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Abstract: Agricultural soil environments contain different types of nematodes in all trophic levels that
aid in balancing the soil food web. Beneficial free-living nematodes (FLNs) consist of bacterivores,
fungivores, predators, and omnivores that help in the mineralization of the soil and the top-down
control of harmful plant-parasitic nematodes (PPNs). Annually, USD 125 billion in worldwide crop
losses are caused by PPNs, making them a plant pathogen of great concern for growers. Farmers
have started to implement the use of cover crops in agricultural systems for the protection and
enrichment of soil but research on how different cover crops affect nematode populations is lacking
and in demand. This study aims to determine the effects of legume and grass cover crops, Cowpea
(Vigna unguiculata) and Pearl Millet (Pennisetum glaucum), as well as their mixture on the abundance
and diversity of FLN and PPN populations. Soil samples were collected at the time of cover crop
maturity and spinach harvest to analyze nematode communities using both morphological and DNA
metabarcoding analysis. The results showed that the application of Cowpea and Pearl Millet as well
as their mixture in a spinach agricultural system led to the control of PPNs and proliferation of FLN
communities, with each cover crop treatment demonstrating different advantages for the various
nematode feeding groups. Soil property analysis did not show a significant difference except for
magnesium and total nitrogen levels, which were significantly correlated with nematode community
composition. The overall findings of our study indicate that the choice of cover crop implementation
by growers for spinach cultivation should be based on specific soil health conditions, which in turn
promote soil fertility and a healthy nematode community.

Keywords: nematode; cover crop; Cowpea; Pearl Millet; nematode feeding group; morphology;
DNA metabarcoding

1. Introduction

Nematodes are microscopic organisms under the large phylum Nematoda often found
in microbial communities in soil and several other environments [1]. In soil environments,
different types of nematodes are present, including free-living nematodes (FLNs) and
plant-parasitic nematodes (PPNs). FLNs consist of several different feeding groups such as
bacterivores, fungivores, omnivores, and predators [2]. Conversely, PPNs feed on plant
roots to gain nutrients for survival. To pierce plant root tissues, PPNs use their stylet
and may also secrete enzymes that aid in the degradation of the plant cell wall [2]. PPNs
cause severe damage to agricultural crops resulting in costing USD 125 billion in crop
losses worldwide [1]. Therefore, they are considered the world’s most damaging plant
pathogen [3,4]. In Canada, PPNs may cause significant annual yield losses up to 15% [5].

A healthy agricultural soil consists of an environment with a good balance of beneficial
FLNs as they contribute to nutrient cycling and the release of nitrogen in the soil [6,7].
Nematodes are also part of several trophic levels in the soil food web and play a crucial role
in balancing the environment by feeding on various soil microorganisms and being a food
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source to other predators [6,8]. Changes in nematode population dynamics reflect changes
in soil microbial communities making nematodes an important bioindicator of soil health
and fertility [6,9]. To improve soil quality and crop yield in a sustainable manner, farmers
have started implementing the use of cover crops during the off-season [10]. This allows
the enrichment and protection of soil as well as suppression of weeds, disease, or pests [11].
Research has shown that different cover crops not only suppress PPN populations [12,13],
but also increase FLN populations when incorporated into the soil [14,15]. This is because
certain cover crops are non-hosts to the damaging PPNs [16]. Brassica cover crops have
been found to suppress PPNs infection by hydrolysis of glucosinolate compounds found
within the plant, a process termed biofumigation [17–19]. Studies have also shown that
certain cover crops may serve as potential hosts to PPNs, allowing these populations to
grow and cause further damage to the cash crop [20,21]. Growers should select cover crops
that are poor or non-hosts to the PPNs of concern in their agricultural systems to promote a
beneficial nematode community.

Although Cowpea (Vigna unguiculata) and Pearl Millet (Pennisetum glaucum) are com-
monly used cover crops in Ontario, Canada, their effect on FLN and PPN populations is
largely unknown [22]. Furthermore, Pearl Millet may have a positive or negative influence
on plant-parasitic nematodes and FLN [22,23]. In the current investigation, we aimed to
gain a better understanding of the impact of cover crops on nematode communities, and
how growers can mitigate crop yield losses by implementing the most beneficial cover
crops to their agricultural systems. The main objectives of this study were to determine the
effect of legume (Cowpea) and non-legume (Pearl Millet) cover crops and their mixture on
the abundance, structure, and diversity of both FLN and PPN communities in a spinach
cultivation system.

