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A B S T R A C T   

This study compares the effects of solarization combined with compost (72% vineyard prunings and 28% leek 
residues) (CAS) versus solarization (NAS) in soils used for intensive spinach cultivation in the Mediterranean 
area. The objective was to study the beneficial effects of the compost on the soil microbial community, soil 
fertility and soil functionality related to C and N cycling during solarization, during the spinach crop growth 
period and after harvesting. CAS did increase soil fertility and microbial activity, in addition, CAS increased the 
microbial alpha diversity in the soil to a greater extent than NAS, and the Principal Coordinate Analysis (PCoA) 
of the beta diversity in the soil revealed changes in the bacterial and fungal community at the different sampling 
times, except after the plastic was lifted. During solarization and after harvesting, different beneficial bacteria 
and fungi related to C and N cycling were more abundant in CAS than in NAS, in the same way as the genera 
involved in plant defense and plant growth (Pseudomonas, Sphingomonas, Bacillus, Thermomyces, Streptomyces, 
NMD1 or Nitrospira). CAS also had a notable effect on the abundance of predictive genes involved in the C and N 
cycles. The functional genes showed their lowest activity level a week after covering the soil with plastic, but 
they increased after lifting the plastic and after harvesting. Compared to NAS, CAS also showed higher N2-fix-
ation and greater conversion of N2O to N2. Moreover, the abundance of several predictive genes involved in 
hemicellulose, lignin and cellulose degradation suggested that CAS produced an increase in nutritional avail-
ability. From this study, it can be concluded that the combination of solarization and compost increased soil 
fertility, microbial activity, microbial diversity and functionality. Compost could provide added value by stim-
ulating the microbiological community in the soil until harvest.   

1. Introduction 

Spinach (Spinacia oleracea L.) is an economically important leafy 
vegetable crop in many countries. As with most agricultural commod-
ities, diseases impose significant production constraints affecting both 
yield and overall quality of spinach. Many diseases have been reported 
on spinach, Fusarium oxysporum (McDonald et al., 2021; Mitsuboshi 
et al., 2022), Alternaria spp. (Kipkogei et al., 2019), Stemphylium 
botryosum (Koike et al., 2001), Pythium ultimum (Magnée et al., 2022) or 
Olpidium spp. that indirectly affect spinach as they are carriers of viruses 
(Gratsia et al., 2012). Thus, an integrated disease management approach 
is often necessary to produce a high quality product (Correll et al., 
1994). 

Solarization—a chemical-free way to control pathogens and 
weeds—entails covering the soil with a clear plastic film, to trap solar 
radiation and accumulate heat and moisture in the soil (Kanaan et al., 
2018), alters the bacterial microbial community in the soil, causing a 
biological vacuum that it should diminish soil pathogens (Kanaan et al., 
2018). The incorporation of an organic amendment (fresh or composted) 
during solarization may produce a synergistic effect due to the accu-
mulation of biopesticide compounds—volatile compounds such as al-
cohols, aldehydes, sulfides and isothiocyanates— caused by organic 
matter decomposition that produce CO2 water and heat (Kanaan et al., 
2017; Fernández-Bayo et al., 2019) and the addition of beneficial mi-
croorganisms that they can produce some other beneficial effects such as 
biopesticide, biostimulant or biofertilizer (Bonanomi et al., 2008). 
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Microorganisms are key in the formation of soil structure, in the 
degradation of organic matter, elimination of toxins, in the cycling of 
nutrients and suppression of soil pathogens (Cuartero et al., 2022). It 
might be expected that the soil microbial community would vary after 
solarization combined with compost amendment (Simmons et al., 
2013). Kanaan et al. (2017) observed that thermo-tolerant microor-
ganisms survived during solarization and could play a role in disease 
resistance. Moreover, Simmons et al. (2016) showed that taxa such as 
Firmicutes and Geobacillus, were present when the use of compost was 
combined with solarization, and they were able to degrade the ligno-
cellulose of the different compost raw materials (Fernández-Bayo et al., 
2019). Compost is rich in organic matter that can alter the microbial 
communities in the soil and the abundance of microorganisms related to 
the C and N cycle through changes in the physicochemical properties of 
the soil (Yanardağ et al., 2017). 

Metagenomic sequencing is a novel molecular tool used to analyse 
mixed genomic materials extracted from different samples, providing 
detailed information on the diversity, abundance and structure of mi-
crobial communities in the population. In addition, the phylogenetic 
relationship or functional genes PICRUSt (Phylogenetic Investigation of 
Communities by Reconstruction of Unobserved States) is a powerful 
approach to understanding the functional diversity of the bacterial 
community in the soil (Alami et al., 2020), including the abundance of 
different microbial functional genes involved in N-transformation and C 
processes (Xiao et al., 2019). FUNGuild found that the taxonomic groups 
characteristic of each habitat (i.e., saprotrophic and arbuscular mycor-
rhizal fungi in grassland soils, saprotrophic, saprotrophic and ectomy-
corrhizal fungi, wood decomposers, and plant pathogenic fungi) were 
well represented (Nguyen et al., 2016). 

A deeper understanding of the restructuring of the soil microbiota 
(taxa and functionality of bacterial and fungal community) of combined 
compost addition to soil solarization will be able to answer a) How 
significant are the changes in the bacterial and fungal community 
related to compost amendment during the solarization process?; b) How 
significant are the changes in the functional genes related to C and N- 
cycling related to compost amendment during the solarization process? 
and c) Do bacterial and fungal taxonomic and functional changed 
through compost addition to solarization are remained after a spinach 
crop? 

