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Abstract: In this field study, the fungicidal and nematicidal activity of two plant extracts (Larrea spp.
(LR), Liquidambar spp. (LQ)), and an organosulfur soil fungicide metam sodium alone (MS), and a
mix of LR and MS (LR + MS) was assayed under pepper cropping in southeastern Spain. Metam
sodium treatments (MS and LR + MS) produced the highest crop yields and were more effective in
controlling root-knot nematodes and fungal pathogens (Fusarium, Pythium, and Rhizoctonia solani) than
the plant extracts treatments (LQ and LR). Furthermore, the effect of the metam sodium treatments
applied negatively affected the soil microbial community, principally bacteria, but not fungi. These
microbial community changes of the soil were principally observed after treatment application;
the differences between the treatments were reduced at the end of the experiment, when recovery of
the soil microbiota communities occurred.

Keywords: soil fumigation; plant extract; root-knot nematodes; pepper crop; 16S rRNA; ITS2;
amplicon sequencing

1. Introduction

Soil fumigation is one of the most widely applied methods for controlling agricultural pests.
Among the soil fumigants, methyl bromide and 1, 3-dichloropropene were extensively applied
worldwide until their use was restricted in Europe due to their impact on the environment and human
health. Among the alternatives, several studies have focused on the search for less toxic alternatives that
are also highly efficient for controlling soilborne diseases, e.g. metam sodium (MS) [1]. Metam sodium
(sodium N-methyldithiocarbamate) is an organosulfur soil fumigant considered to be moderately
hazardous (toxicity class II) by the World Health Organization that is applied nowadays [2,3]. Several
studies have reported the efficiency of MS against root-knot nematodes and fungal pathogens, such as
Fusarium spp., Pythium spp., and Rhizoctonia solani, when used either alone or in combination with
other pesticides [1,3]. Nevertheless, MS can affect the soil community structure due to its inhibitory
effect on Gram-negative bacteria and fungi [4].

In recent years, several studies have focused on the search for less toxic alternatives that are
also highly efficient at controlling soilborne diseases [1,5,6]. The application of allelopathic plant
extracts aimed to suppress weeds, fungal pathogens, and plant-parasitic nematodes in field crops has
increased [7–9], e.g., Fumaria parviflora [10], Artemisia [11], or Chornea cordifolia, Sena alata, and Moringa
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oleifera [12], although these extracts show lower efficacy than organophosphate pesticides [12,13] and
their efficacy is not yet entirely clear and depends on the plant species [7,14].

Plant extracts belonging to the Brassicaceae, Myrtaceae, Asteraceae, and Fumariaceae families are
the most studied in terms of the biological control of plant pests [7,15]. In the present work, we assayed
the efficacy of Larrea spp. belonging to the Zygophyllaceae family, and Liquidambar spp. belonging to
the Altingiaceae family against fungal pathogens and nematodes (Meloidogyne spp.) scarce studied.
The antifungal activity of Larrea spp. extracts against certain fungal pathogens has been proven,
although most studies have been carried out in vitro [16,17]. Scarce information is available about the
use of Liquidambar spp. against agricultural pests, and the few relevant studies have focused mainly on
insects [18,19].

Changes in the non-target soil community are a reliable indicator of environmental disturbances,
which is useful for assessing the impact caused by pesticides in the soil ecosystem [20]. The negative
effect of chemical pesticides like metam sodium on the composition, diversity, and structure of the soil
community is known [4,21,22], but it is unknown whether this effect is reversible or irreversible. In this
regard, plant extracts must have a minimal impact on the activity and structure of soil communities (in
addition to being efficient in controlling soilborne diseases) to be considered as a realistic alternative to
synthetic pesticides.

Our aim was to evaluate the effect of metam sodium and two plant extracts (Liquidambar spp. and
Larrea spp.) to control root-knot nematodes (Meloidogyne spp.) and fungal pathogens in a pepper crop
field experiment and on non-target soil bacterial and fungal communities and soil microbial activity.