2. Results

Using the morphological and DNA metabarcoding analyses, 42 nematode families
were identified in all soil samples (Figure 1). Of these 42 families, 41 were identified
using the DNA metabarcoding method and 25 were identified using morphological anal-
ysis, with 24 families found by both methods. Most nematode families identified only
using DNA metabarcoding were generally found to represent the rare taxa, with 1%
of different nematode genera detected within the families of Tylencholaimidae, Tylen-
cholaimellidae, Trichinellidae, Prismatolaimidae, Pararhyssocolpidae, Panagrolaimidae,
Neodiplogasteridae, Mylonchulidae, Mydonomidae, Mononchidae, Monhysteridae, Micro-
laimidae, Meloidogynidae, Longidoridae, Leptonchidae, Daubayliidae, Cyatholaimidae,
Bunonematidae, Aulolaimidae, Aphelenchoididae, Alloionematidae, Alaimidae, and Acti-
nolaimidae (Figure 1).

The most diverse nematode families that were well-represented by both DNA metabar-
coding and morphological analysis included Tylenchidae (12.3% of different nematode
genera for DNA metabarcoding and 10.8% for morphology) and Cephalobidae (9.2% and
10.8%, respectively). Certain nematode families were over-represented in one identification
method (Qudsianematidae, 9.2% for DNA metabarcoding vs. 2.7% for morphology; Dory-
laimidae, 4.1% vs. 8.1%, respectively), while other families showed similar representation
using both DNA metabarcoding and morphological analysis (Tylenchulidae, 2% vs. 2.7%;
Pratylenchidae, 2% vs. 2.7%) (Figure 1).

Extracted nematodes from soil samples were examined under the microscope to iden-
tify species present based on morphological characteristics and classify them into respective
feeding groups. Results from the time of cover crop maturity (Time 1) showed signifi-
cant differences (p < 0.05) between cover crop treatments for the bacterivores, herbivores
(PPNs), and omnivores (Figure 2A). The average number of bacterivores was found to
be significantly higher (p < 0.05) in the Cowpea, Pearl Millet, and mixture of both cover
crop treatments, having 100% more bacterivores than the Control. Conversely, the av-
erage number of PPNs was observed to be significantly higher (p < 0.05) in the Control
and Fallow Plot, with 53% more PPNs than the mixture of Cowpea and Pearl Millet and
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67% more PPNs than the Pearl Millet and Cowpea treatments (Figure 2A). In terms of
omnivores, the average number was significantly higher (p < 0.05) in the Pearl Millet and
Control treatments compared to all other experimental treatments, both having 67% more
omnivores. No significant differences were observed between treatments for the fungivore
and predator feeding groups at the time of cover crop maturity.
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Figure 1. Percentage of nematode genera identified for each nematode family using morphological
and DNA metabarcoding analyses.

Results from the spinach harvest time (Time 2) showed significant differences (p < 0.05)
between cover crop treatments for the bacterivores, herbivores (PPNs), and predators
(Figure 2B). The average number of bacterivores was found to be significantly higher
(p < 0.05) in the Control, with 53% more bacterivores than the mixture of Cowpea and Pearl
Millet and 67% more than Cowpea and the Fallow Plot. Pearl Millet also had significantly
more (p < 0.05) bacterivores than the mixture of covers with a difference of 49% and the same
for Cowpea and Fallow Plot with a difference of 64%. The Fallow Plot had significantly
higher (p < 0.05) PPNs than Pearl Millet and the Control by 44% and the mixture of Cowpea
and Pearl Millet by 84% (Figure 2B). The average number of predators showed the opposite
trend, as the mixture of cover crops had significantly more (p < 0.05) predators than Pearl
Millet, Cowpea, the Control, and Fallow Plot by at least 100%. The average number of
fungivores was significantly higher (p < 0.05) in the Cowpea treatment than Pearl Millet
and the Control by at least 80%. No significant differences were observed between cover
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crop treatments for the omnivore feeding group at the spinach harvest time. Thus, the
implementation of cover crops significantly influenced soil nematode communities with
Cowpea, Pearl Millet, and their mixture largely increasing FLNs such as bacterivores, and
the Control and Fallow Plot generally increasing PPNs.
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Figure 2. Average percentage of nematodes identified using morphological analysis in each feeding
group during cover crop maturity (A), and spinach harvest time (B). Error bars are constructed using
the standard error of means. Cover crop treatments within feeding groups not represented by the
same letter are significantly different (ANOVA, p < 0.05; Student’s t test, p < 0.05).