2. Materials and methods 

2.1. Field experiment 

The experiment was carried out in an agricultural field in Cartagena 
(SE Spain), between July 2020 and February 2021. According to the 
USDA the soil is silty loam and its characteristics are in Table 1. This area 
had a semi-arid Mediterranean climate (the average temperatures, 

rainfall and annual sunshine hours were; 18.23º C, 418 mm and 3000 h, 
respectively. In the solarization-only treatment, the soil was covered 
with transparent polyethylene plastic (NAS); in the treatment combining 
solarization and compost, the soil was covered with transparent poly-
ethylene plastic after incorporating the compost (CAS). The poly-
ethylene plastic was 30-µm thick (Serplasa 120 gr). The compost (72% 
vineyard prunings and 28% leek residues as raw materials) had the 
following characteristics: pH 8.93; EC 4.86 mS cm-1; TOC 324 g kg-1; TN: 
25.8 g kg-1; K: 20.9 g kg-1; and P: 3.8 g kg-1. The compost was added to 
the soil at a rate of 1.5 kg per m2 and mixed using a rotovator. The design 
of the experiment was completely randomized. It involved six random-
ized plots with two treatments (NAS and CAS) and three replications of 
each treatment. Each plot had an area of 40 m2, and the plots were 2 m 
apart. The soils were moistened at 60–70% water holding capacity 
(WHC) using a drip irrigation system. Ambient and soil (0–10 cm) 
during the experiment, temperatures were monitored by four ther-
mometers data logger (HOBO-Data Logger U12–006), located close to 
where the samples were taken, in each plot, connected to a data logger. 
After four months, the plastic film was removed and the spinach plants 
(Spinacia oleracea L, variety Nembus) were sown. The spinach seeds 
were sown at a ratio of 800–900 seeds per m2 and weregrown under 
commercial conditions and according to the requirements of the crop 
and the farmer. 

2.2. Sampling 

Soil samples were taken at a depth of 10 cm from each of the three 
field replicates of the two treatments (NAS and CAS), three soil sub-
samples were collected at random from each replicate. There were four 
samplings throughout the assay: just after adding compost and before 
adding the plastic cover (July 24, 2020) (T1); a week after placing the 
plastic cover (August 14, 2020) (T2); before removing the plastic cover 
(November 18, 2020) (T3); and after harvesting the spinach crop 
(February 15, 2021) (T4). Each soil sample was separated two parts: one 
was 4º C for determining chemical properties and other was stored at −
80º C for microbiological analysis. 

2.3. Physico-chemical and properties 

The pH of the compost samples was measured after making a water- 
soluble extract (1:10 w/v) using a pH meter, the electrical conductivity 
(EC) was measured in the same way but a conductivity meter was used. 
Total nitrogen (TN) and total organic carbon (TOC) were determined 
using an elemental CHNS-O analyzer (Truspec CN, Leco, St. Joseph, 
Mich., USA). 

Table 1 
Soil physico-chemical, chemical and microbial activity properties along the experiment.  

Soil Properties Treatment T1 T2 T3 T4 Treatment Time Treatment*Time 

pH NAS 8.61 ± 0.08 8.41 ± 0.09 8.67 ± 0.21 8.62 ± 0.01 * * NS * 
CAS 8.25 ± 0.03 8.39 ± 0.12 8.35 ± 0.12 8.23 ± 0.07 

EC 
(dS m-1) 

NAS 0.43 ± 0.04 0.62 ± 0.05 0.47 ± 0.07 0.38 ± 0.05 * ** * ** * ** 
CAS 0.78 ± 0.01 0.58 ± 0.05 0.87 ± 0.01 0.64 ± 0.04 

TOC 
(g Kg-1) 

NAS 36.28 ± 0.11 37.27 ± 0.65 34.73 ± 0.06 35.43 ± 1.21 * * * NS 
CAS 42.67 ± 2.49 40.13 ± 2.60 37.27 ± 1.63 40.23 ± 2.08 

Total N 
(g Kg-1) 

NAS 0.92 ± 0.02 0.93 ± 0.06 0.73 ± 0.06 0.77 ± 0.12b * * * * NS 
CAS 1.55 ± 0.30 1.17 ± 0.23 0.83 ± 0.15 1.10 ± 0.20a 

C/N NAS 39.13 ± 1.17 37.27 ± 0.65 47.55 ± 3.50 46.73 ± 5.07 * * ** *  
CAS 28.17 ± 4.33 40.17 ± 2.60 45.47 ± 3.51 37.20 ± 5.26    

DHA NAS 14.93 ± 1.37 11.63 ± 1.08 11.79 ± 0.79 15.36 ± 0.15 * * ** * * 
(µmol INTF g-1 h-1) CAS 14.52 ± 0.29 15.89 ± 1.34 13.43 ± 0.47 18.38 ± 1.79    

NAS: non-amended soil; CAS: compost amended soil. DHA: dehydrogenase activity. T1: time 1, T2: time 2, T3: time 3, T4: time 4. Data are mean ± standard error: n =
3. A mixed ANOVA was performed to test the significant differences between treatment and time. Statistically significant differences by treatment and time * , * *, * ** : 
significant at p < 0.05, 0.01 and 0.001, respectively; NS.: not significant. 
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2.4. DNA extraction, amplification and sequencing 

DNA was extracted with the DNeasy PowerSoil kit (Quiagen, Ger-
many) from 0.5 g of soil. DNA extraction was performed in triplicate. 
The DNA was purified with the QIAquick Gel kit (Qiagen). To measure 
the quality of the DNA, electrophoresis was performed on a 1.5% 
agarose gel. In addition, a NanoDrop 2000 fluorospectrometer (Thermo 
Fisher Scientific, Waltham, MA, USA) was used to quantify the DNA in 
the samples. 