2. Materials and Methods

2.1. Experimental Design and Sampling

The experiment was initiated in August 2017 in a greenhouse located in Murcia (southeast Spain).
The soil has a clay-loam texture (32.5% sand, 34.1% silt and 33.4% clay), an alkaline pH (7.9), and low
concentrations of total N (0.07%) and total organic matter (1.53%).

The experimental design was a randomized complete block with four plots (4 × 5 m, with 1 m
between each plot) for each of the following treatments, which were applied using a drip system:
(i) Untreated soil (control); (ii) Liquidambar spp. extract (100 L/ha 7 days before transplanting (DBT)
+ 10 L/ha 21 and 42 days after transplanting (DAT)) (LQ); (iii) Larrea spp. extract (25 L/ha 7 DBT +

6 L/ha 21 and 42 DAT) (LR); (iv) metam sodium (800 L/ha (40% w/v) 28 DBT) (MS,); and (v) a mixture
of Larrea spp. and metam sodium (600 L MS/ha (40% w/v) 28 DBT+ 6 L LR 21 and 42 DAT) (LR +

MS), to study the enhancement produced by the application of Larrea spp. over that of metam sodium.
The application doses were applied following the company’s recommendations.

Soil samples were taken at different sampling times: Before the treatment application (T0, August
2017); after the treatment application (T1, September 2017); and at the end of the experiment when
pepper was marketable (T2, January 2018). We obtained five soil samples per plot at a depth of 0–10 cm
and combined them into a composite sample. For each soil sample, one subsample was stored at 4 ◦C
for biochemical analysis, another subsample was frozen at −20 ◦C for DNA extraction, and another
subsample was air-dried and sieved (< 2 mm) for chemical analysis.

The pepper plants (26 per plot) were sown at the end of October 2017 and were sampled at the end
of the experiment (T2). The individual plants were carefully rinsed with distilled water and separated
into roots and shoots, which were pooled by plot into a single sample.

2.2. Crop Yield, Root Weight, and Root Gall Index

The crop yield (kg ha−1) was determined by weighing the peppers harvested from each plot
during the experiment. The disease severity was estimated after planting (T1–2) and at T2 using
the root gall index, based on a scale of 0 (complete and healthy root system) to 10 (plants and roots
dead) [23]. The root weight was measured at the T1–2 and T2 samplings.
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2.3. Soil Microbial Activity

Dehydrogenase activity (DHA) was determined using 1 g of soil and the reduction of
2-p-iodo-3-nitrophenyl-5-phenyl tetrazolium chloride to iodonitrophenyl formazan [24].

2.4. Soil DNA Extraction

DNA was extracted from soil samples using the Mo Bio PowerSoil DNA kit (Mo Bio laboratories,
Carlsbad, Ca) following the modification described by Taskin et al. [25]. Total DNA was extracted
from roots using a NucleoSpin Plant II kit (Macherey-Nagel, Düren, Germany) following the
manufacturer’s protocol.

2.5. Root-Knot Nematode and Fungal Pathogen Detection by qPCR

Real-time PCR was performed to quantify the number of internal transcribed spacer (ITS) copies in
soil DNA using a 7500 Fast Real-Time PCR system (Applied Biosystems). The reaction mixtures (15 µL)
contained a final concentration of 1× TaqMan Universal Master Mix II no UNG (Applied Biosystems),
0.3 µm of each primer, 0.1 µm of TaqMan probe, 0.1 mg mL−1 of bovine serum albumin (BSA), 3 µL
of DNA template, and nuclease-free water. The PCR program consisted of an initial denaturation
step at 95 ◦C for 10 min, followed by 40 cycles at 95 ◦C for 10 s and at 60 ◦C for 40 s, and a final step
at 50 ◦C for 2 min. Three real-time PCRs were carried out for each DNA sample. The amplification
results were analyzed with 7500 Fast Real-time PCR software v.2.0 (Applied Biosystems). Fungal
pathogen detection and quantification was performed using the Vegalert qPCR quantitative kits for
curcubits (Microgaia Biotech S.L, Murcia, Spain). Root-knot nematode (Meloidogyne spp.) detection
and quantification was carried out using the primer pair MelF/MelR and the probe MelP [26].