Soil samples were also analyzed using DNA metabarcoding analysis in order to
have a broader understanding of nematode populations and soil health for each of the
cover crop treatments. Results from the time of cover crop maturity (Time 1) exhibited
significant differences (p < 0.05) between treatments for the herbivores (PPNs) and predators
(Figure 3A). The average number of PPNs was noticed to be significantly higher (p < 0.05)
in the Control treatment, with 120% more PPNs than Pearl Millet. On the other hand,
the average number of predators was found to be significantly higher (p < 0.05) in Pearl
Millet, with 107% more predators than the Fallow Plot and 133% more than Cowpea and
the Control (Figure 3A). No significant differences were noted between treatments for the
bacterivore, fungivore, and omnivore feeding groups at the time of cover crop maturity.
The results from the time of spinach harvest (Time 2) showed no significant differences
between cover crop treatments for any of the feeding groups (Figure 3B).

In the study, the log fold differences of feeding groups in the different cover crop
treatments were compared to the Control using ANCOM-BC (Figure 4). With mature
cover crops present (Time 1), we found that the relative abundance of herbivores (PPNs)
decreased significantly in the Pearl Millet (−1.7 loge), mixture of Cowpea and Pearl Millet
(−1.4 loge), and the Fallow (−1.0 loge) treatments. Bacterivores were only found to increase
in Cowpea (1.3 loge) with mature cover crops (Time 1) and were not differentially abundant
by spinach harvest (Time 2). At the spinach harvest time, there was a significant increase
in predators for Cowpea (2.3 loge) and a significant increase in fungivores for Cowpea
(1.8 loge) and the Cowpea and Pearl Millet mixture (1.1 loge) (Figure 4).
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Figure 3. Average percentage of nematode OTUs (rarefied to 39,022 reads per sample) in each feeding
group during cover crop maturity (A), and spinach harvest time (B). Error bars are constructed using
the standard error of means. Cover crop treatments within feeding groups not represented by the
same letter are significantly different (ANOVA, p < 0.05; Student’s t test, p < 0.05).
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Figure 4. Differential abundance of feeding groups for each of the cover crop treatments compared
to the Control treatment (intercept) with mean log fold change at cover crop maturity (Time 1) and
spinach harvest (Time 2). Output is derived from Analysis of Compositions of Microbiomes with
Bias Correction (ANCOM −BC). Standard error bars are shown. Cover crops within feeding groups
significantly different from the Control (q < 0.05, Holm-adjusted p-value) are indicated (* = 0.05,
** = 0.01, *** = 0.001).
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In the present work, ecological indices were calculated for all sets of soil samples,
which included richness, representing the number of species present; the Shannon–Wiener
Index (SWI) value, a measure of species diversity; and the Bonger’s Maturity Index (MI), a
measure of environmental disturbance based on nematode species composition. Ecological
indices values for Time 1 described the soil environment for treatments after cover crops
were seeded and given the appropriate amount of time to mature (Table 1).

Table 1. Ecological indices for samples analyzed with morphological and DNA metabarcoding
analysis at the time of cover crop maturity (Time 1) and spinach harvest (Time 2). The standard
error values are included for every calculated average. Values not represented by the same letter are
significantly different (ANOVA, p < 0.05; Student’s t test, p < 0.05).

Cover Crop Maturity (Time 1) Spinach Harvest (Time 2)

Pearl
Millet Cowpea

Cowpea
+ Pearl
Millet

Control Fallow
Plot

Pearl
Millet Cowpea

Cowpea
+ Pearl
Millet

Control Fallow
Plot

Richness
(Morphology)

17 ± 1.15
(a)

18 ± 2.52
(a)

20 ± 4.04
(a)

12 ± 0
(a)

17 ± 5.69
(a)

10 ± 1.53
(a)

11 ± 1.73
(a)

15 ± 4.58
(a)

15 ± 3
(a)

15 ± 2.08
(a)

Richness (DNA
Metabarcoding)

106 ±
5.72 (a)

106 ±
12.36 (a)

116 ±
21.75 (a)

88 ±
23.42 (a)

81 ±
15.58 (a)

123 ±
24.85 (a)

102 ±
5.35 (a)

