) and black
polyethylene film in a ridge-furrow-ridge system under high tunnels (PM). Both systems
were performed continuously under the same conditions for 4 years. Hence, we assumed
that if differences existed before the establishment of the systems, they should be secondary
compared to the effects associated with the different mulching systems [25]. In SM, wheat
straw was applied to SM areas annually in early spring, 2 weeks after the first fungicide ap-
plication. Meanwhile in PM, ridges were continuously covered with black PE film of 50 µm.
In both systems, irrigation was performed on demand with subsurface drip irrigation for
PM and overhead irrigation on the SM field. In total, two fungicide applications within a
period of 3 weeks were performed simultaneously in each mulching system. The fungicides
cyprodinil and fludioxonil (Switch®) were used in both systems, whereas azoxystrobin
(Ortiva®) and fenhexamid (Teldor®) were additionally applied to SM. In strawberry culti-
vation, fungicides with different modes of action are applied alternately, to prolong their
activities and as part of an integrated pest control [26,27]. Other than plastic films, wheat
straw is a substrate for fungi, as well for pathogenic fungi [28]. Also, Botrytis inoculum
is present in the soil [29], and straw mulch does not prevent contact of fruit with soil the
way PM does, due to its impervious matter. The soil degradation rates (DT50 values) for
the applied fungicides: fenhexamid, cyprodinil, azoxystrobin, and fludioxonil were respec-
tively 0.45, 37, 78, and 164 days [30], so that residual concentrations in soil of cyprodinil,
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azoxystrobin, and fludioxonil, but not fenhexamid, were expected at the sampling dates S1
and S2, respectively, 1 and 5 weeks after fungicide application. Fungicide concentration
was not measured in the soil samples. However, we expect that higher pesticide loads
may reach the soil in SM compared to PM, due to the number of fungicides used in SM
and the absence of the mechanical plastic barrier impeding the infiltration of fungicides
into the soil [17,18]. The SM plots were fertilized once a year in spring (total amount per
hectare: 50 kg N, 10 kg P, 70 kg K, and 20 kg Mg). In contrast, PM plots were fertilized once
per week for up to 10 weeks from the start of the vegetation period (total amount from
10 fertilizations: 50 kg N, 15 kg P, 100 kg K). The outlined management conditions are in
accordance with current practices for conventional strawberry cultivation. Soil temperature
was monitored in the subsequent year at the same plots using temperature sensors and a
data logger (EcoTech® Temperature Measuring Chain, Bonn, Germany).

This study was conducted to evaluate the multi-facetted cultivation systems SM and
PM in conventional strawberry cultivation under commercial practices, and not the single
management activities such as the use of straw or plastic or the effect of the fungicides.
Soil samples were collected from SM and PM areas first on 2 April (S1), corresponding
to 1 week prior to the straw management and 1 week after the fungicide application (S1),
and on 26 May (S2), approximately 7 weeks after straw and 5 weeks after the fungicide
application. The sampling dates were selected based on the time for straw incorporation
(S1) and beginning of the harvest (S2). A second criterion for selection was that the
fungicides were present in soil at both samplings according to their rate of degradation.
This strategy ensured that both S1 and S2 were under the effect of fungicides. All samples
were collected from two topsoil depths (0–5 and 5–10 cm) using stainless steel soil sampling
rings (100 cm3), in order to assess the effect of the mulching system in the soil fraction
that is in close contact with the mulching material. Each experimental area consisted of
five ridges and furrows planted with strawberries in double rows. In each area, four plots
were randomly chosen for soil sampling. Both outer ridges and the first/last 5 m in each
ridge were left out of the sampling to avoid edge effects. In each plot, five single point
samples were taken from a distance of 5 m in the plant rows and subsequently pooled and
homogenized to receive one composite soil sample. In total, 32 composite soil samples were
analyzed in this study, corresponding to four replicates per mulching systems, per depth
(0–5 cm and 5–10 cm), and at two different sampling dates (S1 and S2). All soil samples
were sieved ≤2 mm, split into two subsamples, and stored at 4 ◦C or −20 ◦C, respectively,
until analysis.