2.6. Soil DNA Sequencing

PCR amplification of the V4 region of bacterial 16S rDNA and the fungal ITS2 region was
performed using the 515F/806R [27] and the gITS7/ITS4 [28] primer pairs, respectively. Each sample
was amplified in triplicate as described previously by Žifčáková et al. [29]. Purification of the PCR
products was performed using the QIAquick PCR Purification Kit (Qiagen, Hilden, Germany), and the
DNA concentration was measured by Qubit (Thermo Fisher, Ca). Subsequently, libraries were built
using the TruSeq PCR-Free kit.

Sequencing of the bacterial and fungal amplicons was performed on Illumina MiSeq, and the
amplicon sequencing data were processed using the SEED 2 program [30]. Pair-end reads were merged
using FASTQ-join [31]. For bacterial 16S sequences, whole amplicons were processed, whereas the
fungal ITS2 region was extracted before processing. Chimeric sequences were detected using USEARCH
8.0.1623 and subsequently removed from the dataset. Clustering of sequences was performed using
Uparse implemented within Usearch [32] at a 97% similarity level. The most abundant sequence
from each cluster was extracted, and the closest hits at the genus or species level were identified
using BLASTn against the Ribosomal Database Project [33] and Genbank databases (for bacteria) or
UNITE [34] and GenBank (for fungi).

The operational taxonomic units (OTUs) table obtained was filtered before statistical analysis
according to the guidelines reported by Anslan et al. [35]. OTUs with no BLAST hits, identified as
nonbacterial or nonfungal, with an E-value > 1e−25 and/or a query coverage < 70%, were removed.
Additionally, singleton OTUs were excluded [36]. Finally, a post-clustering curation method (LULU
algorithm) was applied (minimum_ratio_type = “min”, minimum_match = 97 [37]. The richness index
(Chao1) and the diversity index (Shannon) were calculated for each sample using the diversity function
in the vegan package [38].
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2.7. Statistical Analysis

Data meeting the normality (Shapiro–Wilk test) and homoscedasticity (Levene’s test) criteria were
subjected to one-way ANOVA to test differences between treatments and samplings. Post hoc analyses
were based on Fisher’s least significant difference (LSD) test (or Dunnett’s T3 test if the variances were
unequal). Non-normally distributed variables were analyzed using a non-parametric Kruskal–Wallis
test, and differences among treatments were evaluated using Mann–Whitney U tests. A two-way
ANOVA was also performed followed by a post-hoc Fisher’s LSD test to evaluate the effect of sampling
time and treatments. The significance level used was 0.05. All the analyses were carried out using
SPSS 25.0 software for Windows (SPSS Inc., Chicago, IL, USA).

OTU abundance matrices were Hellinger transformed (decostand function in vegan package
in R) [38]. The effect of the treatments and sampling time on the bacterial and fungal community
structures was analyzed by permutational multivariate analysis of variance (PERMANOVA; adonis
function in vegan package [39]. A non-metric multidimensional scaling (NMDS) ordination (using the
Euclidean distance) was carried out for visualization of the bacterial and fungal community structures
(metaMDS function in vegan package) [38].

Spearman’s correlation analysis was performed between the pathogen abundance in the soil,
diversity index, and soil microbial activity. The relationship between root parameters (root weight, gall
index), crop yield, and pathogen abundance was also determined.