125 ±
19.82 (a)

110 ±
23.23 (a)

114 ±
7.48 (a)

Shannon–Wiener
Diversity Index

(SWI) (Morphology)

2.37 ±
0.12 (a)

2.39 ±
0.068 (a)

2.48 ±
0.19 (a)

2.12 ± 0
(a)

2.33 ±
0.21 (a)

1.96 ±
0.14 (a)

1.98 ±
0.17 (a)

2.29 ±
0.61 (a)

2.07 ±
0.061 (a)

2.04 ±
0.11 (a)

Shannon–Wiener
Diversity Index

(SWI) (DNA
Metabarcoding)

2.59 ±
0.019 (a)

2.57 ±
0.26 (a)

2.87 ±
0.16 (a)

2.57 ±
0.58 (a)

2.08 ±
0.72 (a)

2.76 ±
0.78 (a)

2.75 ±
0.51 (a)

2.49 ±
0.50 (a)

2.53 ±
0.21 (a)

2.53 ±
0.44 (a)

Bonger’s Maturity
Index (MI)

(Morphology)

1.82 ±
0.13 (bc)

1.71 ±
0.12 (c)

1.71 ±
0.088 (c)

2.14 ± 0
(a)

1.99 ±
0.19 (ab)

1.77 ±
0.16 (a)

1.71 ±
0.29 (a)

1.82 ±
0.41 (a)

1.41 ±
0.015 (a)

1.81 ±
0.066 (a)

Bonger’s Maturity
Index (MI)

(Metabarcoding)

1.79 +
0.50 (a)

1.27 +
0.33 (a)

1.19 +
0.04 (a)

1.51 ±
0.14 (a)

1.51 +
0.31 (a)

1.27 +
0.14 (a)

1.53 +
0.31 (a)

1.51 +
0.14 (a)

1.48 +
0.29 (a)

1.41 +
0.24 (a)

The results at cover crop maturity (Time 1) revealed that there were no significant
differences between richness, or SWI values for all cover crop treatments (Table 1). The
MI value of the Control treatment (2.14) was significantly higher (p < 0.05) by 22% in
comparison with the mixture of Cowpea and Pearl Millet as well as the Cowpea treatments
(1.71). These results indicated that the soil in the Control treatment was less disturbed.
However, there was no significant difference in MI using metabarcoding. There were no
significant differences between the richness, SWI, or MI values for all cover crop treatments
at the time of spinach harvest (Time 2).

Analysis of soil properties was also performed on all samples to obtain a broader
understanding of how they are correlated with the nematode community composition in
cover crop treatments. The envfit function was used to fit soil properties onto the Principal
Coordinates Analysis (PCoA) ordination from DNA metabarcoding data. The results
from all soil properties showed that the percentage of magnesium (Mg) was significantly
correlated to the ordination axes (r2 = 0.59, p = 0.04) and was generally higher in samples
taken during cover crop maturity (Time 1) (Figure 5). Total nitrogen (totalN) showed the
second highest correlation coefficient with the ordination axes (r2 = 0.58, p = 0.07) being
significantly correlated to the community composition by a Mantel test (p = 0.02) at cover
crop maturity.
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Figure 5. Plotting soil environmental variables onto Principal Coordinates Analysis (PCoA) or-
dination from DNA metabarcoding. Colours represent different cover crop treatments and times
(as Figures 2–4). Percent magnesium (red arrow) was found to have the highest correlation coefficient
(p = 0.04). Significance was tested by 999 permutations. PC1 (Dim1) and PC2 (Dim2) represent the
first two principal components.

3. Discussion

The present investigation identified 42 nematode families across all studied soil sam-
ples using both morphological and DNA metabarcoding analyses. The DNA metabarcoding
approach detected a broader range of nematode families, identifying 41 families compared
to the 25 found through morphological analysis, with 24 families common to both methods.
This discrepancy highlights the greater sensitivity of the DNA metabarcoding method,
particularly in detecting the rare taxa. Tylencholaimidae, Tylencholaimellidae, and a few
other families were detected only by DNA metabarcoding. This may be due to their lower
abundance, making them less visible to traditional morphological approaches. The rare
taxa, while not abundant, may play crucial roles in soil ecosystems, and their detection
underscores the importance of integrating molecular techniques in nematode community
studies [24,25].