2.2. Physicochemical Characterization

The soil water content (SWC) was determined gravimetrically at 105 ◦C. The pH
was measured in 0.01 M CaCl2 solution [31]. Contents of total carbon and total nitrogen
(Ntot) were measured by dry combustion using an elemental analyzer (Vario MicroCUBE,
Elementar Analysensysteme GmbH, Langenselbold, Germany). Inorganic carbon (IC) in
CaCO3 was determined by TGA-MS (STA 449 F3 Jupiter thermal analyzer coupled via
heated capillary with QMS 403 C Aëolos, Netzsch, Selb, Germany), via loss on ignition be-
tween 550 and 1000 ◦C. Data on soil organic carbon (SOC) were calculated as the difference
between total carbon and inorganic carbon. Dissolved organic carbon (DOC) content was
determined in 0.45 µm-filtered water extracts (soil-to-water ratio 1:5 w/w) using a multiNC
2100S system (Analytik Jena, Jena, Germany), according to DIN1484 [32]. Selected ratios
were calculated from these data, e.g., the ratio C:N was used to assess changes in the C and
N balance in soil. The microbial quotient MBC:SOC was used to assess the turnover of C in
microbial biomass [33] and served as a proxy for soil quality [34].

2.3. Abundance and Structure of Soil Microbial Communities

The microbial biomass C (MBC) was determined by the chloroform-fumigation ex-
traction method in fresh samples [35,36]. Changes in the chemotaxonomic structure of
the microbial community were investigated via phospholipid fatty acid (PLFA) analysis.
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The microbial groups indicated by the selected PLFA were fungi as well as general, Gram-
positive (gr+) and Gram-negative bacteria (gr−). The extraction method followed the
procedure described by Bligh and Dyer [37] and White, et al. [38] with small modifica-
tions [39,40]. Briefly, phospholipids were extracted from 2 g of freeze-dried soil using a
mixture of 2 mL chloroform, 4 mL methanol, and 1.6 mL phosphate buffer as extraction
solution. Extracts were agitated for 1 h in an overhead shaker (16 rpm), and phospholipids
were separated from the neutral lipids and glycolipids using solid-phase extraction clean-
up (Chromabond, Macherey-Nagel, Düren, Germany). Eluted PLFAs were transesterified
with methanolic trimethylsulfonium hydroxide solution (0.25 M) [41]. The extracts were
analyzed via GC-FID (Varian CP-3800, Varian, Darmstadt, Germany) and quantified based
on external calibration with reference standards. The PLFA used as quantitative standards
and as biomarkers for soil microbial community groups were: i15:0 and i17:0 for gr+ bacte-
ria, 16:1ω7c,18:1ω9c and 18:1ω7c for gr- bacteria [42,43], 16:1ω5c for AM fungi [44,45], and
18:2ω6c for saprophytic fungi [43,46,47]. Total PLFA is expressed as molar concentration
per gram of soil and corresponds to the sum of individual PLFA biomarkers and used
as proxy for the total viable microbial biomass [48]. Molar concentrations were used to
compensate differences in the mass weight of the individual biomarkers and thus facilitate
comparison between taxonomic groups. Changes in the chemotaxonomic structure of
microbial communities were evaluated using the fungi:bacteria (F:B) and the Gram-positive
to Gram-negative bacteria (gr+:gr−) ratios; values were normalized to the total molar PLFA
content and expressed as mol%.

2.4. Soil Enzyme Activity and Functional Gene Abundance

Soil extracellular enzyme activity: Effects on the functioning of the soil microbiome
were investigated with a set of enzyme activities, covering the major nutrient cycles.
Mineralization activity was investigated according to Marx, et al. [49], based on a microplate
fluorimetric assay. Briefly, field-moist soil samples corresponding to 0.5 g dry soil were
mixed to a 50 mL soil suspension. In addition, 50 mL substrate dilution buffer [pH 6.1 for
methylumbelliferone (MUB) and pH 7.8 for 7-amino-4-methylcoumarin (AMC) substrates]
and 100 mL buffer containing the MUB- or AMC-coupled substrate were mixed. These
solutions were kept in multi-well plates for 120 min under laboratory conditions. Final
enzyme activities were expressed as MUB or AMC released in nmol per gram soil and
hour in dry matter (nmol g−1 soil d.m. h−1). The following enzymes were analyzed:
MUB-N-acetyl-β-D-glucosaminide for chitinase (EC 3.2.1.14), MUB-phosphate for acid
phosphatase (EC 3.1.3.2), and L-leucin-AMC for leucine-aminopeptidase (EC 3.4.11.1). The
enzyme chitinase is associated with C-cycling, while the leucine-aminopeptidase and acid
phosphatase activity reflect the N- and P-cycling, respectively.