3. Results

3.1. Crop Yield, Root Weight, and Gall Index

The MS and LR + MS treatments showed higher pepper yields than the plant extract treatments
(LQ and LR) without the addition of MS, and the LQ and LR treatments did not show significant
differences compared to the control (Figure 1). The root weight and gall index were significantly
affected by the treatments (root weight: F = 30.16, galls: F = 13.41; P < 0.01) and the sampling time
(root weight: F = 304.9; galls: F = 26.50; P < 0.01). At the end of the experiment (T2), the values of both
parameters were higher than after treatment application (T1). Root weight was significantly higher
in MS and LR + MS and the gall index significantly lower in MS than in the rest of the treatments
(Figure 2).
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Figure 1. Pepper crop yield at the end of the experiment (mean ± SD, n = 4). Bars labelled with different
lowercase letters are significantly different (P < 0.05) between treatments. Control: untreated soil; LQ:
Liquidambar; LR: Larrea; MS: metam sodium; LR + MS: Larrea + metam sodium.
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Figure 2. Root weight and gall index in the different treatments (mean ± SD, n = 4). T1–2 sampling:
after planting; T2 sampling: at the end of the experiment. For each sampling: different lowercase letters
in bars indicate the significant differences between treatments. For each treatment: asterisks in bars
indicate significant differences between samplings (*P < 0.05; **P < 0.01). Control: untreated soil; LQ:
Liquidambar; LR: Larrea; MS: metam sodium; LR + MS: Larrea + metam sodium.

3.2. Soil Microbial Activity

Dehydrogenase activity was also significantly affected by the sampling time (P < 0.05, F = 94.30,
Eta squared = 0.77) and by the treatments (P < 0.05, F = 4.79, Eta squared = 0.45). After treatment
application (T1), DHA activity showed lower values for all treatments than at T0 and was lowest in
the MS and LR + MS treatments (Figure 3). The DHA increased at the end of the experiment for all
treatments, except for LR + MS.
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Figure 3. Dehydrogenase activity of different treatments (mean ± SD, n = 4). Values labelled with
different lowercase letters indicate significant differences (P < 0.05) between treatments at T1 and with
uppercase letters at T2. Control: untreated soil; LQ: Liquidambar; LR: Larrea; MS: metam sodium;
LR + MS: Larrea + metam sodium; T0: initial sampling; T1: sampling after the treatment application;
T2: sampling at the end of the experiment.

3.3. Abundance of Root-Knot Nematodes (Meloidogyne spp.)

The abundance of Meloidogyne spp. decreased significantly in the soil after treatment application
(T1) except for MS treatment, but an increase occurred in all treatments except MS by the final sampling
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(T2) (Table 1). The most effective treatment in reducing root-knot nematodes in the soil along the
experiment was MS, whereas the effect of LR + MS was only observed after application (T1) (Table 1).

Table 1. Meloidogyne spp. abundance (log copies ITS g−1 soil) in different treatments. (mean ± SD,
n = 4).

Meloidogyne spp. (log copies ITS g−1 soil)

CONTROL
T0 5.65 ± 0.22 a
T1 4.72 ± 0.28 b A
T2 5.96 ± 0.33 a A

LQ
T0 5.65 ± 0.22 a
T1 4.90 ± 0.02 b A
T2 5.99 ± 0.16 a A

LR
T0 5.65 ± 0.22 a
T1 4.51 ± 0.12 b AB
T2 5.77 ± 0.40 a A

MS
T0 5.65 ± 0.22 a
T1 4.58 ± 0.31 a AB
T2 4.40 ± 0.63 a B

LR + MS
T0 5.65 ± 0.22 a
T1 3.73 ± 0.39 b B
T2 6.19 ± 0.52 a A

For each treatment: values labelled with different lowercase letters indicate significant differences (P < 0.05) between
sampling. For each sampling: Values labelled with different uppercase letters are significantly different (P < 0.05)
between treatments. Control: untreated soil; LQ: Liquidambar; LR: Larrea; MS: metam sodium; LR + MS: Larrea
+ metam sodium; T0: initial sampling; T1: sampling after the treatment application; T2: sampling at the end of
the experiment.