Among the families well-represented by both methods, Tylenchidae and Cephalobidae
stood out, comprising significant portions of the nematode communities (12.3% and 9.2%
for DNA metabarcoding, and 10.8% each for morphology). The consistency in detecting
these families across methods validates the reliability of the morphological approach for
more common and morphologically distinctive nematodes. However, discrepancies such as
the over-representation of Qudsianematidae in DNA metabarcoding (9.2% vs. 2.7% in mor-
phology) and the higher detection of Dorylaimidae through morphological analysis (8.1%
vs. 4.1% in DNA metabarcoding) suggest that each method has biases, potentially linked to
the differing sensitivities to DNA extraction efficiency and morphological identification
challenges [26,27].

The temporal dynamics of nematode communities were also explored by comparing
cover crop treatments at two key time points: cover crop maturity and spinach harvest.
Morphological analysis at cover crop maturity revealed significant variations in the abun-
dance of different feeding groups. Bacterivores were notably more abundant in Cowpea,
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Pearl Millet, and their mixture, showing a 100% increase compared to the Control. This
suggests that these cover crops may enhance bacterial populations, which in turn support
larger bacterivore communities, by providing organic matters. Furthermore, the higher
abundance of bacterivores associated with cover crops indicates an accelerated nutrient
cycling and a greater mineral nitrogen availability, which can enhance soil fertility and
support the growth of the subsequent cash crop [6]. Conversely, PPNs were significantly
more abundant in the Control and Fallow plots, with 53% more PPNs than in the mixture
of Cowpea and Pearl Millet, and 67% more than in the individual Cowpea and Pearl Millet
treatments. This indicates that cover crops created enriched environments that favor the
proliferation of suppressive organisms such as fungi, bacteria, and predatory nematodes
that, in turn, can prey on and suppress PPN populations [28–30]. Our results are consistent
with past studies which found that legume and non-legume cover crop mixes often provide
better PPN suppression that compared to single species [30–32]. However, the non-legume
cover crops included in most studies consist of Brassica spp., as they contain glucosinolate
compounds that suppress PPN infection [33,34]. Omnivores, on the other hand, were more
prevalent in the Pearl Millet and Control treatments, which may reflect the broader trophic
flexibility of this group in these particular soil environments.

The nematode community composition shifts by spinach harvest time. Bacterivores
were now the most abundant in the Control, suggesting a decline in bacterial activity in
cover-cropped soils as the season progressed. Interestingly, Pearl Millet still supported
more bacterivores than the cover crop mixture, possibly due to differences in root exudate
composition or microbial community structure between these treatments. PPNs were
most numerous in the Fallow Plot, which lacked the protective influence of cover crops,
leading to higher pest pressure. Predators, crucial for natural nematode pest control,
were significantly more abundant in the cover crop mixture; highlighting the potential of
using diverse cover cropping to enhance predatory nematode populations and contribute to
biological control. Research has shown that combining more than one cover crop can lead to
increased multi-functionality of covers and improved outcomes compared to implementing
a monoculture in an agricultural system [32,35]. Legume and grass cover crop mixtures are
found as the most effective combinations for producing high-quality residues in agricultural
soil due to the complementarity of both crop types [29].

DNA metabarcoding corroborated these findings with additional insights. PPNs were
significantly more abundant at cover crop maturity in the Control treatment, with a 120%
increase compared to Pearl Millet. This emphasizes the suppressive effect of Pearl Millet
on nematode pests. Predators, on the other hand, were 107% more abundant in Pearl Millet
compared to the Fallow Plot and 133% more than in Cowpea and the Control, reinforcing
the idea that certain cover crops can enhance beneficial nematode populations. The higher
abundance of predatory nematodes in the Pearl Millet treatment could also explain the
lower abundance of PPNs in this same treatment, as predatory nematodes provide top-
down control of these damaging populations [36]. No significant differences were observed
by spinach harvest among treatments for any feeding groups, suggesting a convergence in
nematode community composition as the cropping cycle progressed.

