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Abstract

Entomopathogenic nematodes (EPNs) are biological control agents that
often occur naturally in crop soils. The conventional agricultural practices of
regular tillage and agrochemical applications predispose to soil biodiversity
losses, compromising soil health and disrupting the natural balance of abiotic and
biotic factors that might modulate EPN abundance and activity. The vineyard,
which supports a relevant socio-economic sector worldwide, is one of the most
intensively managed cropping systems. Therefore, approaches rather than
reliance on mechanization and agrochemicals are needed to achieve more
sustainable viticulture. We hypothesized that alternative strategies to tillage for
soil management and the release of agrochemicals for pests, diseases, and weed
management, such as cover cropping, mulching, and organic farming, would
favor the native EPN community in vineyard soils. Therefore, our objective was
to evaluate the impact of differentiated viticulture practices on native EPNs and
other targeted organisms associated with their soil food web and how their
assemblage might signal soil health in vineyards.

We implemented traditional and innovative methodologies to isolate and
identify mesofauna to achieve this aim. Firstly, we estimated different soil
activities, including those associated with EPNs, by baiting the soil samples with
Galleria mellonella larvae. Besides, we used species-specific primers/probe gPCR
sets to screen and quantify the occurrence and abundance of 10 EPN species and
12 organisms linked to their soil food web: four free-living nematodes (FLNs), six
nematophagous fungi (NF), and two ectoparasitic bacteria (EcPB). Lastly, a third
soil subsample set was employed to estimate the soil properties. Following this
procedure, we performed three independent studies to evaluate the impact of
different management practices on the EPN community and associated soils
organisms in The Appellation of Origin (DOCa) Rioja vineyards (Northern Spain):
(i) diverse cover crops (seeded with Bromus catharticus, flower-driven, and
spontaneous) compared to regular tillage in an experimental vineyard, (ii) cover
cropping and organic viticulture compared to regular tillage and Integrated Pest
Management (IPM) in a survey comprising 8o vineyards, and (iii) various organic
mulches (based on grape pruning debris, straw, and spent mushroom compost)
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compared to regular tillage and herbicide applications in an organic and IPM
experimental vineyards.

We found seven EPN species and all the other screened species except the
NF Arthrobotrys musiformis and the EcPB Paenibacillus nematophilus. The only
EPNs reported in the three studies were Heterorhabditis bacteriophora,
Steinernema feltiae, and the new EPN species S. riojaense, identified and isolated
during the progress of this Thesis. Overall, EPN abundance and activity were
higher for cover cropping and mulching than conventional soil management
practices in both studies performed in experimental vineyards. However, the
results obtained in the DOCa Rioja survey did not support this trend. It is possible
that differential effects of diverse alternative strategies to regular tillage also
affected the soil properties and, therefore, the EPN soil food web differentially.
Indeed, we found lower numbers of potential enemies of EPNs, particularly NF,
for spontaneous cover cropping and mulching based on spent mushroom
compost, the treatments for which higher EPN activity rates and abundance were
recorded.

On the other hand, in agreement with our hypothesis, organic viticulture
enhanced the activity of native EPNs and the abundance and activity of the
predominant EPN species, S. feltiae, in the DOCa Rioja survey. In addition, we
obtained similar results for the organic vineyard in the mulching study. Organic
viticulture also supported a higher FLN abundance and richness of the overall
nematode species screened since the EPN species Steinernema affine, S.
carpocapsae, and S. kraussei, as well as the FLN species Oscheius onirici, only
occurred in organic vineyards.

Our results showed that organic viticulture and specific soil management
practices that restrict or avoid regular tillage might support native EPNs in the
vineyard, contributing to the maintenance of the ecosystem service these soil
organisms offer as biological control agents. Moreover, these studies have
illustrated how evaluating the EPN soil food web can signal soil health and the
suitability of some viticulture practices over others. Applying innovative
molecular tools and statistical analyses will improve understanding of the factors
that determine the occurrence and distribution of EPNs in crop soils.
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Resumen

Los nematodos entomopatogenos (NEPs) son agentes de control bioldgico
comtinmente presentes en el suelo de los cultivos. Las practicas agricolas de
laboreo convencional y aplicacion de agroquimicos predisponen a la pérdida de
biodiversidad del suelo, comprometiendo su salud y alterando el equilibrio
natural de factores abioticos y bidticos que modulan la abundancia y actividad de
los NEPs. El vifiedo, soporte de un sector socioecondmico de gran relevancia
mundial, es uno de los sistemas de cultivo mds mds se apoya en las practicas del
laboreo intensivo y la aplicacién de productos agroquimicos. De este modo, con
el fin de avanzar en su sostenibilidad, son necesarios nuevos enfoques en el
manejo del vifiedo. Nuestra hipdtesis es que las estrategias alternativas al laboreo
y a la liberacion excesiva de agroquimicos en los manejos del suelo y de plagas,
enfermedades y malas hierbas en vid, como son la implementacion de cubiertas
vegetales o acolchados y la agricultura ecologica, favoreceran la comunidad nativa
de NEPs en el suelo del viiedo. De este modo, nuestro objetivo fue evaluar el
impacto de diferentes prdcticas vitivinicolas sobre las poblaciones nativas de
NEPs y otros organismos especificos asociados a su red tréfica del suelo y como
sus interacciones podrian ser indicativo de la salud del suelo en los vifiedos.

Para ello, combinamos metodologias tradicionales e innovadoras con el fin
de aislar e identificar organismos de la mesofauna del suelo. En primer lugar,
estimamos diferentes actividades del suelo, incluidas aquellas asociadas a los
NEPs, empleando larvas de Galleria mellonella como cebos en las muestras de
suelo usadas como trampas de insectos. Ademas, utilizamos cebadores y sondas
especificos para identificar y cuantificar, mediante qPCR, la presencia y
abundancia de 10 especies de NEPs y otros 12 organismos asociados a su red
tréfica: cuatro nematodos de vida libre (NVLs), seis hongos nematéfagos (HNs) y
dos bacterias ectoparasitas (BcPs). Por ultimo, un tercer conjunto de submuestras
de suelo fue utilizado para estimar sus propiedades fisico-quimicas. Siguiendo
este procedimiento, realizamos tres estudios independientes para evaluar el
impacto de diferentes prdcticas de gestion sobre la comunidad de NEPs y
organismos asociados en vifiedos de la Denominacién de Origen (DOCa) Rioja
(Norte de Espafia): (i) uso de diferentes cubiertas vegetales (sembradas con
Bromus catharticus, mezcla de especies floricolas y vegetacion espontdnea)
comparadas con la practica de laboreo convencional en un vifiedo experimental;
(ii) cubiertas vegetales y viticultura ecoldgica comparadas con el laboreo
convencional y el Manejo Integrado de Plagas (MIP) en 80 vifiedos distribuidos
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por toda la DOCa Rioja; y (iii) diferentes tipos de acolchados organicos (basados
en restos de poda, paja y compost post-cosecha de champifion) comparados con
el laboreo convencional y aplicaciones de herbicidas en dos vifiedos
experimentales, uno manejado mediante MIP y otro en ecologico.

Identificamos siete especies de NEPs y la totalidad del resto de especies
examinadas, excepto el HN Arthrobotrys musiformis y la BcP Paenibacillus
nematophilus. Los tunicos NEPs encontrados en los tres estudios fueron
Heterorhabditis bacteriophora, Steinernema feltiae y la nueva especie S. riojaense,
identificada y aislada durante el transcurso de estos estudios. En general, la
abundancia y la actividad de los NEPs fueron mayores en cubiertas vegetales y
acolchados que en las préacticas convencionales de manejo del suelo en los dos
estudios realizados en vifiedos experimentales, una tendencia que, sin embargo,
no fue confirmada por el estudio regional de la DOCa Rioja. Es posible que el
impacto diferencial que las diversas estrategias alternativas al laboreo
convencional puedan ejercer sobre las propiedades del suelo también afecte de
modo diferente a la red tréfica de los NEPs. En efecto, encontramos un menor
numero de enemigos potenciales de los NEPs, en particular de HNs, en cubiertas
vegetales espontdneas y en acolchados basados en sustrato de post-cosecha de
champinon, los tratamientos para los que se registraron mayores tasas de
actividad y abundancia de NEPs.

En lo referente al manejo de plagas observamos, de acuerdo con nuestra
hipotesis, que la viticultura ecoldgica promovio en el estudio regional DOCa Rioja
la actividad de los NEPs, asi como la abundancia y actividad de la especie de NEP
predominante, S. feltiae. Ademds, obtuvimos resultados similares en el vifiedo
ecologico del estudio de acolchados organicos. La viticultura ecoldgica también
favorecio una mayor abundancia de NVLs y la riqueza del conjunto de especies
de nematodos analizadas, puesto que las especies de NEPs Steinernema affine, S.
carpocapsaey S. kraussei, asi como la especie de NVL Oscheius onirici, sdlo fueron
identificadas en los vifiedos ecologicos.

Los resultados obtenidos en estos estudios indican que la viticultura
ecologica y las practicas especificas de gestion del suelo que sustituyan parcial o
totalmente al laboreo convencional pueden potenciar la presencia y actividad de
NEPs nativos en el vifiledo, contribuyendo al mantenimiento del servicio
ecosistémico que estos organismos del suelo ofrecen como agentes de control
biologico. Ademads, estos estudios sirvieron de ejemplo de cémo la evaluacion de
la red trofica del suelo de los NEPs puede servir como indicativo de la salud del



Resumen

suelo y de la conveniencia de unas practicas viticolas sobre otras. En el futuro,
técnicas moleculares y andlisis estadisticos innovadores mejoraran nuestra
comprension de los factores que determinan la presencia y distribucion de los
NEPs en el suelo de los cultivos.
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Introduction

Entomopathogenic nematodes

,In short, if all the matter in the universe except the nematodes
were swept away, our world would still be dimly recognizable |[...]

Nathan Augustus Cobb
in Nematodes and their relationships, 1914

Phylum Nematoda

Nematodes are the most abundant animals on Earth, successfully adapted to
virtually every ecosystem (Cobb, 1914; Ettema, 1998; Bongers and Ferris, 1999;
Bardgett and van der Putten, 2014). Although well known since antiquity,
nematodes were formally recognized as a phylum relatively recently: firstly
proposed by Nathan Cobb in 1919 under the name Nemates and elevated from the
class level in 1932 with the current designation Nematoda (Cobb, 1919, 1932; Potts,
1932). Despite certain controversies, there is now consensus that nematodes are
a sufficiently distinctive and well-defined group to be classified as a Phylum (De
Ley and Blaxter, 2004; Hodda, 2022a). Among the attributes that define them,
we can highlight that nematodes are triploblastic, bilaterally symmetrical, and
nonsegmented animals of elongated, cylindrical shape. The body cavity is defined
as pseudocoel, and the epidermis releases a thick and flexible collagenous cuticle
that creates a hydroskeleton in combination with a layer of longitudinal muscle
cells, which extend fibers into the nerve cells rather than vice versa. Several lateral
lines and pores are present on the surface of the body. The circulatory and
respiratory systems lack but not the digestive system, with a distinguishable
mouth and anus. The nervous system is poorly developed, consisting of
rudimentary cephalization, the circucumpharyngeal ring, and longitudinal nerve
cords. The relatively distinct head is radially symmetrical with three to six lips
and sensory papillae irradiating around the mouth. Although hermaphrodites are
not uncommon, most nematode species have separate sexes and are dioecious,
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with larger females. The genital duct leads into the cloaca in males and the vulva
in females (Figure 1). After the internal fertilization, the eggs are stored in the
uterus until deposited on the exterior, although occasionally embryonic
development begins inside the female. The four juvenile stages contain all the
adult structures, except part of the reproductive system, and complete their
growth after four cuticle sheds (Ruppert et al., 2004; Hickman et al., 2019).

Buccal cavity
Stylet

Esophagqus
Comus s Bulb Intestine

Cutiche

Nerve ring Excrafory pone Wuhva

Figure 1. Simplified anatomy of a type specimen (adult female) of nematode.