Quantification of functional microorganisms involved in denitrification potential:
Functional genes related to denitrification were investigated because of the assumption
that PM (effect on gas exchange) and/or SM (degradable nutrient source) may affect soil
oxygen status. The denitrification potential was estimated via analysis of the functional
genes encoding the nitrate (napA and narG) and nitrite (nirS and nirK) reductase potential,
according to established methods [50,51]. DNA was extracted from soil samples according
to Heuer and Smalla [52], using the Nucleo Spin Soil set from Macherey-Nagel (Düren,
Germany) following the suppliers instructions. The 16S rRNA gene and the functional
genes napA, narG nirS, and nirK, were quantified using a SybrGreen®-based real-time PCR
technique with a qPCR system from Analytik Jena (Jena, Germany). DNA extracts were
diluted 1:50 prior to quantification to avoid inhibitory effects on PCR amplification after
testing the optimal dilution in preliminary experiments. Final DNA amounts in the qPCR
reactions were in the range of 1 ng (0.5–1.4 ng). The composition of the PCR mixes and the
used primers as well as thermocycler programs are listed in Tables S1–S3 (Supplementary
Materials). Standard curves were constructed using 10-fold serial dilutions of plasmids
containing the partial sequence of (i) the 16S rRNA genes from Pseudomonas putida and
Bacillus subtilis, (ii) the Pseudomonas stutzeri nirS gene, (iii) the Azospirillum irakense nirK
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gene, (iv) the PA 01 napA gene, and (v) the narG genes from Pseudomonas aeruginosa PA 01.
All amplifications were performed in triplicates (including a control without template) in
96-well plates. Efficiencies of qPCR were very good for nirK, nirS, and 16S genes with
around 100%, while they were acceptable for narG and napA genes ranging between 70%
and 80%. Denitrifier abundance is presented as log10 gene copy numbers per mg of dry soil.
The ratios napA/narG and nirK/nirS were used as indicators for changes in composition
of the nitrate [53] and nitrite [54] reducer community, respectively. Ratios were calculated
using the number of gene copies per mg of dry soil.

2.5. Data Analysis

Analysis of physicochemical parameters, abundance, and structure of soil microbial
communities and enzyme activity was performed in each of the 32 composite samples col-
lected from two soil depths. Statistical analysis was performed using IBM SPSS® Statistics
version 25. Data is presented as bar charts representing the arithmetic mean ± standard
deviation. Normality and variance homogeneity of residuals was verified graphically using
residual vs. fitted and quantile-quantile plots and Shapiro–Wilk test. Log10 transformation
was applied to conform data to normality. Multifactorial analysis of variance (ANOVA)
was used in combination with Tukey post hoc tests to determine significant differences
between the mulching systems, soil depths, and samplings. The data is presented in tabular
form and also as bar charts corresponding to average values with the respective standard
deviations. The graphs show the results without considering soil depth, as this variable
proved to be non-significant. Nevertheless, correlations were conducted with the data
obtained for each of the 32 samples from two depths. The structure of microbial commu-
nities, namely F:B and gr+:gr− ratios, was correlated to soil parameters using Spearman
Rho correlation coefficient using non-transformed data. The activity of the investigated
enzymes was evaluated via multiple linear regression using the same physicochemical
variables and additionally by the total PLFAs (abundance) and the ratios F:B and gr+:gr−
(structure). The threshold of statistical significance was set to p < 0.05.

3. Results
3.1. Soil Physicochemical Parameters and General Microbial Indices

Throughout the monitoring period of several weeks, the soil temperature (depth 5 cm)
was on average 2.8 ◦C higher in the PM plot compared to SM. Average soil temperature in
SM was 11.9 ± 1.7 ◦C in April and 13.6 ± 2.2 ◦C May. In PM, the average values for April
were 14.5 ± 2.2 ◦C and for May 17.3 ± 2.5 ◦C. The soil water content (SWC) was similar
for both systems and ranged between 11.7 and 20.4%. It varied over time and decreased
by 30% (SM) and 22% (PM), respectively, from sampling time S1 to S2 (p < 0.001). Soil pH
values were on average 1 pH unit higher (p < 0.001) in PM (7.6 ± 0.3) compared to SM
(6.5 ± 0.3). This was not confirmed by IC contents that were largely similar in soils under
both mulching systems (below 1%). In S1, the IC contents did not vary between PM and
SM. However, an increase was observed in PM from S1 (0.15 ± 0.01%) to S2 (0.43 ± 0.01%).
SOC ranged between 0.9 and 1.4%. PM samples were characterized by 23% higher SOC
contents than in SM at S1 (p < 0.001), while differences became negligible at S2. DOC
values in SM increased from S1 (24.7 ± 3.9 mg kg−1) to S2 (29.4 ± 4.1 mg kg−1). On the
contrary, in PM, values dropped by 10% from S1 to S2. Ntot values were higher in PM
(0.16 ± 0.01%) compared to SM (0.13 ± 0.01%), in both S1 and S2 (p < 0.001). Overall, the
C:N ratio did not differ significantly between the mulching systems, nor between S1 or S2.
Soil physicochemical and general microbial parameters are presented in Table 1. Significant
correlations were observed for SWC with DOC (r = −0.509, p = 0.030) and C/N (r = −0.372,
p = 0.036), and for soil pH with DOC (r = 0.538, p = 0.001) and MBC:SOC (r = −0.499,
p = 0.004).
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Table 1. Physicochemical and microbial characterization corresponding to soil samples collected in
S1 and S2, from straw (SM) and plastic mulching (PM) systems.