The differential abundance analysis provided further depth by showing that the
relative abundance of PPNs decreased significantly in Pearl Millet, the Cowpea and Pearl
Millet mixture, and Fallow treatments, confirming the suppressive effect of these cover
crops. On the contrary, bacterivores increased significantly in Cowpea at cover crop
maturity, reflecting the promotion of bacterial populations under this cover crop [32].
Predators increased significantly by spinach harvest in Cowpea, and fungivores were more
abundant in both Cowpea and the cover crop mixture, highlighting the dynamic shifts in
soil food webs influenced by different cover cropping strategies. The mixture of cover crops
also revealed significantly higher fungivores than the Control at this time-point. Fungivores
are an important nematode feeding group as they feed on plant-pathogenic fungi, reducing
the risk of crop damage by these microorganisms [37].
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Ecological indices, including richness, SWI, and the MI, were calculated to assess
broader soil ecosystem health. At cover crop maturity, there were no significant differences
in richness or SWI among treatments, demonstrating that overall species diversity remained
stable across different cover crop treatments. However, the MI value was significantly
higher in the Control treatment in the morphology data, suggesting that the soil in this
treatment was less disturbed, potentially due to the absence of cover crops, which can
disrupt nematode communities through changes in root structure and soil microenviron-
ment [38–40]. Spinach harvest was the time point by which no significant differences
were observed in any of the ecological indices, suggesting that the initial effects of cover
cropping on nematode communities had diminished over time; this may be attributed
to the uniformity imposed by subsequent agricultural practices. Soil property analysis
revealed that magnesium levels were significantly correlated with nematode community
composition, particularly at cover crop maturity. This finding, along with the significant
correlation of total nitrogen with community composition, underscores the complex in-
teractions between soil chemistry and biological communities, influenced by cover crop
selection and management practices.

4. Materials and Methods
4.1. Experimental Design and Field Maintenance

The experimental field for this study was located in St. Thomas, ON, Canada in the
Lake Erie Basin. At this site, common cropping practices and pest management measures
were used for the maintenance of the crops without additional fertilizer applications. The
experimental field (55 m by 10 m) comprised five treatments arranged in a randomized
complete block design with three replicating blocks. The cover crop treatments included
Cowpea (Vigna unguiculata), Pearl Millet (Pennisetum glaucum), mixture of Cowpea and
Pearl Millet, Control (spinach cultivation only), and Fallow Plot (no spinach or cover crop).
Cowpea and Pearl Millet cover crops were planted prior to the plantation of the main crop,
spinach. After cover crops were seeded, they were given about four weeks to grow and
mature before being tilled to incorporate the organic matter into the soil. Spinach was then
planted and given the time to mature before being harvested.

4.2. Collecting Soil Samples and Extracting Nematodes

Soil samples were collected from each sub-plot at two different periods for a total
of 15 soil samples per sampling or 30 soil samples in total. The first set of samples was
collected after seeding cover crops and allowing them to mature in August 2021 (Time 1).
Samples taken at this time were used to determine how the different cover crops affect
overall nematode populations. The second set of samples was taken after cover crops were
tilled into the soil and the spinach was mature and ready to be harvested in September 2021
(Time 2). This design allowed a better understanding of how the nematode population
changed after plantation of the main crop. During soil sample collection, 30 cm soil probes
were used to take 10 random cores of soil in each sub-plot to obtain a good representation of
the nematode population for the entire treatment. These 10 sub-samples were then put into
a single sampling bag to create one composite sample for the sub-plot. Soil probes were
cleaned between the sampling of each sub-plot to avoid cross-contamination. Once soil
samples were collected, they were placed directly in a cooler with ice to ensure that nema-
todes do not overheat and die during transportation from the field to the laboratory. All soil
samples were stored at 4 ◦C and nematodes were extracted from soil samples using sugar
centrifuge techniques [30], and preserved in 5% formalin until morphological analysis.

4.3. Morphological Analysis

One hundred hand-picked nematodes were obtained from each soil sample and
identified with Leica stereo microscope (MC205 C, Concord, ON, Canada). Nematodes
were identified to the family or genus level using the diagnostic keys of the University
of Nebraska nematode identification website (https://nematode.unl.edu/nemaID.htm,
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accessed on 5 February 2024). Nematodes were grouped into bacterivores, fungivores,
plant-parasitic nematodes, omnivores, and predators based on their mouthparts.