3.4. Abundance of Fungal Pathogens

Regardless of the treatment, a significant increase in Alternaria sp. was observed between the
initial sampling (T0) and the end of the experiment (T2) (Table 2). In general, Fusarium (F. oxysporum,
F. solani) and Rhizoctonia solani (R. Solani) abundance was significantly lower in the MS and LR + MS
treatments (Table 2), whereas Pythium (PG1, P. ultimum and P. aphanidermatum) was not detected in
these treatments at the final sampling (T2) (Table 2).

3.5. Soil Microbial Diversity

Bacterial richness (Chao 1) was significantly affected by the sampling times and treatments, while
the diversity index (Shannon) was only affected by the treatment (Table 3).

The MS and LR + MS treatments showed a lower bacterial diversity index than LR in both
samplings. Moreover, the MS treatment showed the lowest richness index in T1, while LR showed
the highest in T2 (Table 3). Neither the fungal richness (Chao 1) nor fungal diversity (Shannon) was
significantly affected by the treatment or sampling time (Table 3).
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Table 2. Fungal pathogens abundance (log copies ITS g−1 soil).

Alternaria sp. R. solani F. oxysporum F. solani Pythium G1 P. ultimum P. aphanidermatum

CONTROL
T0 3.73 ± 0.04 a 4.01 ± 0.18 a 4.84 ± 0.24 a 5.33 ± 0.25 a 4.02 ± 0.29 a 4.50 ± 0.35 a 3.97 ± 0.26 a
T1 4.58 ± 0.51 ab A 5.65 ± 0.17 b A 5.28 ± 0.09 a A 5.88 ± 0.09 a A 3.60 ± 0.14 a A 4.64 ± 0.15 a A 4.14 ± 0.06 a A
T2 4.85 ± 0.24 b A 4.52 ± 0.34 a A 4.50 ± 0.13 a AB 5.69 ± 0.15 a A 4.19 ± 0.20 a 4.79 ± 0.18 a 4.45 ± 0.20 a

LQ
T0 3.73 ± 0.04 a 4.01 ± 0.18 a 4.84 ± 0.24 a 5.33 ± 0.25 a 4.02 ± 0.29 a 4.50 ± 0.35 a 3.97 ± 0.26 a
T1 4.2 ± 0.17 ab A 5.31 ± 0.35 b A 5.68 ± 0.12 b A 5.88 ± 0.06 a A 3.99 ± 0.39 a A 4.36 ± 1.14 a AB 4.50 ± 0.47 a A
T2 4.88 ± 0.14 b A 4.62 ± 0.23 ab A 4.28 ± 0.16 a AB 5.70 ± 0.11 a A 3.66 ± 0.07 a 4.95 ± 0.15 a 4.08 ± 0.05 a

LR
T0 3.73 ± 0.04 a 4.01 ± 0.18 a 4.84 ± 0.24 a 5.33 ± 0.25 a 4.02 ± 0.29 a 4.50 ± 0.35 a 3.97 ± 0.26 ab
T1 4.09 ± 0.23 ab A 5.19 ± 0.22 b A 6.12 ± 0.18 b A 5.49 ± 0.34 a AB 3.53 ± 0.20 a A 4.78 ± 0.49 a AB 2.81 ± 0.48 a B
T2 5.05 ± 0.18 b A 4.71 ± 0.27 b A 4.73 ± 0.14 a A 5.72 ± 0.27 a A 4.01 ± 0.22 a 4.81 ± 0.12 a 4.10 ± 0.28 b

MS
T0 3.73 ± 0.04 a 4.01 ± 0.18 a 4.84 ± 0.24 a 5.33 ± 0.25 a 4.02 ± 0.29 4.50 ± 0.35 3.97 ± 0.26
T1 3.71 ± 0.35 a A 3.97 ± 0.05 a B 4.59 ± 0.90 a A 4.75 ± 0.40 ab B 3.61 ± 0.24 A 3.25 ± 0.02 B 3.90 ± 0.34 AB
T2 5.39 ± 0.15 b A 4.09 ± 0.10 a A 4.34 ± 0.30 a AB 4.25 ± 0.33 b B - - -