2.5. Soil-borne pathogens 

The presence of different pathogens (Alternaria spp., Fusarium oxy-
sporum, Fusarium Solani, Olpidium brassicae, Stemphylium botryosum, 
Pythium ultimum, Olpidium bornavanus and Monosporascus cannonballus) 
estimated in the different samples in triplicate. The quantification was 
carried out from the extracted soil DNA in a real-time quantitative PCR 
(qPCR) by using 7500 Fast Real-Time PCR system (Applied Biosystems, 
Foster City, California, USA) following the PCR protocol by Santísi-
ma-Trinidad et al. (2018). 

2.6. Bacteria and fungi amplification and sequencing 

DNA sequencing was performed at the Institute of Microbiology of 
the Czech Academy of Sciences (Prague, Czech Republic) using the 
Illumina MiSeq platform. Barcode primers 515 F and 806 R were used to 
amplify the V4 region of bacterial 16 S rRNA (Argonne National Labo-
ratory) (Caporaso et al., 2012), and barcode primers gITS7 and ITS4 
were used to amplify the ITS2 region of the fungus (Ihrmark et al., 
2012). Sequencing was also performed in triplicate. PCR products were 
purified using a MinElute PCR purification kit (QIAgen) according to the 
manufacturer’s instructions. A TruSeq PCR-Free kit (Illumina) was used 
for library preparation. The sequencing of fungal and bacterial ampli-
cons was performed in an Illumina MiSeq C4SYS facility at the Institute 
of Microbiology of the Czech Academy of Sciences (Prague, Czech 
Republic). 

2.7. Sequencing data processing 

Raw sequence data from sequencer were processed by QIIME2 v 
2020.2.0 (Caporaso et al., 2010) using the Oracle Virtualbox v 6.1. 
Before that, dada quality was checked using fastq, then the data was 
imported into QIIME2 usinf ‘single end method’, and denoised using 
dada2 (Callahan et al., 2016). The sequences were truncated to an 
average length of Q > 30. The Amplicon Sequence Variants (ASVs) ob-
tained were taxonomically classified against the UNITE v.8.0 (Abar-
enkov et al., 2010) or SILVA 132 (Quast et al., 2012) database. 
Singletons, eukaryota, archea, mitochondria, chloroplasts and unas-
signed sequences were removed before performing the statistical anal-
ysis. Functional analysis of the bacterial community was carried out 
using the PICRUSt2 (Phylogenetic investigation of communities by 
reconstruction of unobserved states) algorithm (Douglas et al., 2020), 
whereas FUNGuild v.1.0 (Nguyen et al., 2016) was used for the identi-
fication of functional fungal groups (guilds). Prior to statistical analysis, 
the data were rarefied at the depth of the sample with the fewest reads: 
2522.000 sequences for each sample in bacteria and 2146.000 se-
quences for fungi. 

Sequences have been deposited in the European Nucleotide Archive 
(ENA) with the study accession code PRJEB50624. 

2.8. Statistical test 

All tests and visualizations were performed using R language (R Core 
Team, 2020) v 3.6.3 and v 4.1.1. To test significant differences among 
disinfectation systems over time, a mixed ANOVA was performed using 
the ‘rstatix’ package v 0.7.0 (Kassambara and Kassambara, 2020). Prior 

to that, outliers were removed and normality, homogeneity of variance 
and homogeneity of covariance were tested using a Shapiro-Wilk, Lev-
ene’s and box test, respectively. When assumptions were not met, the 
nparLD function from the ‘nparLD’ package v 2.1 (Noguchi et al., 2012) 
was performed using an f1.ld. f1 design. The vegan package v 2.5–7 and 
HillR package v 0.5.1 (Li et al., 2014) were used to calculate the alpha 
diversity (Hill index Q = 2). 

To evaluate differences in beta-diversity between disinfestation 
systems at different times, a Permutation Multivariate Analysis of 
Variance (PERMANOVA) using ‘adonis’ with 999 permutations from the 
vegan package as a function, previously checking for homogeneity of 
variance using the ’betadister’ function, when homoscedasticity was not 
fulfilled, an Analysis of Similarities (ANOSIM) was performed. The 
visualization of the variation in the composition of the community was 
carried out by means of a principal coordinate analysis (PcoA) as a 
function of the Bray-Curtis distance. 

The ‘aldex’ function from the ALDEx2 v 1.24.0 package was used as 
an ANOVA-like univariate comparison tool incorporating the Bayesian 
estimate of taxon abundance into a compositional framework, useful for 
the differentiation of ASV abundances between two conditions at the 
genus level to identify taxa that are significantly associated with each 
condition (Fernandes et al., 2013). A repeated measures ANOVA was 
performed to evaluate changes in microbial abundance at the genus 
level over time; when assumptions were not met, a non-parametric 
Friedman test was performed instead. 