4.4. DNA Metabarcoding Analysis

Nematode DNA was extracted from nematodes using the QIAGEN DNeasy® Blood
and Tissue Kit (Catalog #69506, Qiagen, Mississauga, ON, Canada), following the manufac-
turer’s instructions. Extracted DNA was sent to Genome Quebec for DNA metabarcoding
along with the nematode specific primers NF1-18Sr2b or NEM [41], with paired-end (PE300)
sequencing performed using an Illumina MiSeq platform (Génome Québec, Montréal, QC,
Canada)The raw reads were uploaded onto the high-performance computing (HPC) servers
for data analysis using an in-house bioinformatics pipeline. The process consisted of three
major steps: (1) preprocessing using the fastp tool [42] with the default setting to trim
primer and adaptor sequences, filter out low quality and long soft clipping reads, and
eliminate any chimeric sequences; (2) aligning the processed sequence reads for individual
samples to the nematode 18S rRNA reference sequences using bwa (mem) [43] with the
default settings, sorted and indexed (without PCR duplicate removal) using samtools [44];
and (3) processing the mapping output in binary sequence alignment mapping format
(BAM) using an in-house PERL script to select qualified reads by requiring a minimal read
length of 100 bp with a minimal alignment score of 100, a maximal number of mismatches
of five, and a maximal length of soft clipping at 10 bp. The output of the pipeline is the num-
ber of mapped reads per species in each sample. A sequence read from a sample was used
only once based on the best alignment, and a taxonomic group requires a minimum of two
reads to be reported. The SILVA sequence database (v138) [45] was used for retrieving the
nematode 18S rRNA reference sequences (converted to DNA sequences) for read mapping
and for taxonomic associations of nematode species present in all samples. Prior to diversity
analysis, the samples were rarefied to an even number of reads per sample (39,022 reads).
Alpha rarefaction was computed to help confirm this cut-off was appropriate.

4.5. Statistical Analysis

Data analyses were performed in R software version 4.3.1 [46] and JMP® v.17 (SAS
Institute Inc., Cary, NC, USA). The vegan package was utilized for rarefying DNA metabar-
coding results to reduce sequencing bias in the OTU outputs before data normalization
and analysis [47]. The significance of the effects of legume and non-legume cover crops, as
well as their mixtures, at two different time points on the abundance and diversity of FLN
and PPN communities was assessed by analysis of variance (ANOVA). The mixed model
with time and treatment as variables and blocking as random effect was used to analyze
the data. Normality was confirmed by visual inspection of the model’s residuals and using
the Shapiro–Wilk test. In the event of non-normality, we applied either a square-root or
log transformation to the dataset before proceeding with the analysis. A p-value of 0.05
was used as a threshold of acceptance of the significance of effects. The significance of the
differences between treatment means was assessed using the LSMeans Student’s t tests.

Ecological indices were calculated to further analyze and interpret results. Bonger’s
Maturity Index (MI), which is a measure of environmental disturbance based on the
composition of non-plant feeding nematode species present in the soil, was calculated [14].
A low MI score indicates a more disturbed soil environment, whereas a higher MI score
indicates a more stable soil environment [14]. Richness was calculated for each cover crop
treatment in both morphological and DNA metabarcoding data. The Shannon–Wiener
Diversity Index (SWI) was also calculated for both morphological and DNA metabarcoding
results to interpret nematode diversity in the different soil samples [36]. The significance of
the differences between treatment means for ecological indices was also evaluated using
the LSMeans Student’s t tests option.

Differential abundance of feeding groups for DNA metabarcoding data was performed
using Analysis of Compositions of Microbiomes with Bias Correction (ANCOM-BC) in the
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R package ‘ancombc’ [48]. The bias-corrected absolute log (loge) fold changes were plotted
as compared to the Control treatment.

Nematode community composition (ASV data were pooled from the three blocks)
was visualized using Principle Coordinates Analysis (PCoA) of the Canberra dissimilarity
matrix, implemented in ‘vegan’ [49]. Environmental variables were then projected onto the
ordination using envfit (vegan), which calculates the multiple regression of environmental
variables with ordination axes, and the significance is tested by permutation.

5. Conclusions

Our research reveals the advantages and limitations of morphological and DNA
metabarcoding approaches when used to study nematode communities in soil ecosystems.
Combining both methods results in a more comprehensive understanding of the nematode
communities. Cover crops enhance soil health, proliferating FLNs, and managing PPNs,
especially when mixtures of legume and non-legume species are used. Cover crop mixtures
offer broader ecosystem benefits compared to monocultures like Pearl Millet, which may
have limited benefits in terms of overall ecosystem health and nutrient cycling improvement
due to their narrower focus on specific pests. The changes in nematode populations from
cover crop growth to spinach harvest show how time plays a crucial role in maintaining
soil health through sustainable cover crop strategies that balance crop production and
soil quality.
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