LR + MS
T0 3.73 ± 0.04 a 4.01 ± 0.18 a 4.84 ± 0.24 a 5.33 ± 0.25 a 4.02 ± 0.29 4.50 ± 0.35 3.97 ± 0.26
T1 4.24 ± 0.35 a A 3.89 ± 0.18 a B 4.25 ± 0.77 ab A 4.22 ± 0.19 b B 3.33 ± 0.14 A 3.92 ± 0.33 B 3.65 ± 0.12 AB
T2 5.33 ± 0.34 b A 4.61 ± 0.05 b A 3.91 ± 0.10 b B 4.84 ± 0.37 ab B - - -

For each treatment: values labelled with different lowercase letters indicate significant differences (P <0.05) between sampling. For each sampling: Values labelled with different uppercase
letter are significantly different (P < 0.05) between treatments. Control: untreated soil; LQ: Liquidambar; LR: Larrea; MS: metam sodium; LR + MS: Larrea + metam sodium; T0: initial
sampling; T1: sampling after the treatment application; T2: sampling at the end of the experiment. (-) not detected.
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Table 3. Diversity index (Chao 1 and Shannon; mean ± SD, n = 4) for all treatments at two samplings.

Bacteria Fungi

Chao 1 Shannon Chao 1 Shannon

CONTROL
T1 720 ± 55 A 6.20 ± 0.13 AB 139 ± 5 3.83 ± 0.02
T2 760 ± 14 ab 6.29 ± 0.03 a 180 ± 5 4.02 ± 0.04

LQ T1 713 ± 15 AB 6.17 ± 0.03AB 87 ± 17 3.12 ± 0.17
T2 725 ± 42 ab 6.20 ± 0.07 ab 127 ± 28 3.55 ± 0.50

LR
T1 714 ± 43 AB 6.25 ± 0.08 A 135 ± 65 3.68 ± 0.66
T2 770 ± 6 a 6.29 ± 0.02 a 82 ± 10 2.99 ± 0.18

MS
T1 583 ± 26 B 5.80 ± 0.17 B 95 ± 2 3.07 ± 0.09
T2 694 ± 20 b 6.08 ± 0.02 b 102 ± 86 2.95 ± 1.25

LR + MS
T1 621 ± 21 AB 5.97 ± 0.05 B 169 ± 12 4.01 ± 0.25
T2 669 ± 40 b 5.89 ± 0.38 b 128 ± 44 3.37 ± 0.75

Two-way ANOVA (F-values/P-values/ Partial Eta squared)

Treatment 10.254/0.001/0.804 5.504/0.013/0.688 2.017/0.168/0.446 1.710/0.224/0.406
Sampling 13.832/0.004/0.580 1.421/0.261/0.124 0.006/0.941/0.001 0.480/0.504/0.046

TxS 1.268/0.345/0.337 0.825/0.538/0.248 1.304/0.333/0.343 0.836/0.532/0.251

Value followed by uppercase letters indicate differences between treatments in sampling time 1 (T1) and lowercase
letters indicate differences between treatments at sampling time 2 (T2) (P < 0.05). Significance of effects of the
treatments, sampling time and their interaction on the diversity index (F-values (P-values)) as well as the magnitude
of the effect attributable to each factor (Partial Eta) is also shown. Control: untreated soil; LQ: Liquidambar; LR:
Larrea; MS: metam sodium; LR + MS: Larrea + metam sodium. T1: sampling after the treatment application; T2:
sampling at the end of the experiment.

3.6. Bacterial Microbial Community

A total of 5228 bacterial OTUs belonging to 24 phyla were identified in all treatments
(Table S1; Figure 4a). The following were the most abundant phyla averages of all treatments:
Proteobacteria (27%), Actinobacteria (9.4%), Bacteroidetes (8.4%), Firmicutes (5.3%), Acidobacteria
(4.7%), Gemmatimonadetes (4.2%), and Chloroflexi (3.3%).