Temporal autocorrelation within and among samplings was adjusted 
by principal response curves (PRC) to analyze the effects of compost on 
the community composition among disinfestation systems. The vegan 
package v 2.5–7 was used to analyze PRC. Time was expressed as four 
samplings in a linear sequence to provide a standardized scale and easy 
comparison among samplings. Functional data was visualized through 
Non-Metric Multidimensional Scaling (NMDS) and a heatmap. A 
Spearman’s correlation was performed to study the correlation of mi-
crobial genus at the genus level with soil properties and functionality. A 
ggplot2 package v 3.3.5 (Wickham and Chang, 2016) was used to 
perform the graphics. 

3. Results 

3.1. Effects of compost application and solarization on soil properties and 
microbial activity 

Changes in soil chemical properties are shown in Table 1. Statistical 
analysis showed a significant interaction between treatment and time 
for pH, EC, C/N and DHA (Table 1). Compost-amended soils (CAS) 
showed significantly lower pH and higher EC values than the non- 
amended soils (NAS), and the EC values in the NAS treatment increased 
significantly at T2 and decreased at T3 and T4. However, in the CAS 
treatment, the EC value decreased at T2 and T4 and increased at T3. CAS 
showed a significantly lower C/N ratio than NAS, except at T2. More-
over, CAS showed significantly higher TOC and total N levels than NAS 
and these levels diminished significantly over time in both treatments 
(Table 1). The DHA activity, a parameter of overall microbial activity 
(García et al., 1997), was significantly higher in the compost-amended 
soil (CAS) at T2 and T3, and even after harvesting (T4) (Table 1). 

The average ambient temperature (Tª) during the experiment was 
26ºC in July and August, 23ºC in September and 18.5 ºC in October and 
November. During the process, the average Tª of the soil at a depth of 10 
cm did not vary between CAS and NAS. 

The initial soil Tª was 32ºC and reached a maximum of 40ºC a week 
after placing the plastic cover (T2). The Tª dropped, reaching 30 ºC, 25 ºC 
and 22 ºC by the end of September, October, and the first of November, 
respectively. On this last date, the plastic was removed (T3). The 
average soil Tª reached 17ºC, 12 ºC and 11ºC by the end of November, 
December and January, respectively. The Tª was 14ªC when the spinach 
crop was harvested on February 15, 2021 (T4). 
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3.2. The impact of compost application and solarization on fungal 
pathogens 

The effects of the treatments, time and their interaction were 
significantly different for the studied spinach pathogens (Table 2). 
Alternaria spp. and Olpidium bornavanus diminished over time, although 
after the spinach harvest (T4) they increased again with respect to the 
end of the hygienization process (T3), but they did not show significant 
differences between treatments (Table 2). Olpidium brassicae and Mon-
osporascus cannonballus, in the same way, they decreased until the 
plastic was removed (T3). At the end of the spinach harvest (T4), both 
pathogens showed higher log copy number in CAS than in NAS 
(Table 2). Stemphylium botryosum was initially present but it disappeared 
over time in both treatments (Table 2). 

3.3. The impact of compost application and solarization on microbial 
diversity 

A total of 297.687 high-quality bacterial and 313.467 fungal reads 
were obtained after quality filtering. In total, 2.361 bacterial ASV and 
325 fungal ASV were identified, with 97% similarity. The bacterial and 
fungal alpha diversity indexes (Hill_2) showed significant interaction 
between treatment and time, and values were significantly higher in 
CAS than in NAS, except in T1 and in T3 in the fungal community (Fig. 1, 
Table S1). In addition, both indices significantly increased over time, 
even after harvesting. The principal coordinate analysis (PCoA) based on 
Bray-Curtis dissimilarity revealed differences in both the bacterial and 
fungal communities between CAS and NAS at T1 and T2, but not after 
removing the plastic (T3) (Fig. 2). However, after harvesting (T4), the 
bacterial community again showed differences between CAS and NAS 
(Fig. 2). 

3.4. Impact of compost application and solarization on soil microbial 
communities 

3.4.1. Bacterial community 
At the phylum level, 10 bacterial phyla (>7%) were observed in both 

treatments (Fig. S1A, Table S2). The dominant phylum was Proteobac-
teria (27.62–35.40%), followed by Actinobacteria (21.92–30.34%). 
Changes were observed in different phyla according to the treatment 
and sampling time (Fig. S1A, Table S2). Fig. 3A shows the significant 
bacterial genus differences (>3%) for each sampling time between 
treatments; only the genera showing significant differences between 
treatments are represented (Fig. 3A, Table S4). At T1, of the 14 bacterial 

genera found, only Photobacterium, Pseudomomas, Nocardioides, Glyco-
myces and Blastococcus showed higher abundance in CAS than in NAS 
(Fig. 3A). At T2, the significant number of genera reached 22 repre-
sentative genera, among which Sphingomonas, Woeseia, Chryseolinea, 
MND1, Luteimonas, Pelagibius, Pseudonocardia, Flavisolibacter, Glyco-
mices, Mycobacterium, and Thermomonas were more abundant in CAS 
than in NAS. At T3 (after removing the plastic) and T4 (after harvesting) 
the significant genera diminished (Table S4). Nitrospira, NMD1, Lutei-
monas and Acidibacter were more abundant in CAS than in NAS in T3; 
and finally, Bacillus, Streptomyces, Chryseolinea, Micromonospora, Mas-
silia and Mesorhizobium were also more abundant in CAS than in NAS at 
T4. 

The PRC (Principal Response Curves) diagram showed different 
trends in the bacterial community composition changes over time 
among the different treatments, considering that the compost-amended 
soil (CAS) differences explained the variation in bacterial community 
through different genera such as RB41, Skermanella, Woesiea, Sphingo-
monas, Blastococcus and Nitrospira (Fig. 4A). This variation was greater 
in T3, when the plastic was removed from the soil. 