Depth
(cm)

SWC
(%) pH IC

(%)
SOC
(%)

DOC
(mg kg−1)

Ntot
(%) C:N MBC

(mg kg−1) MBC:SOC

S1

SM
0–5 19.6 ± 0.7 6.4 ± 0.3 0.11 ± 0.01 1.1 ± 0.1 24.8 ± 3.4 0.135 ± 0.006 7.9 ± 0.2 172.5 ± 16.6 1.6 ± 0.1
5–10 18.3 ± 1.3 6.3 ± 0.3 0.13 ± 0.01 1.0 ± 0.1 24.7 ± 5.0 0.128 ± 0.010 7.7 ± 0.2 155.2 ± 15.8 1.6 ± 0.2

Mean 19.0 ± 1.2 6.4 ± 0.3 0.12 ± 0.01 1.0 ± 0.1 24.7 ± 3.9 0.131 ± 0.008 7.8 ± 0.2 163.9 ± 17.6 1.6 ± 0.2

PM
0–5 18.6 ± 0.4 7.4 ± 0.3 0.15 ± 0.01 1.3 ± 0.1 31.9 ± 4.4 0.155 ± 0.010 8.7 ± 0.9 155.8 ± 17.5 1.2 ± 0.1
5–10 19.1 ± 0.7 7.5 ± 0.3 0.15 ± 0.01 1.3 ± 0.1 23.4 ± 4.8 0.168 ± 0.010 7.5 ± 0.5 156.2 ± 16.8 1.2 ± 0.1

Mean 18.9 ± 0.6 7.4 ± 0.2 0.15 ± 0.01 1.3 ± 0.1 27.6 ± 6.2 0.161 ± 0.011 8.1 ± 0.9 156.0 ± 15.9 1.2 ± 0.1

S2

SM
0–5 12.5 ± 1.7 6.6 ± 0.3 0.13 ± 0.01 1.1 ± 0.1 32.4 ± 1.9 0.131 ± 0.001 8.4 ± 0.4 162.6 ± 16.0 1.5 ± 0.1
5–10 14.1 ± 1.4 6.6 ± 0.2 0.12 ± 0.01 1.0 ± 0.1 26.4 ± 3.4 0.127 ± 0.003 8.1 ± 0.3 155.6 ± 11.1 1.5 ± 0.1

Mean 13.3 ± 1.5 6.6 ± 0.2 0.12 ± 0.01 1.1 ± 0.1 29.4 ± 4.1 0.129 ± 0.003 8.3 ± 0.3 159.1 ± 13.3 1.5 ± 0.1

PM
0–5 13.8 ± 0.6 7.6 ± 0.5 0.45 ± 0.02 1.2 ± 0.1 48.5 ± 7.9 0.150 ± 0.005 8.3 ± 0.4 137.4 ± 31.0 1.1 ± 0.3
5–10 15.4 ± 0.3 7.9 ± 0.2 0.40 ± 0.02 1.0 ± 0.1 35.8 ± 5.6 0.144 ± 0.005 7.0 ± 0.4 143.6 ± 13.5 1.4 ± 0.2

Mean 14.6 ± 0.9 7.8 ± 0.4 0.43 ± 0.01 1.1 ± 0.2 42.1 ± 9.3 0.147 ± 0.006 7.6 ± 0.8 140.5 ± 22.4 1.3 ± 0.3