Both the treatment and the sampling time affected the structure of the bacterial community
(treatment: pseudo-F = 1.606, P = 0.002, R2 = 0.28; sampling: pseudo-F = 2.860; P = 0.001; R2 = 0.12).
Moreover, NMDS showed differences between the bacterial community structures in the MS and LR +

MS at T1 and the other treatments. No differences between treatments were observed at the end of the
experiment (Figure 5a). We also observed a general increase in Bacteroidetes in all treatments and a
decrease in Actinobacteria (control, MS and LR + MS) from T1 to T2 (Figure 4a). In addition, we found
an increase in Verrumicrobia and a decrease in Firmicutes along the experiment in the MS and LR +

MS treatments (Figure 4a). At the end of the experiment, we only observed a remarkable increase in
Cyanobacteria in MS (Figure 4a).

The orders identified comprised 119 taxonomic groups, of which Bacillales (4.4%), Cytophagales
(3.2%), Gemmatimonadales (2.7%), Rhizobiales (2.4%), Xanthomonadales (2.4%), Rhodospirillales
(2.3%), and Sphingomonadales (2.3%) were the most abundant (Table S1, Figure 4b). At the order
level, we found an increase in Flavobacteriales, Sphingomonadales, and Burkholderiales (the latter
only in LQ, MS, and LR + MS) from T1 to T2 (Figure 4b). The abundance of Planctomycetales and
Propionibacteriales was higher in LR and LQ than in the rest of the treatments, whereas the lowest
abundance of Cytophagales was observed in MS (Figure 4b).
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3.7. Fungal Microbial Community

A total of 739 OTUs belonging to 5 phyla were identified: Ascomycota (82.5%), Basidiomycota
(6.1%), Mucoromycota (2.9%), Chytridiomycota (0.6%), and Olpidiomycota (0.4%). The soil fungal
community was significantly affected by the treatment (pseudo-F = 2.018, P = 0.013, R2 = 0.34) but not
by the sampling time. Along the experiment, Ascomycota decreased (except in LR) and Basidiomycota
increased in the control and LQ treatments (Figure 6a). Mucoromycota abundance was higher in all
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treatments than in the control (Figure 6a). At the end of the experiment (T2), however, we did not
observe a clear difference between the control and the rest of the treatments (Figure 5b).
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At the order level, 55 taxonomic groups were identified, and the fungal community was dominated
by Eurotiales (40%), Sordariales (12%), and Hypocreales (9%) (Table S2). At T2, we observed an increase
in Pleosporales in MS and LR + MS and in Hypocreales in LR (Figure 5b). Eurotiales and Sordariales,
on the other hand, decreased in the control and MS treatments at T2. Among treatments, there was a
relevant increase in Glomerellales in MS and in Olpidiales in LR at T2 (Figure 5b).

3.8. Relationships between Biological and Chemical Variables

The gall index was positively correlated with Meloidogyne spp. abundance in the soil (r = 0.588,
P = 0.008) and negatively correlated with root weight and crop yield (rweight = −0.536, ryield = −0.688;
P < 0.01). DHA activity was negatively correlated with the abundance of root-knot nematodes in the
soil (r = −0.485; P = 0.035).

4. Discussion

An increase in environmental awareness and policies aimed at preserving soil quality
and protecting human health has prompted deeper study of plant extracts as fungicides and
nematicides [40–42]. Our results reveal that the pepper crop gall index and the abundance of
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different soilborne fungal pathogens (Fusarium, Pythium, and R. solani) were significantly lower in
the MS and LR + MS treatments than in the plant extract treatments (LQ and LR). These results are
supported by the fact that the highest pepper yields and root weights were also found in the MS
and LR + MS treatments. This could indicate that metam sodium is more effective as a fungicide
and nematicide [1,3] than plant extracts (LQ and LR), which did not show either nematicidal [43]
or fungicidal activity. These results are opposite to those observed in vitro by Osorio et al. [16] and
Vogt et al. [17], who showed antifungal activity of Larrea spp. and Liquidambar spp. against Fusarium
sp., and Castillo et al. [44], who showed activity of Larrea spp. extracts against R. solani. Besides, other
plant extracts, such as Myrtus communis [15], black pepper (Piper nigrum L.) [45], eucalyptus, garlic,
and ginger [46], have also shown nematicidal activity (Meloidogyne spp).