3.4.2. Fungal community 
At the phylum level, five fungal phyla were observed in the two 

treatments (Fig. S1B, Table S3). The Ascomycota phylum strongly 
dominated in both treatments throughout the different sampling times 
(92.43–98.95%). Fig. S1B depicts the minority fungal phyla (<90%), 
among which Basidiomycota were more abundant in CAS than in NAS. 
Chytridiomycota, which was only present at the end of the harvest (T4), 
was also more abundant in CAS than in NAS. 

Fig. 3B shows the significant fungal genus differences (>1%) for each 
sampling time. As in the bacterial genera, only the genera showing 
significant differences between both treatments are represented. At T1, 
the dominant genera in CAS that were not present in NAS were Acre-
monium, Preussia and Thermomyces, while Alternaria, Ascobolus and 
Cladosporium were present in both treatments. At T2, the only repre-
sentative genus in the CAS treatment was Thermomyces. At T3, Ascobolus 
was present in both treatments. Finally, at T4, Thermomyces was again 
the only genus in the CAS treatment (Fig. 3B and Table S5). 

As occurred with the bacterial community, the differences in the CAS 
explained the significant variation that the fungal community had 
compared to NAS. This variation was greater after addition of compost 
and before adding the plastic cover (T1), and a week after placing the 
plastic cover (T2). Genera such as Aspergillus, Penicillium and Thermo-
myces were more abundant in CAS (Fig. 4B). 

Table 2 
Abundance of pathogens along the experiment.  

(Log copy number g-1 soil) Treatment T1 T2 T3 T4 Treatment Time Treatment*Time 

Alternaria spp. NAS 6.17 ± 0.15 5.22 ± 0.08 4.46 ± 0.25 4.64 ± 0.06 NS * ** * * 
CAS 6.01 ± 0.11 5.45 ± 0.06 4.05 ± 0.27 5.41 ± 0.09 

Fusarium oxysporum NAS 3.36 ± 0.16 2.08 ± 0.21 2.14 ± 0.12 2.11 ± 0.22 NS * ** NS 
CAS 3.05 ± 0.19 2.24 ± 0.23 2.26 ± 0.23 2.44 ± 0.05 

Fusarium 
Solani 

NAS 6.33 ± 0.19 6.18 ± 0.20 6.10 ± 0.23 6.20 ± 0.22 NS NS NS 
CAS 6.14 ± 0.24 6.14 ± 0.25 6.15 ± 0.24 6.25 ± 0.02 

Olpidium brassicae NAS 5.00 ± 0.01 4.90 ± 0.19 4.84 ± 0.19 5.20 ± 0.23 * * ** * * 
CAS 4.98 ± 0.10 4.95 ± 0.17 5.23 ± 0.24 5.86 ± 0.16 

Stemphylium botryosum NAS 4.78 ± 0.19 4.10 ± 0.20 0.00 ± 0.00 0.00 ± 0.00 * * ** * ** 
CAS 4.99 ± 0.23 3.08 ± 0.23 0.00 ± 0.00 0.00 ± 0.00 

Pythium 
ultimum 

NAS 5.65 ± 0.06 5.21 ± 0.23 5.29 ± 0.11 4.91 ± 0.31 NS * NS 
CAS 5.71 ± 0.18 5.50 ± 0.14 5.07 ± 0.15 5.17 ± 0.09 

Olpidium bornavanus NAS 5.79 ± 0.25 5.48 ± 0.21 4.83 ± 0.27 4.96 ± 0.06 NS * ** * ** 
CAS 5.79 ± 0.31 5.54 ± 0.16 5.25 ± 0.19 5.87 ± 0.25 

Monosporascus cannonballus NAS 4.28 ± 0.14 4.26 ± 0.09 4.11 ± 0.13 4.87 ± 0.30 * * ** * ** 
CAS 5.29 ± 0.27 4.27 ± 0.24 4.04 ± 0.21 5.73 ± 0.16 

NAS: non-amended soil; CAS: compost amended soil. T1: time 1, T2: time 2, T3: time 3, T4: time 4. Data are mean ± standard error: n = 3. A mixed ANOVA was 
performed to test the significant differences between treatment and time. Statistically significant differences between each treatment at each time * , * *, * ** : 
significant at p < 0.05, 0.01 and 0.001, respectively; NS.: not significant. 
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3.5. Estimation of microbial community functionality 

3.5.1. Predictive genes involved in the N-cycling pathways 
All of the six predicted genes encoding N metabolism showed sig-

nificant interaction between the sampling time and treatment (Fig. 5A, 
Table S6). The relative abundance of the N2-fixing functional gene (nifD) 
increased significantly with time, and CAS showed the highest abun-
dance at T4 (Fig. 5A). In the nitrification process, CAS showed a 
significantly higher abundance of ammonia oxidation-predicted genes 
(amoA and amoB) than NAS, but the level did not change along the 
experiment. Predicted denitrification genes, such as the denitrifying 
nitrous oxide reductase gene (nosZ), nitrate reductase (narG) and nitrite 
reductase (nirK), showed significantly higher values in CAS. At T2, both 
treatments showed the lowest values compared to the other sampling 
times (Fig. 5A). 