3.2. Abundance and Structure of Soil Microbial Communities

The contents of MBC ranged between 92.8 and 194.5 mg kg−1 and were in general
5–12% higher in SM compared to PM (p = 0.05). No significant differences in MBC were
observed between soil depths or sampling dates. The abundance of soil microorganisms as
indicated by total PLFAs (Figure 1A) was 38% higher in SM compared to PM (p < 0.001).
Bacterial (Figure 1B) and fungal (Figure 1C) PLFAs were 1.7 and 1.3-fold higher, respectively,
in SM compared to PM. An effect of sampling time was only observed in SM: bacteria
and fungi increased by 11% and by 22% (p = 0.05), respectively, from S1 to S2. These
differences were stronger at the soil depth 0–5 cm with differences of 31% and 17% for
bacteria and fungi, respectively. The structure of the microbial communities as expressed
by the F:B (Figure 2A) and gr+:gr− (Figure 2B) ratios was significantly affected by the
mulching system (p < 0.001) with wider ratios in PM than in SM. Temporal differences
were observed only in SM. In SM, the F:B ratio increased slightly from S1 (0.14 ± 0.02) to S2
(0.16 ± 0.01), in PM the values remained similar. Data on total PLFAs and the microbial
ratios differentiated by system, sampling date, and soil depth are presented in Figures S1–S3
in the Supplementary Materials section. Soil pH positively correlated with F:B (r = 0.731,
p < 0.001) and gr+:gr− (r = 0.653, p < 0.001) ratios. Nevertheless, negative correlations were
observed with the MBC:SOC quotient: r = −0.668, p < 0.001 (F:B) and r = −0473, p = 0.006
(gr+:gr−).
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Figure 2. Structure of soil microbial communities as determined by PLFA analysis differentiated
by mulching system (straw vs. plastic mulching) and sampling date: April (S1) and May (S2).
(A): Molar % ratio of fungi to bacteria (F:B); (B): Molar % ratio Gram-positive to Gram-negative
bacteria (gr+:gr−).

3.3. Soil Enzyme Activities and Functional Gene Abundance in SM and PM Systems

The activity of the enzyme chitinase (Figure 3A) was 26% higher in SM compared to
PM (p < 0.001). Leucine aminopeptidase (Figure 3B) was slightly affected by the sampling
with values 1.4-fold higher in S2 compared to S1 (p = 0.016). Enzyme activities differentiated
by soil depth are presented in Figures S4–S6 in the Supplementary Materials section.
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The activity of acid phosphatase (Figure 3C) was higher by 46% in PM (p < 0.001).
Different correlations were found between the activity of the investigated enzymes and
the physicochemical parameters and microbial ratios (Table 2). All enzymes correlated
significantly with soil pH. Further, chitinase and acid phosphatase correlated positively
with the MBC:SOC ratio. Chitinase and acid phosphatase were significantly affected by the
abundance of the soil microbial biomass (total PLFAs) and by the structure of the microbial
communities (F:B), in contrast to leucine aminopeptidase activity.
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The abundance of the functional genes involved in the denitrification potential var-
ied between samples, and average copy numbers (copies mg−1 soil) declined in the se-
quence nirK (3.6 × 106) > napA (1.1 × 106) > narG (0.85 × 106) > nirS (0.28 × 106) (see
Figures S7–S10). However, mulching systems, sampling dates, or soil depth did not sig-
nificantly affect their abundance. Differences between systems and sampling became
noticeable when the structure of the nitrate and nitrite reducer community was evaluated
by the ratios of the genes involved in the nitrate and nitrite reductase potential (Figure 4,
Figures S11 and S12). The ratios napA/narG were significantly affected by the mulching
system (p = 0.015), with a drop of 12% in PM compared to SM. Further, the napA/narG ratios
decreased by 10% (p = 0.039) from S1 to S2. In contrast, the nirK/nirS ratios increased during
the same period by 19% (p < 0.001). The structure of the nitrate and nitrite reducer commu-
nity significantly correlated with soil physicochemical and microbial parameters. The ratio
of napA/narG significantly correlated with all investigated physicochemical and microbial
ratios, with the exception of water content and C:N (Table 2). Meanwhile, nirK/nirS was
only related to the DOC and water content, but not to other soil microbial parameters.
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4. Discussion
4.1. Changes in the Abundance and Structure of Microbial Communities as a Consequence of the
Physicochemical Soil Parameters under the Mulching Systems

The two mulching systems led to changes in the investigated soil physicochemical
properties with higher values for soil pH and SOC in PM compared to SM. The mulching
system was the most significant factor affecting the abundance and structure of microbial
communities in the studied samples. The straw mulching system (SM) positively affected
the microbial biomass, leading to higher contents of MBC as well as of total, bacterial, and
fungal PLFAs compared to PM. Similar positive effects of straw mulching were reported in
previous studies [10,11]. This effect may be attributed to microbial growth based on the
decomposition of the organic mulching material over time that can be regarded as transient
C pool [55]. The finding of higher SOC in PM than in SM and of a negative correlation
between SOC and the investigated PLFAs may not necessarily pose a contradiction. The
input of additional organic matter from a straw mulching layer into the topsoil horizon may
be negligible in the light of the existing organic carbon storage in soil [56], with this study
reflecting 4 years of continuous management. Additionally, adding straw organic matter
can be compensated by a priming effect, amplifying soil organic matter degradation [57,58].
Hence, straw mulching is not necessarily reflected by changes in total SOC values. Besides,
fungi and even more so bacteria are sensitive to organic material inputs responding to
subtle changes in the nutrient substrate status of soil [59]. Accordingly, the increase in
bacterial PLFA was even stronger than that of fungal PLFA, resulting in narrower F:B ratios
in SM compared to PM.