Nematodes show exceptional morphological variability due to the multiple
biotic and abiotic interactions they establish with the environment (Hodda,
2022b). Consequently, Nematoda is one of the phyla with the most described
species (nearly 30,000), many substantially different from each other (Zhang,
2013). However, morphological identification of close related nematodes is often
challenging due to their structural simplicity, small size, high abundance, and
lack of expert knowledge for specific groups of interest (Floyd et al., 2002; Hodda,
2022a). In the last decades of the past century, numerous taxonomists trusted
new molecular tools to identify and classify many organisms. Some of them
pointed out incongruences between molecular analysis and comparative
morphology data. For instance, a phylogenetic analysis using 53 small subunit
ribosomal DNA sequences from different trophic groups concluded that the
convergent morphological evolution of nematodes might be more extended than
expected (Blaxter et al., 1998). Accordingly, the authors considered the clade
Secernentea monophyletic but not Adenophorea, named Phasmidia and
Aphasmidia, respectively, in an early classification that divided the phylum into
these two classes (Chitwood and Chitwood, 1933). Subsequent studies
incorporated the most relevant morphological attributes of the different groups
of nematodes into evidence obtained through novel approaches, such as
molecular phylogenetics, bioinformatics, and digital communication
technologies, to move forward in the complex task of achieving an accurate
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phylogeny of nematodes (Floyd et al., 2002; Lambshead and Boucher, 2003; De
Ley, 2006; Qing and Bert, 2019). Nowadays, according to morphological,
molecular, and developmental evidence, the phylum Nematoda includes three
classes: Chromadorea, Enoplea, and Dorylaimea (Hodda, 2022a) (Figure 2).
Although a detailed linkage of these lineages is not yet determined,
spermatogenesis and development provide evidence for the divergence of
Chromadorea, the most diverse in morphological, genetic, and ecological range,
from Enoplea and Dorylaimea, differing also by the pharyngeal structure and
cuticle properties (Schierenberg and Lahl, 2004; Yushin and Malakhov, 2004; De
Ley, 2006; Hodda, 2022a). Current progress in describing new nematodes,
thanks, for example, to the increasing acknowledgment of widespread cryptic
species (Derycke et al., 2012), is slowly advancing at a rate of 400 species per year,
with estimates of total nematode species numbers between half and ten million
species (Hodda, 2022b).

Phylum Mematoda Cobb, 1932
Class Enoplea Inglis, 1983
Subclass Enoplia Pearse, 1942
{2 superarders, & orders, § subordars, 12 superfamiies, 21 lamilies, 39 subfarmibies, 145 genara, 1250 species)
Subclass OncholaimiaHodda, 2007
{1 superarder, 1 arder, 1 suborder, 1 superfamily, 3 famibies, © subfamilies, 58 genera, 534 species)
Subclass TriplonchiaHodda, 2007
{1 supsrarder, 2 ardars, 3 suborders. 5 suparfamiies, 11 families, 15 subfamilies, 42 genera, 405 spacies)
Class Dorylaimea Hodda, 2007
Subclass Dorylaimia Ingis, 1983
{1 superarder, 1 arder, 2 subordars, & superfamibes, 18 families, 52 sublamilies, 268 genera, 3126 spacies)
Subclass Bathyodontia Hodda, 2007
{1 supararder, 3 ardars, 4 subcrdars, 7 suparfamilies, 12 famibies, 25 subfamilies, 174 penara, 1137 spacies)
Subclass Trichocephalia Hodda, 2007
{1 supararder, 4 arders, 4 suborders, 4 superfamilies, 10 families, 12 subiamidies, 55 genera, 654 species)
Class Chromadorea Ingls, 1583
Subclass Chromadoria Adamson, 1967
{1 supsrardar, 4 arders, 4 subordars, 5 suparfamiles, 22 families, 36 subfamilies, 230 genera, 2163 spacies)
Subclags Plectia Hodda, 2007
{4 superarders, 11 crders, 27 suborders, 60 superfamiies, 178 famiies, 322 subfamilies, 2057 penera, 10154 species)

Figure 2. Summarized phylogeny of Nematoda according to Hodda (2022a).
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Nematodes are ecologically and economically important, playing a
significant function in processes that drive most ecosystem services on which
human societies hang (Yeates et al., 2009; Hodda, 2021). As primary components
of food webs, they accomplish vital ecological functions such as decomposition
and carbon and nutrient cycling (Baldwin et al., 2000; Ferris, 2010; Nielsen et
al., 2011). In soils, nematodes contribute to food web stability and the diversity of
above and belowground plant-associated communities (De Deyn and Van Der
Putten, 2005; Orgiazzi et al., 2016). Their ubiquity also makes them excellent
bioindicators of soil environmental disturbance and biological control agents
(BCAs) in pest and disease management programs (Ferris et al., 2001; Stuart et
al.,, 2015). On the other hand, parasitic nematodes threaten plant, animal, and
human health worldwide (Viglierchio, 1993). Plant-parasitic nematodes, for
instance, cause considerable yield losses in crops, compromising the global food
security (Bernard et al., 2017). Lastly, thanks to their structural simplicity and
ecological relevance, nematode species (e.g., Caenorhabditis elegans, Pristionchus
pacificus) have been extensively used as model organisms in experimental
systems for diverse research fields (Brenner, 1974; Sommer and McGaughran,
2013).

The families Steinernematidae and Heterorhabditidae

According to Dillman et al. (2012a), a specific association with pathogenic
bacteria to rapidly kill suitable hosts distinguish the species in Steinernematidae
and Heterorhabditidae among the numerous insect-parasitic nematodes. This
specific nematode parasitism has been named relatively recently in nematology
as entomopathogeny (Spiridonov, 1981). Although an accurate definition of
entomopathogenic nematode (EPN) is currently a matter of intense debate in the
literature, there is agreement on the essential aspects that define these organisms.
Both steinernematids and heterorhabditids are currently included in the
superorder Rhabditica (Hodda, 2022a). Many nematodes of this clade
successfully behave as parasites and extremophiles by developing a modified
juvenile stage with a chemically impermeable cuticle explicitly adapted for long-
term survival (De Ley, 2006). This dauer stage, named infective juvenile (IJ) for
EPNs, persists in the soil until it locates and penetrates within suitable hosts
(Figure 3). The IJs then release pathogenic bacteria they carry into the hemocoel.
Bacteria proliferate exponentially, killing the host within 48-72 h of infection.
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Figure 3. The entomopathogenic nematode Steinernema carpocapsae: (A) tail of an infective
juveniles and (B) and an adult male. Photos provided with permission by Raquel Campos Herrera
from Instituto de Ciencias de la Vid y del Vino, Spain.

Nematodes reproduce and complete several generations feeding on the cadaver
and bacteria until sources deplete. Finally, a new generation of IJs reassociate
some of the symbiont bacteria and leave the insect cadaver by thousands to start
a new life cycle (Dillman et al., 2012a; Stock, 2015) (Figure 44).

Although this basic scheme is valid for all EPNs, steinernematids and
heterorhabditids are phylogenetically distant, which share similarities due to
convergent evolution (Blaxter et al., 1998). Shortly before, Poinar (1993) pointed
in the same direction by suggesting that mutualistic relationships with Gram-
negative bacteria began for nematodes in these two families independently about
350 million years ago. Based on Blaxter et al. (1998), steinernematids are closely
related to free-living and insect associate nematodes in Panagrolaimoidea and
vertebrate parasites in Strongyloididae. Indeed, according to Hodda (2022a),
steinernematids no longer belong to the order Rhabtida but Panagrolaimida
(Figure 55). On the other hand, heterorhabditids are most closely related to
vertebrate parasites in Strongylidae (Blaxter et al., 1998). Accordingly, several
attributes distinguish members of both genera. Many of these distinctions are
outlined in the IJ stage for practical reasons. For example, the position of the
excretory pore is anterior to the nerve ring in steinernematids and posterior in
heterorhabditids, and the tail shape is conoid or filiform in steinernematids and
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release bacteria within
host hemocoel

Symbiont bacteria proliferate, host dies, Us developto adults,
and nemalodes complete several generations

Figure 4. The life cycle of entomopathogenic nematodes.

pointed in heterorhabditids. Heterorhabditid IJs also exhibit a prominent dorsal
tooth anteriorly in the head and a protective second-stage cuticle (Timper and
Kaya, 1989; Adams and Nguyen, 2002). In addition, steinernematids are
gonochoristic except for very few exceptions (Griffin et al., 2001; Stock et al.,
2004), while heterorhabditids have a hermaphroditic first adult generation with
similar morphology to females, followed by a gonochoristic second-generation
(Stock, 2015). Even if some hermaphrodites deposit eggs, these usually develop
inside in a process known as endotokia matricida that involves juvenile stages
feeding on the adult intestine and symbiont bacteria (Ciche et al., 2008; Stock et
al., 2012). This intrauterine development of juveniles is widespread in nematodes,
but its incidence depends on the different feeding habitats of the species and
environmental conditions (Baliadi et al., 2001). Thus, endotokia matricida also
occurs in steinernematids when overcrowding and limited food resources make
this strategy more effective than laying eggs by females (Bastidas et al., 2014).
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Subclass Plectia Hodda, 2007
Superorder Rhabditica Hodda, 2007
Order Panagrolaimida Hodda, 2007
Suborder Panagrolaimina Hodda, 2007
Superfamiy Steinernematoidea Filipjev, 1934 (Hodda, 2007)
Family Steinernematidae Fiipjev, 1934 (Chitwood & Chitwood, 1937)
Subfamiy Steinernematinae Filipjev, 1534
Tribe Steinernematini Fifpjew, 1934
Subtribe Steinernematinii Filpjey, 1934
Genus Steinernema Travassos, 1927 (145 species)
Suborder Cephalobina Andrassy, 1974
Superfamiy Cephaloboidea Fiipjev, 1934
Family Cephalobidae Filipjev. 1934
Subfamily Acrobelinae Thorne, 1937
Tribe Acrobelini Thome, 1937
Subtribe Acrobelinii Thome, 1937
Genus Acrobeloides Cobb, 1524 (26 speces)
Order Rhabditida Chitwood, 1933
Suborder Rhabditina Chitwood, 1933
Superfamiy Rhabditoidea Oerey, 1880 (Travassos, 1920)
Family Rhabditidae Oerley, 1680
Subfamdy Oryctonematinae n. subfam.
Tribe Oscheinin. tnbe
Subtribe Oscheinii n. subtribe
Genus Oscheius Andrassy, 1876 (58 speces)
Superfamiy Heterorhabditoldea Poinar, 1975
Family Heterorhabditidae Poinar, 1975
Subfamiy Heterorhabditinae Poinar, 1975
Tribe Heterorhabditini Pomnar, 1975
Subtribe Heterorhabditinii Poinar, 1975
Genus Heterorhabditis Pomnar. 1976 (27 species)
Order Diplogasterida Inghs, 1983
Suborder Diplogasterina Paramonov, 1952
Superfamiy Diplogasteroidea Micoletzky, 1922
Family Diplogasteridae Micoletzky, 1922
Subfamdy Diplogasterinae Micolatzky, 1922
Tribe Diplogasterini Micolstzky, 1922
Subtribe Diplogasterinii Micoletzky. 1922
Genus Pristionchus Kreis, 1932 (79 species)
Figure 5. Taxonomic classification of the entomopathogenic nematode genera Steinernema and

Heterorhabditis, and the free-living nematode genera Acrobeloides, Oscheius, and Pristionchus,
according to Hodda (2022a).
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The symbiont bacteria

The relationships that EPNs establish with their symbiont bacteria,
considered mutualistic and obligate under natural conditions (Stock, 2015), also
differentiate these two nematode groups. Steinernematids and Heterorhabditids
associate mutualistically with y-proteobacteria of the genera Xenorhabdus and
Photorhabdus, respectively, both belonging to the order Enterobacterales and the
family Morganellaceae (Boemare, 2002; Adeolu et al., 2016) (Figure 66). As these
nematode-bacterium complexes, symbiotic associations of this kind have
occurred multiple times for other members within the order Enterobacterales
(Husnik et al., 2011). However, Xenorhabdus and Photorhabdus provide their host
more benefits than other bacterial symbionts (Russell, 2019), such as a source of
nutrients, defense against competitors, and life-cycle signals (Maher et al., 2021).
Indeed, a considerable loss of ancestral genes characterizes the species of both
genera, particularly Xenorhabdus, probably due to a more refined adaptation to
their respective ecological niches (Tobias et al., 2017). In the same direction,
steinernematid IJs harbor symbiont bacteria in a specialized structure called the
receptacle, formed by adapting the two most anterior intestinal cells (Flores-Lara
et al., 2007; Snyder et al.,, 2007), while Photorhabdus adhere first to the
esophagus-intestinal valve of IJs and then migrate to the intestinal lumen to
proliferate (Ciche and Ensign, 2003; Stock, 2015). Although Xenorhabdus and
Photorhabdus diverged more recently from a common ancestor than Steinernema
and Heterorhabditis (Chaston et al., 2011), some phenotypic traits differentiate
both genera: Xenorhabdus are catalase-negative while Photorhabdus are catalase-
positive and the only known terrestrial bioluminescent bacteria (Koppenhofer,
2007; Mulley et al., 2015).