3.5.2. Predictive genes involved in the C-cycling pathways 
The five genes whose expression has been linked to the degradation 

of cellulose, hemicellulose, lignin and the carbon pathways were influ-
enced by the interaction between treatment and time (Fig. 5B, Table S6). 
Moreover, CAS showed a higher abundance than NAS, and the genes had 
a significantly (p < 0.05) higher expression at the end of the process 
(T3) and after spinach harvesting (T4) (Fig. 5B). At T2, the degradation 
of cellulose (beta-glucosidase (bglX) and alpha-glucosidase (malZ) 
showed lower values in both the CAS and NAS treatments (Fig. 5B). The 
genes that degrade lignin [catalase and glutathione peroxidase (gpx)] 
and hemicellulose (FUCA) showed significantly higher values in CAS 
than in NAS at T1, T3 and T4 (Fig. 5B). At T2, both the CAS and NAS 
treatments showed the lowest significant values (Table S6). 

3.5.3. Predictive genes involved in fungal functions 
For fungi, only three functional category groups were classified: 

pathotrophs, saprotrophs, and symbiotrophs (Fig. 5C, Table S7). Sap-
rotrophs were the dominant group in both CAS and NAS, followed by 
pathotrophs, while the symbiotroph group was only present in NAS at 
the T1 sampling time (Fig. 5C). 

4. Discussion 

In our study, both the NAS and CAS treatments showed a decrease in 

some potential spinach pathogens, such as Alternaria spp., F. oxysporum, 
O. brassicae, S. botryosum, P. ultimum, O. bornavanus and M. cannonballus. 
This fact is mainly attributed to the high temperature that the soil 
reached during the sanitization process, due to the accumulation of heat 
by incident short-wave solar radiation and the decrease in evaporation 
provided by the plastic cover (Marshall et al., 2013), as other authors 
have previously observed (Tuell-Todd et al., 2009). This is due to the 
pathogens would compete with the other microorganisms for nutrients 
and space (Fuchs et al., 2010) by selecting available substrate during the 
process and producing antagonist metabolites (Hewavitharana et al., 
2019). It is clear that the efficacy of disinfection depends on type and 
availability of soil amendment, volatilization losses, soil properties and 
the pathogen (Besri, 2021). The incorporation of compost in the solar-
ization process (CAS) did not increase the reduction of pathogens in the 
soil, contrary to other authors who have found that combining solari-
zation with different organic amendments suppresses pathogens such as 
Alternaria (Mehta et al., 2012; Achmon et al., 2020), F. oxysporum (Klein 
et al., 2011) and Pythium spp. (Gamliel and Stapleton, 1997; Shennan 
et al., 2018) probably due to the type of C source (Goss et al., 2013; 
Madejón et al., 2016), and the enhance and accumulation of volatile 
fatty acids (VFAs) (acetic acid, propionic acid or butyric acid) or 
different cyanates (biocide compounds) (Hestmark et al., 2019). It could 
be that the accumulation of biocides in CAS was not enough to weaken 
and inactivate different soilborne plant pathogens, and make them 
defenseless against different microorganisms (Stapleton and DeVay, 
1986). However, the biocides can directly likely responsible for the 
observed decrease in the pH an increase in EC values in CAS compared to 
NAS. Although, the decrease in EC after T3 and mainly after spinach 
harvesting (T4) was possibly due to the absorption of nutrients from the 
crop, the leaching of ions from the soil and the immobilization of inor-
ganic nitrogen (Medina et al., 2012; Pérez-Murcia et al., 2021). 

CAS showed a greater increase in TOC, total nitrogen and microbial 
activity than NAS, and this activity was maintained throughout the 
hygienization process (T1, T2 and T3) and even until the end of the crop 
spinach cycle (T4). This was probably due to the slow mineralization of 
the compost and to the N consumed by microorganisms (Hestmark et al., 
2019) contributing to improve soil microbial activity, increaseing soil 
sustainability and quality (Bastida et al., 2008; Liu et al., 2019; Ros 
et al., 2011; Sánchez-Navarro et al., 2022). 

Changes in the microbial diversity and composition of the soil have a 

Fig. 1. Diversity index Hill_2 on (A) bacteria community and (B) fungal community during the experiment. T1: time 1, T2: time 2, T3: time 3, T4: time 4. The red and 
black color correspond to NAS and CAS treatment, respectively. NAS: non-amended soil and CAS: compost amended soil. Boxes represent interquartile range (IQR) 
between first and third quartiles (which correspond with 25th and 75th percentiles, respectively). Horizontal line in the box defines the median and diamond the 
mean (n = 3). Whiskers correspond to the lowest and higher values. 
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Fig. 2. Principal Coordinate Analysis (PCoA) during the experiment at T1: time 1, T2: time 2, T3: time 3, T4: time 4 of bacterial community (left) fungal community 
(right). NAS: non-amended soil and CAS: compost amended soil. 
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Fig. 3. Circular stacked bar-chart showing the significant bacterial genera (A) and fungal genera (B) along the experiment. T1: time 1, T2: time 2, T3: time 3, T4: time 
4. The red color corresponds to NAS treatment and the green color corresponds to CAS. The representation was made using relative abundance (expressed as 
percentage). NAS: non-amended soil and CAS: compost amended soil. 
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considerable influence on the soil health and fertility (Simmons et al., 
2016; Hestmark et al., 2019; Nakayasu et al., 2021). The CAS produced a 
change in soil microbial dynamics considering that the compost can 
produce a shift on the soil microbiota and strongly influence the mi-
crobial use of C, which may in turn affect the preferential development 
of the microbe groups better adapted to the conditions. The amount, 
diversity and community structure of soil microbes are important in-
dicators of soil quality and play key roles in plant growth and defense 
(Nakayasu et al., 2021). In our study, and in contrast to other authors, 
such as Sosa et al. (2021), bacterial and fungal diversity were greater in 
CAS than in NAS (Hartmann et al., 2015; Wang et al., 2017), probably 
due to the C compounds and microorganisms provided by the compost 
(Hernández et al., 2015). Microorganisms from compost are adapted to 
high temperatures occurred during composting process, and could be 
survive to the increase of high temperatures during solarization (Hest-
mark et al., 2019), while the increase of temperature in NAS forced to 