Soil pH was among the physicochemical parameters that clearly differed between the
two mulching systems. The pH (6.5± 0.3 in SM compared to 7.6± 0.3 in PM) best explained
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the differences in the investigated microbial groups in the present study, validated by a
negative correlation with the investigated PLFA biomarkers. Correspondingly, soil pH is
known as a strong predictor of differences in the F:B ratio of soils [58,60]. In soils with
IC values below 1%, as in this study, release or uptake of protons from root respiration,
microbial activity, or basic cations from fertilizers are not well buffered and may result
in relatively high short term pH variations [61]. We observed that the pH is negatively
related to the MBC:SOC ratio and positively to DOC. Therefore, we assume that here pH is
affected by the mulching systems via a higher microbial activity, which is accompanied by
H+ release [62]. In SM, higher SOC mineralization is expected from available C−inputs,
leading to a higher acidification in SM than in PM [63]. In PM instead, it is assumed that the
higher soil temperature monitored under PM in this and other studies (e.g., Torres−Olivar,
et al. [64]) led to higher soil microbial activity as well (e.g., Allison, et al. [65]), while gas
exchange is presumably reduced under PM [66]. This could have resulted in more reducing
conditions, because of oxygen depletion, which are accompanied by an increase in soil
pH [67]. Consequently, the changes in the investigated soil physicochemical properties
with higher values for soil pH and SOC in PM compared to SM can be related to the two
mulching systems.

Irrespective of the smaller F:B ratio in SM, the content of fungal PLFA was higher in SM
than in PM (Figures 1 and 2), although the effect of more complex fungicide mixture in SM
(cyprodinil, fludioxonil, azoxystrobin, and fenhexamid) would be stronger than the effects
of the two fungicides in PM (cyprodinil & fludioxonil). Also, higher residual concentrations
are expected in the SM system [18], because plastic films may act as a physical barrier or as
a sorbent material restricting the transfer of fungicides in the soil. Thus, we suggest that
transient C-inputs from straw material [68–70] together with soil pH [71], which was in
the preferred mildly acidic range in SM, may have stimulated fungal growth to an extent
that it counteracted possible adverse effects of fungicides applied to SM. Furthermore,
PM was previously shown to reduce fungal richness [72]. Changes in the structure of the
microbial communities were also observed by larger gr+:gr− ratios in PM than in SM,
which was especially due to a higher abundance of gr− bacteria in SM. This confirms the
suggested contribution of a transient C-pool to the microbial community [70], since gr−
bacteria are more efficient users of available plant-derived C and N sources than gr+ [73],
thus profiting more from the decomposition of the straw mulching material. Changes
in the abundance and structure of microbial groups are typically first of all attributed to
differences in soil water content and temperature [74]. Almeida, et al. [10] reported an
increase of MBC in SM, where soil water content was higher, while in contrast temperature
was lower compared to PM. Hence, they concluded that MBC depends on soil water content
while soil temperature is secondary. In the here presented study, soil temperature was also
lower in SM compared to PM (on average by 2.8 ◦C), however, soil water contents were
similar. This indicates that it is not only the soil water content but a lower soil temperature
(14.5 ± 2.2 ◦C in SM compared to 17.3 ± 2.5 ◦C in PM) that contributed to enhance MBC.
Also, C:N ratios have been discussed as a key factor affecting the structure of the soil
microbial community [75]. However, differences in C:N ratios between the investigated
systems (8.01± 0.33 in SM compared to 7.86± 0.88 in PM) were not large enough to induce
an effect on the investigated PLFA biomarkers [76].

The results of the present study confirm hypothesis 1. Each mulching system generated
specific conditions as observed by soil physicochemical parameters, which in turn resulted
in different microbial ratios. Although pH was identified as the best predictor of the
structure of microbial communities, changes cannot be attributed to single soil parameters
but rather to the contribution of the cover materials and the resulted soil properties in the
systems [48].