The nematode-bacterium complexes produce large amounts of secondary
metabolites of various chemical types (Tobias et al., 2017). These natural products
are involved in diverse functions such as neutralizing the host immune system,
supporting the development of nematodes, and shielding the insect cadaver from
competitors thanks to their antibacterial, antifungal, and nematicidal activities
(Crawford et al., 2012; Stock et al., 2017; Dreyer et al., 2018; Shi and Bode, 2018;
Kusakabe et al., 2022). Moreover, symbiont bacteria also produce repellent
compounds of an unknown nature until recent studies (Kajla et al., 2019; Jaffuel
et al., 2022) to deter a broad range of scavengers, running from insects to birds
and even fishes (Baur et al., 1998; Ramalingam et al., 2017, 2021).
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The relationship between nematode and bacteria was considered, until
relatively recently, species-specific (Adams et al., 2006). Indeed, the color of
hosts colonized by EPNs, given by their symbiont bacteria, could serve as a
distinct criterion for nematode species identification for both genera Steinernema
and Heterorhabditis (Booysen et al., 2022) (Figure 77). If, as stated by the Gause’s
Competitive Exclusion Principle, species with identical niches cannot coexist
indefinitely (Kneitel, 2008), it was supposed that each nematode species was
associated with one bacterial species, a presumption that still appears to be
mainly valid for the Steinernema-Xenorhabdus complex (Murfin et al., 2015). On
the contrary, much evidence confirms that heterorhabditids, both isolated from

Escherichia
Buttigeels
Cagacsa
Clirobactar
Cronobachar
Enferobacher
21C88| ebsicls
[ | Leclerdla
Lediotia
Raoultalla
Salmaonalla
Shigefta
Trabulsieha
Yokenals

Enterobacteriaceas

GC5l

Erwinla
=1 Pantoea Erwiniaceas
12C38] Tatumela

Pectobacteilm
4C8ls| Sodafis

Pectobacterlaceae

3C8B] yarginig

Rowxisla Yersiniaceas
Serralig

4 CSls

Hafnia Hafniaceae

50Sls T C3ls Hﬂi'g'ﬂﬂ'ﬂ'l'ﬂ
PRl Photarhabous Morganellaceae
Xenorhabdug

8CSls

Budwicia Budviciaceas

Figure 6. Summary diagram, modified from Adeolu et al. (2016), illustrating the distribution
of conserved signature insertions/deletions (CSls) for families (indicating some of the most
representative genera of each family) within the order Enterobacteriales.
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distant regions (Maneesakorn et al., 2011; Kazimierczak et al., 2017) or, although
more rarely, from the same localities (Toth and Lakatos, 2009; Maher et al., 2017;
James et al., 2018), can associate different Photorhabdus. In a recent study, Maher
et al. (2021) observed the co-existence of Photorhabdus cinerea and P. temperata
in insect cadavers colonized by Heterorhabditis downesi collected in dune systems
in Ireland. They suggested that different bacterial species could give differential
benefits for a single niche under heterogeneous competitive conditions; in this
case, P. cinerea providing better protection against desiccation and microbes, and
P. temperata against scavengers that use their vision to forage for food.

Figure 7. From left to right, distinctive coloration of Galleria mellonella larvae colonized by
the entomopathogenic nematode espies Steinernema feltiae, S. carpocapsae, S. riojaense,
and Heterorhabditis bacteriophora, and the culture of their symbiont bacteria Xenorhabdus
bovienii, X. nematophila, X. kozodoii, and Photorhabdus laumondii. Photos by Rubén Blanco
Pérez and Ignacio Vicente Diez from Instituto de Ciencias de la Vid y del Vino, Spain.
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About habitat preference and abiotic drivers

As representative specimens of the phylum Nematoda, EPNs occur globally
in soils of all continents except Antarctica, from coastal areas to mountains, from
natural areas to agroecosystems (Mracek et al.,, 2005; Adams et al., 2006;
Kergunteuil et al., 2016). Numerous surveys, achieved mainly in the last few
decades, allowed researchers to find new EPN species and comprehend their
distribution. Indeed, before the publication by Gaugler and Kaya (1990) of the
book Entomopathogenic Nematodes in Biological Control, a milestone for
entomopathogenic nematology, only 11 EPN species were described, 9 of them
steinernematids (Hominick, 2002). Since then, these numbers have grown
exponentially to over 100 species validated nowadays (Hunt, 2007; Nguyen et al.,
2007; Bhat et al., 2020; Hodda, 2022a) (Figure 88). Some species (e.g.,
Steinernema carpocapsae, S. feltiae, Heterorhabditis bacteriophora, or H. indica)
occur worldwide, and some others (e.g., S. fabii in South Africa, S. huense in
Vietnam, or S. ritteri in Argentina) are characterized for their limited distribution
(Hominick, 2002). Geostatistical techniques such as the Ecological Niche Model
can today determine the potential distribution of specific EPN species in
unexplored areas. For example, H. indica was found on the South Coast of the
Iberian Peninsula (Campos-Herrera et al., 2016b; 2019a) after being predicted by
Kour (2017).

EPN distributions show substantial seasonal, habitat, and geographical
variability. Regional studies help to identify the environmental factors and soil
properties that drive the occurrence of specific EPN species. Even if the IJ is a
resistance stage, many abiotic factors can compromise their survival (Stuart et al.,
2015). Firstly, nematodes inhabit water-filled pores with sufficient surface tension
to allow movement (Wallace, 1971; Neher, 2010). X-ray computed tomography
measurements recently ensured that the 20 to 220 pm size range of soil porosity
is most suitable for these organisms (Schliiter et al., 2022). Still, IJs can overcome
desiccation for 2-3 weeks by using various strategies, such as rolling or
aggregating (Simons and Poinar, 1973; Glazer, 2002) or transitioning to quiescent
or anhydrobiosis forms (Womersley, 1990).

The availability of habitable pores for nematodes depends on other factors
like soil moisture and texture, formation of aggregates, or bioturbation by soil
fauna and roots (Stuart et al., 2015). For example, many studies observed reduced
EPN mobility and virulence in high clay soils (Kung et al., 1990a; Koppenhofer
and Fuzy, 2007; Ensafi et al., 2018; Lankin et al., 2020). Indeed, several surveys
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Figure 8. Exponential growth in the number of identified species of entomopathogenic nematodes
in the genera Steinernema and Heterorhabditis over the last three decades.

(Campos-Herrera et al., 2013b, 2016a, 2019; Jaffuel et al., 2018) and greenhouse
and manipulative field experiments (El-Borai et al., 2012; Duncan et al., 2013)
highlighted the sand fraction as one of the main drivers of EPN natural
occurrence. Compared with sandy soils, the low porosity of heavy soils prevents
optimal aeration and mobility of soil organisms, including nematodes
(Barbercheck, 1992), and the diffusion of specific volatile organic compounds
(VOCs), such as those employed by plants as a cry-for-help signal that EPNs can
recognize in the search for suitable hosts (Chiriboga et al., 2017; Som et al., 2017).
The dimensions, shape, and composition of soil aggregates also define the proper
formation of soil pores to provide optimal environments for edaphic organisms
(Barbercheck, 1992; Portillo-Aguilar et al., 1999). Thus, most soil mesofauna
inhabits pores among macroaggregates (approximately 0.1-2 pm in diameter),
while microfauna occurs in micropores (with diameters less than 2 nm)
comprised within the aggregates themselves (Elliott and Coleman, 1988; Schliiter
et al., 2022). Oxygen content also decreases in-depth more sharply in clay or silty
soils (Brady and Weil, 2013). Low oxygen concentrations reduce the ability of IJs
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to colonize and kill hosts (Kung et al., 1990b), with recovery times proportional
to the period subjected to stress (Qiu and Bedding, 2000).

Suboptimal soil temperatures also restrict the EPN fitness, limiting the
movement or penetration of IJs within the host or acceptable bacterial growth
after colonization (Grewal et al., 2006). However, EPNs exhibit diverse
mechanisms to persist in extreme temperatures, such as trehalose accumulation
(Wharton and Surrey, 1994; Brown and Gaugler, 1997) or expression of Heat-
Shock Proteins (Selvan et al., 1996), for cold or heat tolerance, respectively.
Furthermore, soil pH could compromise the efficiency of EPNs as BCAs
(Barbercheck, 1992), even though in vitro experiments have shown that EPNs,
particularly steinernematids, survive a broad pH spectrum (Kung et al., 1990b;
Khathwayo et al., 2021). However, the high presence of ions in the soil can
activate cascade reactions with detrimental effects on EPNs. For instance, high
contents of exchangeable H* in acid soils can cause the degradation of VOCs
linked to plant-EPN communication (Som et al., 2017), or react with heavy
metals, releasing possible toxic compounds for EPNs (Jaworska et al., 1996, 1997;
Brady and Weil, 2013).

Soil food web and other biotic interactions

Nematodes may interact with myriad organisms, from micro and
macrofauna to the root systems that connect them in the soil, arguably the most
complex and diverse ecosystem on Earth (Wall and Moore, 1999; Cavigelli et al.,
2012; Orgiazzi et al., 2016). [Js respond in various ways to the habitat, such as the
stimuli from host and other soil-dwelling organisms that may be narrowly specific
and presumably improve their chances of surviving in soils (Ishibashi and Kondo,
1990; Dillman et al., 2012b). EPN occurrence primarily depends on host
availability (Mracek et al., 2005). Although laboratory studies suggested a broad
host range for EPNs (Peters, 1996), it seems more restricted under natural
conditions due to spatial or temporal distributions (Stuart et al., 2015). Beyond
the pathogen-host relationship, in vitro experiments have proved that EPNs
scavenger in insect cadavers (San-Blas and Gowen, 2008; Ptiza and Mracek, 2010)
even in the presence of potential competitors (Blanco-Pérez et al., 2017). To what
extent this behavior implies a biological significance under natural conditions is
a question that will require further investigation. So far, there is only evidence
that scavenging competition within the insect cadaver between specific EPN and

33



34

Introduction

free-living nematode (FLN) species could compromise the fitness of emerging IJs
(Blanco-Pérez et al., 2019) (Figure 99).

Numerous studies have documented positive interactions of EPNs with
other soil inhabitants in their environment, including other pathogens of insects.
For example, synergistic effects have been reported for combined EPN
applications with nuclear polyhedrosis virus (Narayanan and Gopalakrishnan,
2003) or diverse bacterial strains of Bacillus thuringiensis (Bacillales: Bacillaceae)
(Kaya et al., 1995; Kaya and Koppenhofer, 1996). Under specific circumstances,
also entomopathogenic fungi can display additive and synergistic relationships
with EPNs, as observed for the combinations of Metarhizium anisopliae
(Hypocreales: Clavicipitaceae) and S. kraussei (Ansari et al., 2010) and Beauveria
bassiana (Hypocreales: Cordycipitaceae) and different steinernematid and
heterorhabditid species (Shaurub et al., 2016; Gulzar et al., 2021). Moreover, as
shown by Bueno-Pallero et al. (2018) for co-formulations of S. feltiae 1Js with
Arthrobotrys musiformis (Orbiliales: Orbiliaceae) and Purpureocillium lilacinum

EPN single applications EPN-FLN co-applications

b

Live larva Freeze-killed larva Freeze-killed larva

vV Vv VvV
B>8 >

Virulenee and reproductive ability of emerging lJs

Figure 9. Schematic representation of the loss of fitness of infective juveniles (IJs) emerging
from freeze-killed Galleria mellonella larvae, colonized by entomopathogenic nematodes
(EPNSs) alone or together with free-living nematodes (FLNs), compared to IJs emerging after
completing the regular pathogenic cycle of EPNs (Blanco-Pérez et al., 2019).
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(Hypocreales: Ophiocordycipitaceae), EPNs can establish beneficial associations
even with nematophagous fungi (NF). Field applications mixing EPNs and
parasitoids also reported synergistic effects, for example, Steinernema scapterisci
and Ormia depleta (Diptera: Tachinidae) against the mole cricket Scapteriscus
spp. (Orthoptera: Gryllotalpidae), or S. carpocapsae and Mastrus ridibundus and
Liotryphon caudatus (Hymenoptera: Ichneumonidae) against the codling moth
Cydia pomonella (Lepidoptera: Tortricidae) (Parkman and Frank, 2002; Lacey et
al., 2003), respectively. On the other hand, earthworms and roots, for instance,
can help the dispersion of EPNs by mixing the soil (Shapiro-Ilan et al., 1995;
Shapiro-Ilan and Brown, 2013) and releasing chemical exudates that guide IJs to
suitable hosts (Rasmann et al., 2005; Jaffuel et al., 2015; Willett et al., 2017).