decrease microorganisms that were not recovered at the end of the 
process (Dang et al., 2021; Kanaan et al., 2018). Simmons et al. (2014) 
provided evidence that solarization, with or without organic amend-
ments, leads to short- or long-term shifts in microbial communities, as 
we observed in our experiment. Both treatments were dominated by 
Proteobacteria and Actinobacteria, which are key drivers in the nutrient 
cycling (Luo et al., 2022), and by Ascomycota and Basidiomycota. These 
are the most dominant fungal phyla in soil (Llimós et al., 2021) and 
compost (Hernández-Lara et al., 2022) due to their capacity to resist 
high temperatures and their capability to use multiple carbon sources 
(including lignocellulose polymers) (Llimós et al., 2021). 

At T1 and T2, differences in the microbial community between CAS 
and NAS were observed by PCoAs. Different bacteria and fungi were 
significantly higher in CAS than in NAS due to due to the nutrients, 
microorganisms and colonizable soil substrates present in the compost 
(Ros et al., 2011). CAS contained bacteria, that were not present on NAS, 

Fig. 4. Principal response curve (PRC) diagram 
showing the response along the experiment for 
bacterial (A) and fungal (B) community. Curves 
represent the deviation between CAS from NAS, 
as a function of time, with 1 as day of compost 
amendment until the end of the process. The 
weight indicates the relative contribution of 
genera to the community response curve and 
were shown on the right axis. The genera that 
showed significant differences between the two 
treatments at the different times were repre-
sented. Monte Carlo permutation test 
permuting whole time series were applied to 
compute the statistical significance.). NAS: non- 
amended soil and CAS: compost amended soil.   
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related to biogeochemical functions that has previously been observed 
in agricultural soils: Woeseia, which carry out diverse ecological func-
tions like denitrification (Zhang et al., 2020a); Glycomyces, which is 
involved in organic matter degradation (Xie et al., 2021); Photo-
bacterium, Pseudomonas and Sphingomonas, which are promoters of plant 
growth and suppress plant disease (Fu et al., 2021); and NMD1, which 
belongs to the nitrite-oxidizing bacterial group and is involved in plant 
nutrition (Xue et al., 2022). As for fungi, CAS contained Acremonium, 
considered as a dominant non-pathogenic fungi in soils and previously 
observed in soils treated with organic residues (Swer and Dkhar, 2014), 
and Thermomyces, used to boost plant defense against pathogens through 
the production of chitinase. The latter is also involved in the C cycle due 
to its capability of degrading cellulose (Samet et al., 2019). Thermomyces 
has also been observed in mature compost made of agro-industrial waste 
(Hernández-Lara et al., 2022). Furthermore, those latter microorgan-
isms have been shown to have tolerance to high temperatures and can 
thus survive the hygienization process (Zhang et al., 2020b). 

At the end of the hygienization process, when the plastic was lifted 
(T3), there was a microbial vacuum, where soil was thus able to be 
recolonized by natural microbiota and no differences were observed 
between CAS and NAS (Fernandez-Bayo et al., 2017). However, certain 
beneficial microorganisms were more abundant in CAS than in NAS, 
such as Nitrospira, Luteimonas and NMD1, belonging to the 
nitrite-oxidizing bacterial group and involved in plant nutrition (Xue 
et al., 2022), or Acidibacter, considered an indicator of the good nutri-
tional status of the soil (Fu et al., 2021). Furthermore, the genera 

Luteimonas, Sphingomonas and Ascobolus can be considered suppressors 
of soil-borne diseases in compost (Innerebner et al., 2011; He et al., 
2021; Hernández-Lara et al., 2022). 

After harvesting the spinach crop (T4), CAS and NAS showed dif-
ferences in the bacterial and fungal communities, indicating that 
compost can stimulate microbial communities in the soil and those 
communities were maintained after the spinach harvest. Bacillus, 
Streptomyces, Chryseolinea and Mesorhizobium were more abundant in 
CAS than in NAS and frequently stimulated after harvesting (Okon Levy 
et al., 2015; Zhao et al., 2019; Readyhough et al., 2021). Streptomyces is 
a well-known growth-promoting bacterium in the rhizosphere of plants 
(Wu et al., 2021) that also produces antibiotics for biological control 
(Hassanisaadi et al., 2021). Bacillus is also known as a genera where 
some beneficial species belongs to that improves soil nutrition and 
suppresses plant diseases (He et al., 2021) and is highly abundant in 
compost (Saxena et al., 2020). In addition, fungi such as Thermomyces 
are capable of boosting plant defense against different soil pathogens 
(Samet et al., 2019). The PRC (Principal Response Curves) showed that 
different bacteria related to compost and involved in biogeochemical 
cycles—Woeseia, Sphingomonas, Blatococcus, Nitrospira, MND1, Lutei-
monas and Lysobacter (Hargreaves et al., 2015; Zhang et al., 2020a; Fu 
et al., 2021; Zhu et al., 2021; Xue et al., 2022)—and beneficial fungi for 
the soil—Acremonium, Chaetomium, Aspergillus and Ascobolus (Samet el 
at, 2019; Swer and Dkhar, 2014)—can be considered biomarkers of the 
process, playing a key role in the process even if not abundant. 