The lower microbial activity observed in metam sodium treatments (MS and LR + MS) [20,21] is
also reflected in the lower microbial diversity, principally in the bacterial community, as reported by
Singh et al. [47] and Li et al. [48]. The LR treatment showed the highest microbial diversity, which
seems to indicate that Larrea spp. have a minimal (or non-) toxic effect on the microbial community [47].
In terms of the microbial composition, the soil bacterial communities were comprised of the same main
phylogenetic groups commonly found in agricultural soils [49,50]. The bacterial composition was
affected by the metam sodium treatments [48], although at the end of the experiment, no differences
were observed between treatments. This may indicate that the bacterial community was not irreversibly
altered by MS treatments and was able to recover after treatment application, when an increase in
microbial activity was observed. No significant differences in Proteobacteria were found, independent
of the treatment and sampling time, suggesting that Proteobacteria is resistant to metam sodium as
was shown by Sederholm et al. [51]. As for Cyanobacteria, we observed an increase at the end of the
experiment in the MS treatments. This could produce an increase in soil health due to the fact that
Cyanobacteria have great potential in nutrient recycling, organic waste decomposition, detoxification
of harmful chemicals, control of plant pathogens, and the production of metabolites, such as hormones,
vitamins, and enzymes [47,52]. The abundance of Firmicutes, on the other hand, was relatively
high after metam sodium application until the end of the experiment, when it declined. Firmicutes
have repeatedly been reported as showing resistance to external stressors [53–55]. Nevertheless,
other researchers have come to different conclusions based on similar results. Navarrete et al. [56],
for instance, correlated an increase in Verrucomicrobia with low soil fertility.

The increase in Cyanobacteria in MS-treated soils throughout the experiment could be related to
a change in root exudate compounds. The decrease in biotic stress (pathogens) implies that plants
exudate less phenolic compounds, which are negatively correlated to Cyanobacteria abundance [57].

Regardless of the treatment, Ascomycota dominated the fungal community throughout the
experiment. These results are in line with previous reports in agricultural soils [58,59]. Despite
the high sensitivity of Ascomycota to Larrea spp. extracts [17], the abundance increased in the LR
treatment from T1 to T2. Mucoromycota was more abundant in treated soils, especially those with
plant extracts. At the end of the experiment, the fungal communities in the LR + MS and MS treatments
were similar. These communities were characterized by a decrease in Ascomycota at the final sampling
time, in accordance with the persistent changes in the Ascomycete community due to MS application
found by Omirou et al. [21].

5. Conclusions

Our results indicate that the use of metam sodium treatments (MS and LR + MS) produced the
highest crop yields and were more effective than the plant extract treatments (LQ and LR) in controlling
root-knot nematodes and fungal pathogens (Fusarium, Pythium, and R. solani). The negative effect of
metam sodium on the microbial community was higher in the bacterial than in the fungal community
although the data showed a potential time recovery. This paper is one of the few studies carried out
at the field level where the potential nematicidal and fungicidal effects of plant extracts compared to
metam sodium and their effects on non-target or overall soil microbial community have been studied,
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in addition to implementing the most traditional approaches on crop yield or biocontrol activity.
However, further studies are needed on the use of these plant extracts with other soil managements,
or the testing of more plant extracts alone or in combination to determine higher efficacies but always
taking into account the production of a lower incidence on non-target soil microbial communities. These
proposed future approaches would permit the development of sustainable agricultural techniques,
permitting a reduction of the negative effects on the environment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/10/4/513/s1,
Table S1. Soil bacterial community composition in the experimental soil; Table S2. Soil fungal community
composition in the experimental soil.
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