Natural enemies and competitors

Although numerous in vitro experiments have revealed the potential of
organisms of many kinds to compromise EPN fitness, no viruses or bacteria have
been described as their competitors or natural enemies in complex soil
environments (Kaya, 2002; Strong, 2002). However, laboratory experiments
showed the establishment of bacteria attacked on the IJ surface concomitantly
with the symbiont bacteria within the cadaver (Poinar, 1979; Molyneux et al.,
1983; Bonifassi et al., 1999). Among them, ectoparasitic bacteria (EcPB) in the
genus Paenibacillus (Bacillales: Paenibacillaceae) are particularly interesting
because of the detrimental effect of endospores on IJs by adhering to the cuticle
(Figure 1010), limiting their ability to migrate and hence, encounter hosts (El-
Borai et al., 2005; Enright and Griffin, 2005). Even if Paenibacillus spp. seemingly
showing low specificity to EPNs (Enright et al., 2003; Campos-Herrera et al.,
2019a), there is evidence that these bacteria can modulate their abundance in
nature. Thus, Campos-Herrera et al. (2019b) observed a higher frequency of
bacterial endospores attached to the cuticle of Steinernema diaprepesi at alkaline
sites in Florida and specific predator-prey dynamics between the two organisms.

On the other hand, it is well known that several invertebrates, including
mites, collembolans, and tardigrades, can feed on EPNs (Poinar, 1979; Ishibashi
etal.,1987; Read et al., 2006; Helmberger et al., 2018). These soil inhabitants have
high rates of development, survival, dispersal, and reproduction (some of them,
such as mesostigmatid mites, can do so by pathogenesis), are voracious feeders,
and can show specificity towards nematodes (Stuart et al., 2015). All these
properties define the effectiveness of a natural enemy (Pianka, 1999). Indeed,

35



36

Introduction

Walter et al. (1987) observed that mites develop and reproduce faster when
feeding on nematodes than on arthropods. New molecular approaches for species
identifications reported, for instance, an inverse correlation between mite and
heterorhabditid abundances in natural conditions (Dritsoulas et al., 202I).
However, some field studies provided contrasting results, not finding solid
associations between microarthropod and EPN populations (Duncan et al., 2007;
Jabbour and Barbercheck, 2011). Macroinvertebrates could also negatively affect
the EPN community. Laboratory experiments have shown, for example, that the
feeding and release of cutaneous excreta of earthworms can compromise the
fitness of specific EPN species (Campos-Herrera et al., 2006; Chelkha et al., 2020,
2021).

Figure 10. Paenibacillus sp. attached to the head, body, and tail (from left to right) of infective juveniles of
Steinernema diaprepesi. Photo provided with permission by Dr. Fahiem El-Borai Kora from University of
Florida, USA.

Certain fungal species deserve special attention in this respect. Found in
all main taxonomic groups, NF survive as saprophytes in widespread soils but
switch to parasitic stages in the presence of nematodes, developing specialized
structures to prey on them (Lopez-Llorca et al., 2007). Fungi of this type fall into
three categories: nematode-trapping, endoparasitic, and egg/cyst-parasitic,
which evolved independently as an adaptation to overcome competition for soil
nutrients (Barron, 1992; Nordbring-Hertz et al., 2006). Trapping NF of the genus
Arthrobotrys (Orbiliales: Orbiliaceae) are predators which form three-
dimensional nets (e.g., A. oligospora and A. musiformis) or constricting rings (e.g.,
A. dactyloides) (Figure 111) to catch nematodes by adhesion or mechanically,
respectively (Nordbring-Hertz et al., 2006). The endoparasites, which are more
obligate parasites of nematodes than members of the other groups, produce
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Figure 11. Constricting rings of Arthrobotrys dactyloides trapping an infective juvenile of Steinernema
diaprepesi. Photo provided with permission by Dr. Larry W. Duncan from University of Florida, USA.

spores to infect them, for example, conidia by Hirsutella spp. (Globigerinida:
Globorotaliidae) or zoospores by Catenaria spp. (Blastocladiales: Catenariaceae).
(Lopez-Llorca et al., 2007). Lastly, parasitic fungi of nonmotile nematode stages,
like eggs or cysts, produce toxins and employ appressoria, a specialized flattened
hypha used by many fungal pathogens to favor adhesion to hosts, before
penetrating the eggshell. The species Purpureocillium lilacinum (Hypocreales:
Ophiocordycipitaceae), isolated from a wide range of habitats, can follow this
strategy on nematode eggs and, occasionally, females of root-knot and cyst of
plant-parasitic nematodes, so it has often been detected in the rhizosphere of
many crops (Domsch et al., 1982; Money, 1998). Trapping-NF also appear
frequently in the rhizosphere, perhaps due to root exudations linked to plant-
parasitic nematode damages (Nordbring-Hertz et al., 2006). Even if correlations
between NF and nematodes in field studies have been unclear (e.g., Persmark et
al,, 1996), there is evidence that high NF abundance could alter the EPN
community in various crops (Campos-Herrera et al., 2015b; Pathak et al., 2017).
EPN vulnerability to NF seems species-specific and environmental dependent,
but the mechanisms behind their interactions are mainly unknown (Koppenhéfer
et al., 1996; El-Borai et al., 2009; Bueno-Pallero et al., 2018). Plausibly, migration
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in the soil profile helps EPNs escape from NF, which would explain their absence
in certain areas (Campos-Herrera et al., 2019b).

Among the most relevant antagonism effects for EPNs is competing for
sources with entomopathogens of a different nature. Numerous studies
approached the competition, understood as any mutually negative interaction
not directly involving predation or parasitism (Wootton, 1994; Pianka, 1999),
between EPNs and other BCAs. For example, co-infections of steinernematids and
specific viruses (e.g., Nucleopolyhedrovirus, Granulovirus) adversely impact their
offspring due to the disintegration of the insect carcass (Kaya and Brayton, 1978;
Bednarek, 1986). In the same line, dual infections of EPNs and bacteria are
infrequent and highly dependent on application timing, as an organism's
colonization usually prevents the settlement within the host of others (Kaya and
Burlando, 1989; Darissa and Iraki, 2013). Indirect antagonism of this kind also
occurs for combined applications of EPNs and entomopathogenic fungi (EPF)
since both BCAs produce specific natural products to prevent competition
(Strasser et al., 2000; Tarasco et al., 2011; Lewis et al., 2015; Shi and Bode, 2018).
In addition, several in vitro studies observed EPNs avoiding EPF-infected hosts
and preferring other targets if available (Barbercheck and Kaya, 1991; Lezama-
Gutiérrez et al., 1996). However, recent evidence suggested that the nature of the
EPN-EPF interactions could be more species-specific (or even strain/population-
specific) than previously thought. Thus, Heterorhabditis heliothidis and S.
carpocapsae failed to reproduce (Barbercheck and Kaya, 1990), but not S. feltiae
(Bueno-Pallero et al., 2018), in bioassays conducted with G. mellonella larvae
previously inoculated with the EPF B. bassiana.

Nematode competition

Nematodes are essential components of soil food webs, so EPNs suffer, for
instance, predation from some of them, such as species in the genera Clarkus
(Mononchida: Mononchidae) and Actinolaimus (Dorylaimida: Actinolaimidae)
(Ishibashi et al., 1987), but also exploitative competition by sharing resources
with FLNs. For example, the presence of some FLN populations of the genera
Acrobeloides (Panagrolaimida: Cephalobidae) and Oscheius (Rhabditida:
Rhabditidae) within hosts caused a decrease in fitness for specific EPN species
(Campos-Herrera et al., 2012a; Blanco-Pérez et al., 2019; Salari et al., 2021).
Molecular analyses have also verified that several FLN species of these genera and
Pristionchus (Diplogasterida: Diplogasteridae) (Figure 12) often co-emerged with
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IJs from cadavers recovered from insect baits (Campos-Herrera et al., 2015b,
2019a; Jaffuel et al., 2016, 2018). However, since diverse FLNs might interact with
EPNs in diverse ways, the complex connections they assemble in nature are
challenging to interpret. Thus, Duncan et al. (2003) reported increased numbers
of the FLN Pellioditis sp. (Rhabditida: Rhabditidae) emerging from Diaprepes
abbreviatus (Coleoptera: Curculionidae) larvae infected by Steinernema riobrave,
introduced in citrus groves of Florida as a BCA, but not from those colonized by
native S. diaprepesi IJs.

Figure 12. Male (left) and female (right) adults of the free-living nematode Pristionchus pacificus.
Photos provided with permission by Dr. Ralf Sommer from the Max Planck Institute for
Developmental Biology, Germany.

All these 'rhabditid' and diplogastrid FLN species (Figure 5) seemingly
share an ancestral lineage with insect-parasitic nematodes, including EPNs
(Blaxter et al., 1998). As mentioned above, this lineage of nematodes exhibits
dauer stages that, according to the concept of preadaptation, can solve some of
the problems that saprobic soil dwellers must face to become endoparasites
(Sudhaus, 2008). This resistant, non-feeding third-stage juvenile is an adaptation
of Chromadorea to terrestrial habitats that often became the phoretic stage in
rhabditoid nematodes (Sudhaus, 2008; Blaxter and Koutsovoulos, 2014). Phoresy
indeed allows them to colonize patchily distributed ephemeral habitats using
insects for transportation (Félix et al., 2018). According to the Dauer Hypothesis,
dauer stages can effectively adapt to being transported inside insect cavities
(endo-phoresy) and then, step by step, switch to different host associations:
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entoecy, necromeny, and, finally, entomopathogeny (Rogers and Sommerville,
1963; Sudhaus, 2008) (Figure 133). This hypothesis might explain the versatility
of roles attributed to different 'rhabditid' and diplogastrid species. These
nematodes have been described by establishing associations with insects in all
the defined cathegories: (endo-) phoresy (e.g., Oscheius dolichurus), (facultative)
necromeny (e.g., Pristionchus maupasi), and even pathogenicity (e.g., Oscheius
carolinensis, O. onirici) (Herrmann et al., 2006; Kiontke and Sudhaus, 2006; Ye
et al., 2010; Torrini et al., 2015).