4.2. Soil Enzyme Activity in Response to Soil Parameters under Straw and Plastic Mulching

The enzyme activity was modulated by the mulching system, especially through the
aforementioned alterations in soil properties. The activity of chitinase and to a lower extent
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leucine aminopeptidase was higher in SM compared to PM plots, meanwhile the opposite
was observed for the acid phosphatase. In this study, soil pH was the soil parameter
that most affected the activity of the investigated enzymes. The activity of chitinase and
leucine aminopeptidase decreased with increasing pH, in contrast to the observed decline
in acid phosphatase. Soil pH affects the catalytic efficiency and abundance of a given
enzyme [77], resulting in optimum conditions for mineralization. Hendriksen, et al. [78]
reported a small, yet significant, negative correlation between soil pH and chitinase activity
across European soils. Optimum values for chitinase activity correspond to slightly acidic
soil [79,80], conditions observed in SM, and reported findings are in line with the results
of the present study. Niemi and Vepsäläinen [81] observed that leucine aminopeptidase
activity is at optimum at pH values of 7.5 or higher. The average pH values in SM and
PM were 6.5 ± 0.3 and 7.6 ± 0.3, respectively, suggesting a suboptimal activity in the
investigated soils and explaining why only small differences were observed between the
investigated systems. Acid phosphatase has an optimum activity at slightly acidic soils.
Yet, a higher phosphatase activity was observed in PM than in SM. Thus, the nutrient
status of the soil may additionally modulate the activity of acid phosphatase, in particular
the P-sources and availability [82] determined in this study by the different fertilization
patterns for SM (1 × 10 kg P) and PM (10 × 1.5 kg P). Also, lateral water flows together
with the impervious matter of PM reducing rainfall infiltration may counteract nutrient
leaching [83], with a better P-status in PM compared to SM. Straw amendments are known
to support enzyme activity in soils [84]. We observed a positive correlation between acid
phosphatase activity with DOC and total N values. Thus, the activity of the enzymes was
not only attributed to variations in soil pH within the observed range (5.9–8.2), but to
the modulation by multiple soil physicochemical parameters such as total nitrogen, soil
temperature, and total soil carbon [85,86]. Consistent correlations were observed between
soil microbial ratios, namely MBC:SOC and F:B, and the investigated enzymes, confirming
that the activity of the investigated enzymes can be also modulated by microbial factors [87],
as confirmed for chitinase and acid phosphatase.

Tan, et al. [24] reported that kinetics of soil enzymes are mostly explained by soil
chemical properties rather than the abundance and the structure of the active or potentially
active microbial groups. Exoenzymes may accumulate in soil and may not necessarily
depend on living organisms [23,88]. Therefore, the enzyme activity cannot be attributed
to a single factor such as fungicide application. The enzyme activity is the result of
combined factors in a multi-facetted system. Further, soil physicochemical properties (i.e.,
organic carbon, pH) are more major determinants of soil enzyme activity than soil fungicide
pollution [89], in particular in agricultural systems with a long history of repeated fungicide
application as a kind of microbial adaptation to chemicals [90].

The abundance of the genes involved in nitrate (napA and narG) and nitrite (nirS
and nirK) reductase potential was, in contrast to enzyme activities, not affected by the
investigated variables namely mulching system, sampling, or soil depth. This may be
assigned to the substantial but similar amount of mineral fertilizer N that was applied to
both mulching systems. The fertilization regime significantly shapes the composition of the
denitrifying communities in agricultural soils through effects on soil NO3

− [91–93], thus
possibly decoupling it from other impacts such as the type of mulching layer. However,
due to the fac that pH was more acidic in SM and the impact of soil pH and soil microbial
properties as already discussed, it was probably still high enough so as not to lead to
distinct differences in the abundance of the investigated functional genes. A reduction
in the abundance of the functional genes narG, napA, nirK, and nirS is linked to acidic
conditions with pH ≤ 5.5 [94]. Assessing ratios of gene abundance, however, revealed
a dissimilar distribution of the genes responsible for the processes of nitrate and nitrite
reduction, respectively. The wider napA/narG ratios in SM compared to PM and the
increase in nirK/nirS ratios from S1 to S2, may indicate a dissimilar taxonomic distribution
of denitrification genes, as reviewed by Levy-Booth, et al. [95]. Higher proportions of
nirS-type denitrifiers than nirK-type can be favored by more moist soil conditions as in
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S1 [96]. In this study, no significant differences of water content were observed in the
mulching systems, however, a significant correlation was observed between the ratios of
nirK/nirS and soil water content. These results should be considered, however, only as a
temporary effect that is strongly modulated by climatic conditions such as temperature and
rainfall events [97]. Temporal variations of temperature and soil water content have been
observed in the course of long-term monitoring in PM and SM systems, derived from the
nature of the mulching materials (i.e., optical properties) and the availability of water to
infiltrate the soil after rain events [25,83].

Finally, the results of this study confirm hypothesis 2. PM and SM systems generate
unique physicochemical conditions (in particular soil pH), which modulate the activity
of microbial enzymes, rather than the structure of microbial communities. This, however,
is not applicable to the potential soil enzyme activity investigated in this study by the
abundance of specific functional genes involved in denitrification.