Microbial community and its gene expression have been affected 

Fig. 5. Heatmap of bacterial gene expression (A) nitrogen genes, (B) carbon genes and (C) pathotroph, saprotrophic and symbiotroph fungi along the experiment. T1: 
time 1, T2: time 2, T3: time 3, T4: time 4). NAS: non-amended soil and CAS: compost amended soil. 
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through organic soil amendment (Zhaoxiang et al., 2020). However, 
fewer studies have investigated the impacts of combining compost 
addition with solarization on N- and C-cycling during disinfection and 
after spinach harvest. We found that compost had a notable effect on the 
abundance of such genes involved in the C and N cycles at T1, T3 and T4, 
but not at T2. It is interesting to highlight the fact that at T2, all the 
functional genes related to C and N cycling showed the lowest activity, 
probably due to the temperature increase (Guo et al., 2021). 

The nitrogenase gene (nifD) that catalyzes the process of fixing at-
mospheric nitrogen into the soil, increased slightly in CAS after the 
plastic was lifted (T3), but above all, after growing spinach (T4), which 
could explain the increase of microorganisms such as Thermomyces (ni-
trogen-fixing genus) (Llimós et al., 2021) Different microorganisms such 
as NMD1, Nitrospira and Woeseia (Ammonia oxidation genus) were 
observed in both treatments. AmoA and amoB genes, which contribute 
significantly to ammonia oxidation (Xiao et al., 2019), showed lower 
values in both treatments due to a decrease in the nitrification process. 
However, an increase of nosZ abundance in CAS at T3 and T4 could 
potentially indicate a greater conversion of N2O to N2, which could 
decrease the greenhouse effect (Krause et al., 2017). Wolf et al. (2018) 
observed that higher levels of soil organic carbon may contribute to an 
increase in nosZ, as we observed in CAS along the experiment. The 
greater increase of nirk in CAS than in NAS favoured the higher rates of 
dissimilatory nitrate reduction to ammonium and the lower rates of 
denitrification (Putz et al., 2018). 

The predicted gene-encoding enzyme involved in lignocellulose 
degradation for the CAS treatment in T3 and T4 resulted in an increase 
that could be due to a number of factors stimulating microbial activity, 
including water addition, higher temperatures and organic amendment 
incorporation (Lisetskii et al., 2019). A similar trend was observed by 
some genera such as Nocardioides and Thermomyces that are involved in 
the C cycle (Yim et al., 2015; Samet el at, 2019) and were present 
throughout the process and at the end of the harvest. Soil microbes 
perform critical roles in organic carbon cycling and its fixation (Liang 
and Balser, 2012). The abundance of several predictive genes involved 
in cellulose, hemicellulose and lignin degradation suggests that 
improved nutritional availability in the compost-amended soil increased 
the potential of the community to metabolize complex polysaccharides, 
thus improving the microbial activity—as indicated by an increase in 
dehydrogenase activity—to a greater extent in CAS than in NAS at T3 
and T4. Predictive genes encoding cellulolytic activity, beta-glucosidase 
(bglX) and alpha-glucosidase (malZ) and also hemicellulose hydrolysis, 
Alpha-L-fucosidase (FUCA)—an important enzyme that catalyzes the 
hydrolysis of residues in agricultural waste (Jiménez et al., 2014; Yu 
et al., 2017; Fernández-Bayo et al., 2019)—showed the highest abun-
dance in CAS at T4. This agrees with authors such as (Yu et al., 2017) 
and Fernández-Blayo et al., (2019), who have shown that organic exu-
dates from the rhizosphere can increase C-degrading pathways. The 
increase in glutathione peroxidase (gpx) and catalase probably had to do 
with the high amounts of lignin in the amended compost due to the 
origin of its raw materials (Fernández-Bayo et al., 2019). 

Regarding the functionality of the fungi, the saprotroph micro-
organism—which plays an essential role in the degradation of cellulosic 
waste—indicates adaptation to stressors, such as the wide range of 
temperatures that occurs in the solarization (Marano et al., 2011). 
Symbiotrophs were not observed in the process, while the pathotropic 
fungi decreased. The latter generally derive nutrients by attacking host 
cells and are thus considered to cause disease or have negative effects on 
plant performance (Anthony et al., 2017). 

5. Conclusions 

It can be concluded that the combination of compost and solarization 
(CAS) added value to the soil by increasing soil fertility and microbial 
activity. In addition, the compost produced significant changes in the 
soil bacterial and fungal communities compared to NAS during the 

solarization process and after harvesting. Different beneficial bacteria 
and fungi were more abundant in CAS than in NAS and also had a 
notable effect on the abundance of predictive genes involved in the C 
and N cycles. CAS also showed higher N2-fixation and greater conver-
sion of N2O to N2 after harvesting. Moreover, the abundance of several 
predictive genes involved in hemicellulose, lignin and cellulose degra-
dation suggested that CAS produced an increase in nutritional avail-
ability. Therefore, compost could have induced a priming effect, which 
benefits the soil after spinach harvesting. 
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