There is also competition within the host cadaver among EPN species or
populations. Bioassays with model insect larvae exposing different IJ species, or
inoculating them into the hemocoel, showed that steinernematids appeared to
show a competitive advantage over heterorhabditids (Alatorre-Rosas and Kaya,
1990; 1991). The authors supposed that even if dual infections eventually
occurred, only one of the EPN species would have a chance of reproduction,
presumably Steinernema spp. since Xenorhabdus spp. release natural products
toxic to Photorhabdus spp. (Boemare, 2002). Similarly, it was widely accepted
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Figure 13. Evolution of nematode-host associations in rhabditoids according to the Dauer
Hypothesis. Some of the most characteristic species for each adaptive step of their dauer
juveniles are shown on the left. Simplified diagram adapted from Sudhaus (2008).
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that always one Steinernema species predominates over another when co-
infecting a host, presumably due to differences in specificity and growth capacity
of its symbiotic bacteria (Koppenhofer et al., 1995; Sicard et al., 2006; Piiza and
Mracek, 2009; Bashey et al., 2013). However, molecular analyses have recently
probed that both FLNs and EPN species of diverse genera can successfully
complete their development within the same host cadaver (Campos-Herrera et
al,, 2015a, 2015b, 2019a; Jaffuel et al., 2016, 2017) (Figure 144). Finally, male
steinernematids have recently been observed to (at least) physically injuring
males of their own species and males and females of other species when
competing for hosts (O’Callaghan et al., 2014 ; Zenner et al., 2014), conceivably
to mate females of better quality (Kapranas et al., 2020).
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Figure 14. Database table (left) representing Ct values obtained for gPCR analysis of nematode
emergences from insect larvae used in Koch's postulates after insect baiting. Cases of co-emergence
of nematodes of different natures were observed (e.g., large numbers of the free-living nematode
Oscheius tipulae (Otip) co-emerged with some infective juveniles of the entomopathogenic
nematodes (EPNs) Heterorhabditis bacteriophora (Hbac) and (in poor numbers) Steinernema feltiae
(Sfel) from the larva MM-150), but also co-emergences of two EPN species, both with relatively high
abundances (e.g., larva MM-207, framed in red). Larvae colonized by different EPN species may
show the distinctive colorations of each nematode-bacterium complex at a time (right) (Partial data
published in Blanco-Pérez et al., 2022a).
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Soil health in vineyards

,Clest une triste chose de penser que la nature parle
et que le genre humain ne ['écoute pas.

Victor Hugo
Facing soil conservation in agroecosystems

Decades of evidence have identified anthropogenic activities related to
agriculture, climate change, and pollution as the main drivers of global
environmental degradation and species extinction in above and belowground
ecosystems (Veresoglou et al., 2015; Mili¢i¢ et al., 2021). Specifically, agricultural
soil biodiversity comprises an extraordinary abundance of microorganisms,
mesofauna, and macroinvertebrates (Bardgett and van der Putten, 2014; Ramirez
etal., 2015). This fact enables, under the influence of the abiotic soil environment,
the self-sufficiency of the ecosystem functions of carbon transformation, nutrient
cycling, soil structure keeping, and biological regulation of soil populations
(Kibblewhite et al., 2008; Gunstone et al., 2021). As an illustration, recent studies
showed the role of the nematode community, involved in primary roles in soil
food webs, in controlling carbon fluxes in terrestrial ecosystems worldwide
(Eisenhauer and Guerra, 2019; van den Hoogen et al., 2019) and how high
biodiversity indexes of nematodes and bacteria, for instance, might positively
influence ecosystem multifunctionality (Delgado-Baquerizo et al., 2020).

An integrated concept (rather than merely the sum of inputs from a set of
individual constituents) of soil health arose in recent decades to referring the
proper functioning of soil biota assemblage in an ecosystem that supports human
land uses (Lehmann et al., 2020). In the view of Kibblewhite et al. (2008), a
healthy agricultural soil must be able to sustain the production of goods adequate
for human needs and, at the same time, conserve biodiversity and the quality of
human life by providing essential ecosystem services to both present and future
necessities. Conventional agricultural practices, such as primary tillage and
chemical applications, maximize yields at the cost of unbalancing ecosystems and
compromising the output of other environmental services (Leigh and Johnston,
1994; Altieri, 1999). Increased land conversion and agricultural intensification
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have indeed driven soil biodiversity losses to the extent of depleting
approximately 60% of soil ecosystem services (Diaz et al., 2006; Veresoglou et
al., 2015). Nowadays, agriculture is transitioning towards adopting new practices
that reduce the use of agrochemicals and the intensity and depth of tillage and
allow for improved fertilization and crop protection while diversifying crops
through crop rotation (Christel et al., 2021). To face this challenge, farmers must
introduce, among other things, alternative strategies in conservation biological
control programs to favor biodiversity in soil crops (Altieri and Nicholls, 2004;
Atwood et al., 2022).

Toward reduced tillage regimes

The introduction of mechanical tillage, one of the most significant steps in
agricultural intensification, resulted in considerable human labor savings,
improved the timing of other farming operations, and ensured a well-prepared
seedbed (Kibblewhite et al., 2008). In contrast, powered tillage favors soil
compaction and disruption of soil stratification and aggregate stability (Hendrix
et al., 1986). As a result, the organic matter becomes available for microbial
decomposition and the absence of macroaggregates, as explained above,
compromises the proper settlement of mesofauna. Bacteria as primary
decomposers imply an acceleration of nutrient cycling, increasing nitrogen
mineralization and soil carbon losses, with decomposition and mineralization
occurring in deeper areas and involving fewer trophic groups (House and Stinner,
1983; House and Parmelee, 1985; Hendrix et al., 1986). Conversely, the continuous
deposition of organic matter stratifies the soil in no-tilled systems, where
decomposition occurs mainly near the surface (Doran, 1980). More physically
protected from microbiota than in tilled soils, crop residues are more affordable
to fungi and mesofauna, which establish complex interactions in patterns similar
to those found in forest ecosystems (House and Stinner, 1983; Kibblewhite et al.,
2008) (Figure 155). Organisms' size and tillage intensity indeed negatively
correlate in soil crops (Wardle, 1995).

In recent decades, agriculture has significantly returned to reduced tillage
practices, especially in North and South America (Landers et al., 2003). Long-
term studies have shown a progressive decline in soil carbon losses and an
improvement of soil aggregate formation in crops managed with a reduced tillage
regime, revealing the self-organizing capacity of agroecosystems (Six et al.,
1999;Paustian et al., 2000). In addition, the raised activity of macrofaunal
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Figure 15. Main physicochemical and biological differences for nutrient cycling processes between tilled and
no-tilled crop soils. Figure modified from House and Parmelee (1985), Soil and Tillage Research.

engineers (e.g., fungi, earthworms) appeared to support improving the water
cycle functioning of no-tilled soils, such as reduced runoff and increased
infiltration and storage (Kibblewhite et al., 2008). Alternative strategies to reduce
tillage, like cover cropping or mulching, promote soil health by minimizing
erosion, increasing organic matter content and water retention, and improving
structural stability in soil crops (Santos et al., 2020), all improvements that, as
discussed in detail, enhance biodiversity in agroecosystems.

Pest management and biodiversity

Pest management is a fundamental aspect of agriculture, but it has often
focused on maximizing short-term benefits without considering long-term
consequences for soil health (Atwood et al., 2022). This conventional agriculture,
initiated during the industrial revolution at the end of the 19th century, still
provides more than 95% of the world's agricultural yields (Christel et al., 2021).
Habitat loss due to agricultural intensification and pollution, principally from the
overuse of synthetic pesticides (e.g., insecticides, acaricides, herbicides,
fungicides, bactericides) and fertilizers, has been identified as the major driving
factor in soil biodiversity declines over the last decade (Sdnchez-Bayo and
Wyckhuys, 2019; FAO, 2020; Mili¢i¢ et al., 2021). As a result, several
governmental institutions have tried to control the use of agrochemicals through
crop management programs, such as the Integrated Pest Management (IPM),
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enforced and regulated by the European Union (EC, 2009). While relying on
synthetic organic pesticides, IPM aims to reduce their use by following a series of
principles, ranging from preventive and control strategies to interventions, to, for
instance, minimize the incidence of potential pests, diseases, and weeds below
the Economic Damage Threshold, enhance soil health, and retract the
development of chemical-resistant pest species (Barzman et al., 2015).

On the other hand, organic farming, initially introduced by Rudolf Steiner
in 1924 in Germany to optimize natural resources in agriculture, drastically
reduces agrochemical applications to the extent that copper and sulfur are the
only natural chemicals allowed for crop protection and organic matter inputs for
fertilization (Christel et al., 2021). The European Union regulates organic
production and labeling through principles that promote environmental and
animal care, biodiversity, and conservation of natural resources (Provost and
Pedneault, 2016; EU, 2018). Indeed, a recent meta-analysis assessed that organic
viticulture stimulates soil biodiversity over three times more than conventional
practices (Karimi et al., 2020). In the last two decades, the area devoted to organic
farming has increased nearly four times more in Europe (Figure 166) and fivefold
worldwide (Willer et al., 2022), a fact that illustrates the expansion of this crop
management type. The success of organic agriculture is thus essential for
effectively implementing upcoming policies that claim to protect soil resources,
such as those that comprise the European Union Soil Strategy for 2030,
consisting of concrete actions to be activated in 2030 to achieve healthy soils by
2050 (EU, 2021).

Vine management

Viticulture and Enology are major socioeconomic sectors worldwide that
provide more goods and services to people (e.g., enrich rural livelihoods) and
nature (e.g., ensure functional ecosystems) than the production of grapes and
wine (Hart et al., 2016; Santos et al., 2020). The world area under vines was
estimated in 2020 at 7.3 million hectares, mostly distributed across arid and
semi-arid ecosystems (Flexas et al., 2010; OIV, 2020). During the last decades,
the rising environmental sensitivity of society, policies, and farmers (Nilsson et
al., 2016) has led viticulture to evolve towards more sustainable practices. For
example, the area devoted to organic viticulture, as for the other agricultural
sectors, has increased fivefold over the over the current century, reaching more
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Figure 16. Growth trend of organic agricultural land in Europe during the 215t Century. Source:
FiBL-IFOAM surveys 2001-2022 (Willer et al., 2022).

than 5% of the harvested grape area (FAOSTAT, 2018; Willer and Lernoud, 2019).
In Europe, this rate rises to almost 10%, thanks to the significant investments in
organic farming made by, for instance, the major producing countries: Spain,
France, and Italy (Willer and Lernoud, 2019) (Figure 177). However, the
generalized use of agrochemicals and tillage continues to make the vineyard one
of the most intensively managed crops and erosion-prone land systems, also in
Spain and neighboring countries (Nicholls et al., 2008; Rodrigo-Comino et al.,
2018; Winter et al., 2018; Karimi et al., 2020).

Mulching and cover cropping in viticulture

For its preservation, grape growers must approach the vineyard as an
ecosystem, considering its biodiversity when taking actions to optimize crop
productivity (Thies and Tscharntke, 1999). Alternative strategies to tillage are
particularly desirable in viticulture, even more so under the current context of
climate change (Fraga and Santos, 2018; IPCC, 2018). For instance, shielding
vineyard rows with cover crops or using mulches in the lines restrict damages
resulting from elevated evaporation rates and soil erosion due to raindrop impact
and water runoff (Pinamonti, 1998; Snapp et al., 2005; Dahiya et al., 2007).
Besides reducing soil erosion and preserving soil moisture, these approaches
provide other benefits in viticulture, such as supplying additional organic matter
and nutrients, reducing weed invasion, and enhancing above and below-ground
biota and crop plant health and yields (Rombough, 2002; Sanguankeo et al.,
2009; Coll et al., 2011; Fredrikson et al., 2011; Pittelkow et al., 2014; Quintanilla-
Tornel et al., 2016; Shapira et al., 2017). In addition to the advantages already



Soil health in vineyards

150000 —France —Italy —=Spain

120000

80000

Hectares

ebo0u

30000

FiBL

2004 20086 2008 2010 2012 2014 2016 2018 2020

Figure 17. Growth of areas devoted to organic vineyards in the major producing European
countries in recent years. Source: FiBL (Institute of Organic Agriculture) surveys (www.fibl.org).

detailed, there is evidence that organic amendments favored the abundance and
diversity of beneficial organisms (e.g., earthworms, predatory arthropods, and
parasitoids) and reduced the plant-parasitic nematode populations in the
vineyard (Thomson and Hoffmann, 2007; Rahman et al., 2014). Indeed,
according to Rombough (2002), mulches help restore the soil food web after the
vine plantation. However, mulching can also cause certain disadvantages, such as
excessive fungal growth in overly wet soils, which could lead to risks of acute
fungal disease (Varga and Méjer, 2004). In addition, urea and the products of the
decomposition process of fresh manure amendments can reduce the availability
of oxygen in the soil and be toxic to nematodes (Simpson, 1986; Kaplan and Noe,
1993). Proper mulch selection seems essential to avoid these types of problems.
For example, the application of straw mulches helped control the wood-rotting
fungus Botrytis cinerea (Helotiales: Sclerotiniaceae) in New Zealand vineyards
(Mundy and Agnew, 2002; Jacometti et al., 2007). Another drawback of mulching
is the cost of distributing and implementing amendments. To be efficient,
growers must apply organic mulches in large quantities (at least 10 cm thick) and,
depending on the materials, replace them every 2-3 years (Lanini et al., 2011). On
the other hand, integrating mulching into circular economy programs at the local
level that address the energy, organic farming, and integrated waste utilization
approaches as self-sufficiently as possible can partially overcome these
disadvantages, at least (Li et al., 2011; Garcia Corral et al., 2022).
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When sources such as water are not limited, the usefulness of cover crops
in vineyards is more affordable. Their implementation significantly improves soil
quality without negative impacts on the vine. For example, organic matter inputs
due to cover cropping appear to increase the abundance of microbiota,
nematodes, and earthworms (Pérés et al., 1998; Ingels et al., 2005; Coll et al.,
2011). Their use is particularly convenient for weed control, specifically between
rows, in organic viticulture since synthetic herbicides are prohibited (Pimentel et
al., 1992; Sanguankeo et al., 2009). Another added benefit is that cover crops,
depending on the plant species selected, can serve as habitats, refuges, alternative
food sources, or attractants for BCAs. Thus, flowering cover crops, for instance,
can enhance parasitism and predation of target pest species (Nicholls et al., 2000;
Hanna et al., 2003; Sdenz-Romo et al., 2019). Lastly, among the main concerns of
cover cropping in vineyards is the occurrence of fungal diseases, so, as in the case
of mulching, a proper selection of plant varieties must be essential (Rombough,
2002; Pedneault and Provost, 2016).