5. Conclusions

This study revealed that each mulching system generates unique soil conditions, mir-
rored by variations in specific soil parameters. Among the clearly affected parameters, soil
pH further affected the investigated microbial properties and indices. A difference between
PM and SM of 1 pH unit is large enough to generate significant changes in the abundance
and structure of the soil microbial community and its enzyme activities. Furthermore, SM
with its addition of straw mulch to soil favors the growth of soil bacteria and fungi, even
counteracting the action of fungicides. We interpret the substrate input through straw
mulch as transient and subtle change in the C-dynamics of soil. Effects of mulching systems
on microbial parameters, however, are not uniform but vary between biomass and activity-
related parameters with the microbial ratio indices being most informative. The effect of
the mulching system was clearly evident for the investigated microbial ratios, namely F:B,
gr+:gr−, and napA:narG and nirK:nirS ratios. This confirms a shift of microbial function
pathways as a consequence of the mulching system. The mulching system further affects
the activity of enzymes, especially chitinase and acid phosphatase. In particular, changes
in soil physicochemical parameters, rather than changes in the structure of the microbial
communities, are the main drivers shaping the enzyme activity. Although soil pH is the
common denominator, the activity of the investigated enzymes was further modulated
by the action of additional soil parameters i.e., SOC:MBC. In conclusion, the specific soil
conditions generated under the investigated PM and SM systems, soil pH, and transient
C-pools, favored changes in the soil microbial community structure and functioning, with
larger bacterial and fungal fractions in SM than PM. Furthermore, both mulching systems
SM and PM differently modulated the enzyme activities in the C-, N-, and P-cycle.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/soilsystems6010021/s1, Figure S1. Total PLFAs differentiated
by mulching system (Straw vs. Plastic) and by soil depth (0–5 and 5–10 cm). Graphic A: Corre-
sponds to samples collected in April (S1) and graphic B, to samples collected in May (S2); Figure S2.
Fungi:bacteria ratio (F:B) ratios differentiated by mulching system (Straw vs. Plastic) and by soil
depth (0–5 and 5–10 cm). Graphic A: Corresponds to samples collected in April (S1) and graphic B, to
samples collected in May (S2); Figure S3. Ratio gram+:gram− bacterial (gr+:gr−) differentiated by
mulching system (Straw vs. Plastic) and by soil depth (0–5 and 5–10 cm). Graphic A: Corresponds to
samples collected in April (S1) and graphic B, to samples collected in May (S2); Figure S4. Chitinase
activity differentiated by mulching system (Straw vs. Plastic) and by soil depth (0–5 and 5–10 cm).
Graphic A: Corresponds to samples collected in April (S1) and graphic B, to samples collected in May
(S2); Figure S5. Leucine aminopeptidase activity differentiated by mulching system (Straw vs. Plastic)
and by soil depth (0–5 and 5–10 cm). Graphic A: Corresponds to samples collected in April (S1) and
graphic B, to samples collected in May (S2); Figure S6. Acidic phosphatase activity differentiated by
mulching system (Straw vs. Plastic) and by soil depth (0–5 and 5–10 cm). Graphic A: Corresponds
to samples collected in April (S1) and graphic B, to samples collected in May (S2); Figure S7. napA
genes differentiated by mulching system (Straw vs. Plastic) and by soil depth (0–5 and 5–10 cm).
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Graphic A: Corresponds to samples collected in April (S1) and graphic B, to samples collected in
May (S2); Figure S8. narG genes differentiated by mulching system (Straw vs. Plastic) and by soil
depth (0–5 and 5–10 cm). Graphic A: Corresponds to samples collected in April (S1) and graphic B,
to samples collected in May (S2); Figure S9. nirK genes differentiated by mulching system (Straw
vs. Plastic) and by soil depth (0–5 and 5–10 cm). Graphic A: Corresponds to samples collected in
April (S1) and graphic B, to samples collected in May (S2); Figure S10. nirS genes differentiated by
mulching system (Straw vs. Plastic) and by soil depth (0–5 and 5–10 cm). Graphic A: Corresponds to
samples collected in April (S1) and graphic B, to samples collected in May (S2); Figure S11. napA/narG
ratios differentiated by mulching system (Straw vs. Plastic) and by soil depth (0–5 and 5–10 cm).
Graphic A: Corresponds to samples collected in April (S1) and graphic B, to samples collected in May
(S2); Figure S12. nirK/nirS ratios differentiated by mulching system (Straw vs. Plastic) and by soil
depth (0–5 and 5–10 cm). Graphic A: Corresponds to samples collected in April (S1) and graphic B,
to samples collected in May (S2); Table S1. Primers and standard species used for real time PCR of
16S rRNA and functional genes [98–102]; Table S2. Composition of the mastermix for real time PCR
analysis of functional genes; all data in µL; Table S3. Thermocycler temperature programs for real
time PCR analysis of functional genes.
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