Organic viticulture

Despite the correct implementation of IPM programs, most European
farming soils retain pesticide residues, at least half with mixtures of several
compounds of unknown combined effects (Silva et al., 2019). Faced with the
urgent need to provide farmers with effective and non-polluting tools, the
availability of permitted agrochemicals is decreasing every year, and vineyards
also suffer from this current concern (Pertot et al., 2017; Campos-Herrera et al.,
2021). As noted, organic pest management focuses primarily on preserving
natural biodiversity and ecosystem balance with minimal intervention, e.g.,
enriching BCA occurrence to the detriment of pests and diseases, using economic
and low-impact practices (Bruggisser et al., 2010). Although, in contrast to [PM,
there has been an increase in new products compatible with organic farming,
such conservation programs can be challenging when uncontrolled factors
intensify pest and disease pressure (Provost and Pedneault, 2016). Fortunately,
specific measures and tools are available for organic growers to constrain crop
enemies when prevention methods become insufficient (Pertot et al., 2017). For
example, periodic releases of BCAs in the vineyard achieve good results if, apart
from other considerations, there is proper timing between the natural enemies
and the target pests (Zehnder et al., 2007; Fiedler et al., 2008). Even with the
strict limitations on chemical control in organic crop production, few non-
synthetic compounds are allowed when other strategies have failed. Thus,
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biopesticides, defined by the European Union as biological control products and
microbial biological control agents (EC, 2008), today represent only 5% of the
total crop protection market, but their use is increasing rapidly every year (Olson,
2015 ; Damalas and Koutroubas, 2018). Finally, semiochemicals, such as sex
pheromones, commonly implemented to control specific pests by mating
disruption (Witzgall et al., 2010), have successfully controlled key pests in
vineyards like the European grapevine moth Lobesia botrana (Lepidoptera:
Tortricidae) (Carlos et al., 2005).

The Appellation of Origin (DOCa) Rioja

Designated in 1925, the DOCa (from Denominacién de Origen Calificada)
Rioja is the oldest Appellation of Origin® in Spain (“CR Rioja wine,” 2021), one of
the world's leading wine-producing and exporting countries (OIV, 2020). The
DOCa Rioja, located in the upper valley of the Ebro River (Northern Spain),
comprises a wine-growing area of around 65,000 hectares for producing over 300
million liters of wine a year (Cabello et al.,, 2019). Is is spread over three
Autonomous Communities of Spain: La Rioja, the Basque Country, and Navarra;
in which three large zones are distinguished: Rioja Alta, Rioja Alavesa, and Rioja
Oriental (Figure 18). A warm-summer Mediterranean climate with continental
influence (classified as Csb by the Képpen-Geiger system) and haplocalcid semi-
arid soils (e. g., low organic matter content, water deficiency, and accumulation
of calcium carbonates) characterized this region (Soil Survey Staff, 2014). The
benefits of the confluence of two opposing climates, Atlantic and Mediterranean,
are excellent for vine growing with mild temperatures and annual rainfall slightly
above 400 1/m? (Pérez-Marin, 2013).

Once the well-known vine pest of phylloxera Daktulosphaira vitifoliae
(Homoptera:  Phylloxeridae) is still successfully managed by using the
appropriate rootstocks (Ollat et al., 2016), one of the pests that today mainly
affect the vineyard in this region is L. botrana, also well-controlled with chemical
applications and mating disruption employing sex pheromones (Palacios Ruiz et
al., 1995). Maintaining low populations of this pest is also essential to control the

! The International Organization of Vine and Wine (OIV) defines an Appellation of
Origin as any denomination recognized and protected by the competent authorities,
which serves to designate the particular quality of a wine or spirit as originating in an
allocated geographical area, including the natural and human factors that are have given
it its reputation (https://www.oiv.int/en/t/the-oiv-revises-its-definitions-of-gi-and-ao).
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fungal disease of the gray mold of the clusters caused by Botrytis cinerea
(Helotiales: Sclerotiniaceae), for which their larval stages are dispersal agents
(Fermaud and Le Menn, 1989). Indeed, this and other diseases of fungal and
oomycete causes, such as the downy mildew Plasmopara viticola (Peronosporales:
Peronosporaceae) and the powdery mildew Erysiphe necator (Erysiphales:
Erysiphaceae), are responsible for most of the phytosanitary treatments applied
in vineyards (Pertot et al., 2017). The region's wine sector is also particularly
concerned about the increasing impact of fungal wood diseases like the black rot
of the vine Phyllosticta ampelicida (Botryosphaeriales: Phyllostictaceae) (Gramaje
et al., 2018). Besides, mite pests, such as Eotetranychus carpini and Tetranychus
urticae (Prostigmata: Tetranychidae), and the eriophyid Calepitrimerus vitis
(Prostigmata: Eriophyidae), did not usually cause significant damage thanks to
treatments based on sulfur powder (Pérez-Marin, 2013). Since 2001, national and
regional polities have promoted sustainable programs for the region, starting
with the implementation of the international sustainability principles proposed
that year by the European Union (EC, 2001). Even so, vine management in the
region implies generally conventional tillage and the widespread use of
substantial amounts of pesticides, which are responsible for significant
environmental impacts, including soil and water contamination (Pose-Juan et al.,
2015; Herrero-Hernandez et al., 2017).
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Figure 18. Logotype and map representing the differentiated zones in the Appellation of Origin
(DOCa) Rioja and their main edaphic and climatological characteristics.
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Entomopathogenic nematodes and the vineyard

,Everything is connected to everything else.

Barry Commoner
in The Closing Circle, Nature, Man & Technology, 1979

Nematodes as biological control agents

The large availability of commercial products based on EPNs implemented
into biological control programs against different pests in several crops (Lacey et
al., 2015) illustrates their potential as BCAs. Most consist of IJ formulations on
artificial substrates that aspire to improve storage periods (one to three months
under refrigerated conditions) while minimizing negative impacts on their
virulence (Hiltpold, 2015). Farmers can then apply them as water suspensions
using, for instance, motorized tanks or irrigation lines (Shapiro-Ilan and Dolinski,
2015). An alternative approach is the release of EPN-infected insect larvae on the
soil crops, which protects IJs from harassing conditions and increases their
persistence (Gumus et al., 2015). Recent advances in specific formulations,
adjuvants (e.g., antidesiccants, brighteners), and field application systems have
begun targeting EPNs against aerial pests (Shapiro-Ilan and Dolinski, 2015;
Nxitywa and Malan, 2021). The number of certified adjuvants in grapevines is
limited today, but laboratory and greenhouse experiments have shown the great
potential of this technology (Platt et al., 2019). Moreover, natural products
produced by Xenorhabdus spp. and Photorhabdus spp. have great potential as
biopesticides against numerous arthropod pests (e.g., T. urticae and L. botrana)
and fungal diseases (e.g., E. necator and B. cinerea) of vineyards (Fang et al., 2011,
2014; Eroglu et al., 2019; Cevizci et al.,, 2020; Chacon-Orozco et al., 2020;
Vicente-Diez et al., 202la, 2021lb). Exploring the compatibility of aerial
applications based on the EPN-bacteria complex with authorized chemical
compounds in viticulture will contribute to coordinating both strategies in the
IPM of the vineyard (Gutiérrez et al., 2008; Cevizci et al., 2020; Ozdemir et al.,
2020).

Regardless of the great potential of native EPNs to control a wide variety
of crop soil-dwelling pests, the vineyard remains under-researched as a target
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agroecosystem, perhaps because of the lack of severe problems besides those
caused by the grape phylloxera D. vitifoliae or cutworms in the genus Agrotis
(Lepidoptera: Noctuidae), among others, but also because of the real impact of
specific pests or diseases is often hidden (Campos-Herrera et al., 2021; Marin et
al., 2021). Thus, BCA preservation in vineyards must not be underestimated,
especially under the changing climate. For example, the average temperature in
the DOCa Rioja area has risen in the last decades between 0.9 and 1.2 °C, causing
a shift towards warmer bioclimatic classes (Cabello et al., 2019). Such a new
scenario may widely modify the distribution of species, so the spectrum of pests
and diseases affecting vineyards could change, for example, being able to easily
survive warmer winters (Schroter et al., 2005; Santos et al., 2020). Since similar
concerns affect viticulture worldwide, several research lines, mainly through in
vitro and semi-field experiments, are currently addressing the study of the
efficacy of diverse BCAs against potential targets of agricultural value. Thus,
laboratory studies targeting pests of local or regional relevance, such as the grape
phylloxera D. vitifoliae on the East Coast of the USA (English-Loeb et al., 1999),
and the vine mealybug Planococcus ficus (Hemiptera: Pseudococcidae) and the
false codling moth Thaumatotibia leucotreta (Lepidoptera: Tortricidae) in South
Africa (le Vieux and Malan, 2015; Steyn et al., 2021), obtained limited success. On
the other hand, there are also some promising results, for example, for augmented
EPN applications conducted in the States of Ohio and Georgia of the USA against
the grape root borer Vitacea polistimorfis (Lepidoptera: Sessidae), that reached
mortality rates of 55-74% (depending on the species) and IJ soil persistence from
1 year up to 21 months (Williams et al., 2010).

Entomopathogenic nematodes and soil health

As mentioned in the previous sections, nematodes are among the soil
organisms that support most ecosystem functions (Delgado-Baquerizo et al.,
2020) and, therefore, among those that suffer the most losses with soil
degradation (Karimi et al., 2020). Thus, it is unsurprising that distinct trophic
groups of nematodes are good bioindicators for assessing soil health (Ferris et al.,
2001). Recent field studies have shown that adverse effects on soils resulting from
cropping management may also negatively impact specific EPN populations,
particularly in perennial crops (Campos-Herrera et al., 2008, 2014). Given that
many factors affect their survival, there is increasing interest in identifying the
best farming practices that favor optimal ecological scenarios to enhance their
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activity in soil crops (Campos-Herrera et al., 2021), including vineyards, where
EPNs have often been found (Bélair et al., 2001; Mracek et al., 2005; Campos-
Herrera et al., 2008).

Impact of soil management

There is evidence that reduced mechanization and the service of soil cover
structures enhance the EPN community in crops by, as previously shown,
improving soil health and supporting suitable host occurrence, but also by
protecting IJs from the extreme conditions (e.g., suboptimal temperatures, UV
light, desiccation) that they would suffer in bare soils (Stuart et al., 2015). For
example, for EPN augmented applications in corn-soybean rotation crops, S.
carpocapsae Js persisted longer with crop residue implementations (Shapiro-Ilan
et al., 1999). Similar results were observed for H. bacteriophora in no-tilled soils
for different crops (Susurluk and Ehlers, 2008). Reduced or no-tillage also
appears to favor EPN activity, although the findings depend on factors such as
soil properties, type and quality of cover crops, and the EPN species considered
(Brust, 1991; Hummel et al., 2002; Millar and Barbercheck, 2002). Thus, Marquez
(2017) observed that black oat covers favored overall EPN activity in corn crops
in Hawaii (USA), while those based on oilseed radish only the activity associated
with heterorhabditids. Jaffuel et al. (2017) obtained comparable outcomes for
EPN augmentation experiments in winter wheat crops in Switzerland, recording
higher activity for S. feltiae in pea and mustard covers than in bare soils from
samples collected after five months of applications, but not for H. bacteriophora.
Overall, crop residues and composted organic amendments benefit EPN
occurrence and activity, but also in a species-specific manner and depending on
mulch types, among other factors (Ishibashi and Kondo, 1986; Lacey et al., 2006;
Duncan et al., 2007; Campos-Herrera et al., 2015a; Khumalo et al., 2021; Renkema
and Parent, 2021). For example, in vitro experiments found that IJs could move
from soil into moist mulches, but their virulence varied depending on the
substrate types and exposure temperature ranges (de Waal et al., 2011). In any
case, how procedures of this kind affect the EPN community in viticulture is still
not well known.

Impact of pest management

The effect of different management systems on EPN occurrence and
activity in soil crops has not been thoroughly investigated, and findings have been
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inconclusive. For example, Ellers-Kirk et al. (2000) observed that inundative
release of IJs of Steinernema riobravis in cucumber plantations in Pennsylvania
(USA) better-controlled damages caused by the striped cucumber beetle
Acalymma vittatum (Coleoptera: Chrysomelidae) for organic farming than IMP.
Opposite, an extensive study involving three annual cropping systems (wheat,
maize, and grass-clover ley) in Switzerland operated with different pest
management practices (conventional, organic, and biodynamic, under differing
fertilization and pesticide application regimens) resulted in no differences in the
abundance of EPNs and soil organisms associated to their soil food web (Jaffuel
et al., 2016). For perennial crops (vineyards and pear orchards) in La Rioja,
Campos-Herrera et al. (2008, 2010) reported similar EPN activity for organic
farming as in natural areas (Oaks) and much higher than for conventional
agriculture and annual crops (onions, bell peppers, and wheat) independently of
the pest management. Based on this and similar surveys (Campos-Herrera et al.,
2013b, 2016a; Campos-Herrera, Palomare-Ruis, et al., 2022), a stable rhizosphere
seems to favor the EPN community. Roots can, in fact, function as paths for EPNs
in search of hosts (van Tol et al., 1998; Ennis et al., 2010) but can also emit
volatiles when induced by insect pests that are attractive to EPNs (Rasmann et
al., 2005; Ali et al., 2010; Hiltpold et al., 2011). That would contribute to explain
why Campos-Herrera et al. (2008, 2010) found almost no sign of EPNs in annual
crops regardless of the pest control implemented. Perennial crops such as the
vineyard are thus much more suitable as a model agroecosystem for exploring the
effect of agricultural management on the community of EPNs and associated soil
organismes.



Objectives

LIgnoranti quem portum petat, nullus suus ventus est.“

Lucius Annaeus Seneca
in Letters, 71, 3, c. 65 AD

The main challenge of agriculture nowadays is to reconcile the production
of goods that meet human demands with the conservation of ecosystem services
and biodiversity on farmland (Altieri and Nicholls, 2004; Gunstone et al., 2021).
As ambitious as necessary, this purpose is tightly linked to the notion of soil
health (Kibblewhite et al., 2008). Maintaining biotic balances in crop soils is
critical for preserving valuable beneficial organisms such as BCAs for
conservation biological control programs (Lehmann et al., 2020). Therefore, it
becomes necessary to evaluate farming management practices regarding their
impact on soil biota to move towards more responsible agriculture. In this sense,
the vineyard is a key agroecosystem due to its socioeconomic relevance (Santos
et al., 2020) and because it is one of the most intensively managed agricultural
sectors (Nicholls et al., 2008). In addition, being a perennial crop, the vineyard
sustains a complex rhizosphere that allows stable relationships between soil
organisms over time, including EPNs, whose foraging capacity and virulence are
affected by root growth and structure and the emission of attractant volatiles (van
Tol et al., 1998; Rasmann et al., 2005; Demarta et al., 2014). The results shown by
Campos-Herrera et al. (2008, 2010), reporting lower activity values in
conventional than organic vineyards, illustrate the suitability of this cropping
system for assessing the impact of agricultural management on EPN activity since
those differences were impossible to discern in annual crops of neighboring areas.

Optimization of molecular tools, such as the design of specific primers-
probe sets for species identification through real-time qPCR, allowed in the last
decade to quantify in field samples not only the EPN activity, as traditionally
achieved with insect baits, but also their abundance (Torr et al., 2007; Campos-
Herrera et al., 2011). Additionally, the study of the relationships between EPNs
and other soil organisms addressed, until recently, through laboratory
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experiments can be more naturalized thanks to this methodology (Campos-
Herrera et al., 2012a). Thus, this Thesis aimed to explore the impact of
differentiated management in viticulture on the EPN community and other soil
organisms associated with its food web and how their assemblage might inform
the soil health in vineyards. The evaluation of the different agricultural practices
was approached through three independent field studies:

7

% A field experiment to evaluate different cover crops (grass seeded,
flower driven, and spontaneous) in an experimental DOCa Rioja
vineyard (Logrofio).

% A survey comprising 8o vineyards distributed throughout the DOCa
Rioja area to evaluate the organic viticulture (vs. IMP) and cover
cropping (vs. tillage).

% A field experiment to evaluate different organic mulches (consisting

of grape pruning debris, straw, and spent mushroom compost) in

two experimental DOCa Rioja vineyards handled for organic and
integrated pest management (Logrofio and Aldeanueva del Ebro,
respectively).

This Thesis was based on the hypothesis that organic viticulture and
alternative strategies to regular tillage (cover cropping and mulching) might
enhance the abundance and activity of naturally occurring EPN species compared
to conventional practices thanks, to a large extent, to more favorable biotic and
abiotic conditions for their long-term persistence in crop soils. To this end, the
specific objectives to accomplish were:

1. quantify abundance and activity of target EPN species,

2. quantify the abundance of target soil organisms associated
with EPNs (FLNs, NF, and EcPB), and

3. contribute to discriminating the abiotic factors that drive
their assemblage.



Material and Methods

,Conta cio che si puo contare, misura cio che é
misurabile e rendi misurabile cio che non lo é.“

Galileo Galilei (1564-1642)

Experimental designs and soil sampling

Targeted native EPN species and other organisms linked to their soil food
web were screened in three self-dependent studies conducted on DOCa Rioja
vineyards (Figure 19). The study comparing the cover crops seeded with Bromus
catharticus (Poaceae), flower-driven (commercial seed mixture), and
spontaneous was evaluated seasonally (late spring and early autumn) for two
consecutive years (2017 and 2018) in an experimental vineyard in Logrofio owned
by the Government of La Rioja (Figure 19 and Figure 20). The assessment of the
organic mulches consisting of grape pruning debris, straw, and spent mushroom
compost was only conducted seasonally (early and late spring and early autumn)
during 2020 in two experimental vineyards belonging to the wineries Pernod
Ricard (Logrofio) and D. Mateos (Aldeanueva del Ebro) and handled for organic
and IPM, respectively (Figure 19 andFigure 21). The experimental design for both
studies was completely randomized divided into experimental units (plots).
Lastly, the DOCa Rioja survey comprised 80 commercial vineyards sampled in
autumn 2019. Each vineyard was assigned to one of the categories of two factors
(soil and pest management), resulting in four possible combinations: IPM with
tillage, IPM without tillage, organic farming with tillage, and organic farming
without tillage (Figure 19). Throughout the studies, soil sampling was performed
in spring and autumn, when EPN populations are assumed to be found in higher
numbers at the soil surface in temperate climates (Akhurst and Bedding, 1986;
Griffin et al., 1991; Efron et al., 2001). Indeed, temporal studies have shown that
some EPN species migrate in the soil profile to avoid harassing conditions during
summer and winter, such as extreme temperature or lack of moisture (Garcia Del
Pino and Palomo, 1997; Campos-Herrera et al., 2010).
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Composited samples, two per plot (or vineyard in the DOCa Rioja survey),
consisted of 12-20 single soil cores (2.5 cm @ x 20-30 cm DP) randomly collected
with auger soil samplers under the crop canopy of central vines to prevent border
effects (Figure 22). Sampling a large number of soil cores per plot or vineyard may
compensate for the patchy distribution of nematodes across spatial scales (Liu et
al,, 2019). Once collected, soil samples were mixed in individual plastic bags
(~1800 cm’ of soil) and stored in a chamber (4 °C in the dark) until processed
(within 2-4 days). After being homogenized in the laboratory, subsamples of 200
g of fresh soil served to (i) isolate the nematofauna and other soil organisms
through the sucrose centrifugation methodology, (ii) determine the soil activities
by baiting insect larvae, and (iii) analyze the soil properties with the support of
The Regional Laboratory of the Government of La Rioja (La Grajera, Logrofio,
Spain): soil texture (sand, silt, and clay percentages) (Bouyoucos, 1936), organic
matter (Walkley and Black, 1934), pH (Millennia and Markewitz, 2004), electrical
conductivity, macro-nutrients (NPK), oligo-nutrients (Mg, Ca, and SO4), micro-
nutrients (Fe, Mn, Zn, Cu, Al, and B), and other elements (Na and Pb) (Mehlich,
1978, 1984).
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Figure 19. Distribution of the sampled vineyards managed with different agricultural practices: tillage vs.
no-tillage and Integrated Pest Management (IMP) vs. organic farming (Org), for the DOCa Rioja survey
and the cover cropping and mulching studies.



Experimental designs and soil sampling

Figure 20. Treatments applied on inter-rows of an experimental vineyard to evaluate the impact of (A)

regular tillage and the cover crops (B) grass-seeded, (C) flower-driven, and (D) spontaneous on native
populations of entomopathogenic nematodes and other organisms linked to their soil food web. Photos
by Rubén Blanco Pérez from Instituto de Ciencias de la Vid y del Vino, Spain.

Figure 21. Differentiated organic mulches based on (A) grape pruning debris, (B) straw, and (C) spent
mushroom compost on rows of two experimental vineyards to evaluate their impact on native populations
of entomopathogenic nematodes and other organisms linked to their soil food web. Photos provided with
permission by Andreu Mairata Pons from Instituto de Ciencias de la Vid y del Vino, Spain.
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Figure 22. Soil sample collection under the vine canopy. Photos by Ignacio Vicente Diez and
Rubén Blanco Pérez from Instituto de Ciencias de la Vid y del Vino, Spain.

Isolation and identification of soil mesofauna

For the studies that conform to this Thesis, we combine indirect and direct
methodologies to isolate and identify soil organisms. Conventionally, most
surveys in EPN biogeography studies have employed indirect methods based on
soil bioassays using specific insects as baits (Figure 23), such as G. mellonella,
which followed variants of the original procedure described by Bedding and
Akhurst (1975). In addition, this procedure allows the estimation of soil activities,
including those associated with EPN occurrence (Jaffuel et al., 2016). Briefly, we
baited 200 g of fresh soil sample with 20 final instars of G. mellonella larvae in
two independent rounds (10 larvae each) to optimize the detectability of
nematode activity (Griffin, 2015). Larval mortality was assessed after four days of
exposure (22-24 °C in the dark), indicating the total suppressive capacity of the
soil for each sample. Dead larvae were recovered, placed in White traps (White,
1927), and monitored every 2-3 days for approximately one month to check for
nematode emergencies, estimating the larval percentage that marked the soil
activity associated with nematodes. Those emerging nematodes were used to
perform Koch's postulates (Figure 24) for estimating entomopathogenic soil
activity (Stock and Goodrich-Blair, 1997) and establishing laboratory cultures
(Woodring and Kaya, 1988).
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Figure 23. Baiting of Galleria mellonella larvae. Photo by Rubén Blanco Pérez from
Instituto de Ciencias de la Vid y del Vino, Spain.

Consequently, insect baiting allowed us to isolate and identify a new EPN
species: Steinernema riojaense (Ptza et al., 2020; Figure 25) and to include an
EPN population morphologically misidentified as S. intermedium by Valadas et
al. (2014) within the species S. affine. Regarding the latter case, phylogenetic
analysis based on the ITS rDNA regions conducted by Dr. Vladimir Ptza (Czech
Academy of Sciences, Czech Republic) suggested that our EPN population could
be a new EPN species closely related to S. affine (named Steinernema sp. affine-
group by Blanco-Pérez et al. (2022a, 2022b). Nonetheless, the variability of ITS
sequences may occasionally be too high to reliably infer relationships among
some steinernematid species (Nguyen et al., 2001; Nadler et al., 2006). Further
analyses of the mitochondrial COI barcode region, also completedin
collaboration with Dr. Vladimir Piiza, strongly suggested that our isolate belongs
to the EPN species S. affine. According to Dr. Vladimir Piiza’s ongoing studies,
the Portuguese isolate of Valadas et al. (2014) and ours must typify a variant of
this EPN species in the Iberian Peninsula that differs slightly from that
predominant in Central Europe. Hence, according to this last molecular analysis,
S. intermedium, topotype from the USA (Poinar, 1985), is still never found in
Europe. This intraspecific variability might produce a low detection of our
population using the primers/probe set that Torr et al. (2007) designed. A new
molecular set is required to accurately quantify both S. affine populations in a
single qPCR run.
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Figure 24. Infective juveniles of the entomopathogenic nematode (EPN) Steinernema feltiae
emerging from a baited Galleria mellonella larva (on the right) and new set of insect larvae infected
with the EPN Heterorhabditis bacteriophora in a Koch's Postulates test (on the left). Photos by
Rubén Blanco Pérez from Instituto de Ciencias de la Vid y del Vino, Spain.

For the molecular characterization of the ITS regions of both EPN
populations (S. riojaense and S. affine), we employed the primers defined by Vrain
et al. (1992) and provided by Biotools (B&M Labs S.A., Madrid, Spain). We
followed the procedure described by Hominick et al. (1997) and modified by
Campos-Herrera et al. (2015b), operating a Bio-Rad TI00™ Thermal Cycler (Bio-
Rad Laboratories, Inc., Hercules, CA, USA). The sequences obtained were
assembled using specific forward and reverse primers (Geneious, R.5.6.5.,
Biomatters, Inc., New Zealand), compared to reported sequences of close related
organisms using Blast (http://blast.ncbi.nlm.nih.gov), and submitted to Genbank
(ITS GenBank accession numbers referred in Table 1 and primers/probe sets in
Table 2).

Figure 25. Scanning electron microscopy detailing the head (A) and tail (B) sections of an
infective juvenile of Steinernema riojaense n. sp. Photos provided with permission by Dr. Viadimir
Piza from the Czech Academy of Sciences, Czech Republic.
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Table 1. Soil organisms evaluated.

Soil organisms Population GenBank AcN° ITS Region  Reference for primers/probes
Entomopathogenic nematodes
Heterorhabditis bacteriophora ~ (comercial) ~ KJ938576 Campos-Herrera et al. (2011a)
Heterorhabdlitis indica Btw KJ938571 Campos-Herrera et al. (2011b)
Heterorhabdlitis megidis (comercial)  KJ938577 Campos-Herrera et al. (2011a)
Steinernema affine CH KJ938567 Torr et al. (2007)
Steinernema affine VO 53 MW480137 Blanco-Pérez et al. (2022b)
Steinernema arenarium SA KU194615 Campos-Herrera et al. (2019a)
Steinernema carpocapsae DOK 83 KJ818295 Campos-Herrera et al. (2011a)
Steinernema feltiae RS 5 KJ938569 Campos-Herrera et al. (2011a)
Steinernema intermedium 82 AF171290 Campos-Herrera et al. (2015b)
Steinernema kraussei 0s KJ696686 Campos-Herrera et al. (2015c)
Steinernema riojaense RM 30 MK503133 Blanco-Pérez et al. (2020)
Free-living nematodes
Acrobeloides-group RT1-R15C JQ237849 Campos-Herrera et al. (2012a)
Oscheius onirici MG 67 KJ938578 Campos-Herrera et al. (2015b)
Oscheius tipulae MG 68 KJ938579 Campos-Herrera et al. (2015b)
Pristionchus maupasi AM 3 MG551681 Campos-Herrera et al. (2019a)
Nematophagous fungi
Arthrobotrys dactyloides H55 KJ938574 Campos-Herrera et al. (2012a)
Arthrobotrys musiformis 1 KJ938572 Campos-Herrera et al. (2012a)
Arthrobotrys oligospora 8 KJ938573 Campos-Herrera et al. (2012a)
Catenaria sp. 1D JN585805 Campos-Herrera et al. (2012a)
Hirsutella rhossiliensis 2931 KM652168 Zhang et al. (2006)
Purpureocillium lilacinum 9357 KJ938575 Atkins et al. (2005)
Ectoparasitic bacteria
Paenibacillus nematophilus NEM2 AF480936 Campos-Herrera et al. (2011a)
Paenibacillus sp. SdTc1FEE1  JF317562 Campos-Herrera et al. (2011a)

Table 2. Primers/probe sets designed for the two new EPN isolates.

Species Population  Sequence (5-3') Size (bp)  Reference
F: CGATTGCCTGTCATCAAATG
S. affine VO 53 R: AAGCAAAAGAGCACCCATCA 130 Blanco-Pérez et al. (2022b)

P: AGGTGCCTGGAGCAGTTGTATGA
F: CGGCTAACTTGTGCGTTGAC

S. riojaense RM 30 R: CGACCCAAAAGGCACAAACG 86 Blanco-Pérez et al. (2020)
P: AGCTGTCGCGTATGTGCTGTTTCG

Codes: F, forward; R, reverse; P, probe; bp, base pairs.

On the other hand, a drawback of the traditional baiting method is that it
could strongly perturb estimations of EPN occurrence, for instance, by choosing
inappropriate temperatures or unsuitable hosts to detect specific nematode
species (Mracek et al., 2005). Advances in molecular tools allowed the
characterization of soil organisms at the species level, including EPNs, solving
some of the limitations of traditional methodologies, such as the extended period
required for bioassays and morphological identification of species or the need for
specialized expertise (Stock, 2015). Thus, several studies have revealed that gPCR
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analyses effectively screen for and quantify EPNs and other organisms related to
their food wed in soils, even in low numbers (Campos-Herrera et al., 2012a, 2015b,
2019a; Pathak et al., 2012; Jaffuel et al., 2016, 2017, 2018). We selected sucrose
centrifugation (Jenkins, 1964; Figure 26) for mesofauna extraction since it is a
more efficient methodology than others, such as heptane flotation or Berlese
funnels, particularly for nematofauna (Dritsoulas and Duncan, 2020).

We used commercial kits for DNA extraction procedures: the Speedtools
Tissue Kit (Biotools, Madrid, Spain) for nematodes that emerged from insect baits
and the DNeasy PowerSoil Kit (QIAGEN GmbH Co., Hilden, Germany) for soil
organisms extracted through sucrose centrifugation. DNA samples were
examined for quality and quantity in a Nanodrop system (Thermo Scientific
2000C spectrophotometer). Biotools also provided the species-specific
primers/probe sets (Table 1) for identifying and quantifying the screened soil
organisms in the qPCR analysis. The final concentrations of primers and probes
were 400 and 200 nM, excluding S. affine VO 53 (100 and 40 nM). The qPCR
conditions were: 2 min at 60 °C and 10 min at 95 °C, followed by selected cycles
of 95 °C for 30 s and the adjusted
temperature per organism for 1 min. We run
38 cycles for nematode species and 50 for
NF and EcPB species in qPCR tests run on
the Applied Biosystems® 7500 Real-Time
PCR System (Applied Biosystems Corp.
Waltham, MA, USA) for the cover crops
study and a Bio-Rad CFX Connect™ Real-
Time PCR Detection System (Bio-Rad
Laboratories, USA) for the DOCa Rioja
survey and the mulches study. Preliminary
empirical optimization was necessary to
determine the required conditions for the
available equipment, reagents, and material.
In all the preliminary checks and
optimization protocols, DNA concentration

was standardized to correspond to 30 IJs _3 :

(for EPNs), 1 ng/ul of pure culture (for FLNs Figure 26. Tubes with S|ev¢d so!I samples
. ready for the sucrose centrifugation

and NF), and 0.1 ng/ pl when plasmids were procedure. Photo by Rubén Blanco Pérez

used (ITS rDNA sequence + pUC57 for the from Instituto de Ciencias de la Vid y del

. . L Vino, Spain.
species Steinernema poinari, S. P
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phyllophagae, S. intermedium, S. silvaticum, Acrobeloides-group, Oscheius sp.3,
and Catenaria sp.; and 16S rDNA + pUC57 or pDrive for EcPB (Table 3). The
standard curves were obtained for the quantifications by 10-fold serial dilutions
(n=5 points), starting with the highest concentration employed in the pre-
screenings.

Table 3. Additional species of nematodes used for cross-amplification tests.

Soil organisms Population  GenBank AcN° ITS Region

Entomopathogenic nematodes
Heterorhabdlitis zealandica Btw GU174009
Steinernema bicornotum D60 PI KJ938568
Steinernema glaseri NC GU173998
Steinernema glaseri-group N7 MG711658
Steinernema intermedium-group ~ VAD 1067  KJ696684
Steinernema khuongi ARC GU174002
Steinernema phyllophagae - FJ410327
Steinernema phyllophagae-group ~ N10 MG711660
Steinernema poinari 1160 KF241754
Steinernema rarum - KJ938570
Steinernema riojbrave Btw GU174000
Steinernema silvaticum IN30k3 KC631434
Steinernema weiseri 117 KJ696686

Free-living nematodes
Oscheius myriophilus JU1386 KP792651
Oscheius sp.3 JU75 AJ297890
Pristionchus entomophagus P0144 MG551683
Pristionchus Iheritieri P245 MG551684
Pristionchus pacificus P2333 MG551685

Statistical analyses

We ran generalized mixed models (GLMMs), executed with SPSS 25.0
(SPSS Statistics, SPSS Inc., Chicago, IL, USA), testing the effect of differentiated
farming practices of the three studies performed in DOCa Rioja vineyards on
DNA quantifications and abundance/frequencies of occurrence of EPNs, FLNs,
NF, EcPB, and soil activity measures. We adjusted all organism quantifications
from DNA samples obtained by sucrose centrifugation to express the
corresponding quantities per 100 g of dry soil. EPN and EcPB abundances were
expressed as numbers of IJs and copies of plasmids per 100 g of dry soil,
respectively, and numbers of FLNs and NF standardized to a 0-1range by dividing
all values recorded for a particular species (ni) by the highest number (nmax) of
that species, according to 100 x ni/nmax (Jongman et al., 1995). This
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standardization liberates the data set from variation caused by intrinsic
differences, such as significant variations recorded for the copy numbers between
the FLN and NF species evaluated. Since many NF species can survive in soil
saprophytically (Nordbring-Hertz et al., 2006), we assumed most NF species
isolated by sucrose centrifugation were within the infectious phase. Thus, NF
numbers have been expressed as infection rate (IR), determined by dividing the
DNA quantity of each NF species by the total amount of DNA (Campos-Herrera
et al., 2012a).

In preliminary statistical analysis, variables expressed as a percentage and
quantitative variables were arcsine and log (x + 1) transformed, respectively. For
quantifying soil organisms and soil activities, we used a GLMM with a gamma
distribution (log-link function) and a binomial distribution (logit-link function)
for the frequencies of occurrence. We included as covariates in the GLMM tests
those soil parameters for which we recorded significant differences among
treatments, and then we removed all predictors that were not significant for
preliminary statistical tests. We used the Least-Squares Means + standard error
of the mean (SEM) as descriptive statistics.

For the DOCa Rioja survey, we performed multivariate analyses of selected
soil organisms and abiotic factors using CANOCO 5 (ter Braak and Smilauer,
2002; Smilauer and Leps, 2014). Biotic and abiotic variables, chosen after
avoiding strong co-linearities, were standardized by dividing by the highest
values, ranking all values 0-1 (Smilauer and Lep$, 2014). Since detrended
canonical correspondence analysis indicated heterogeneous communities (values
over 3.0 SD units), we run canonical correspondence analyses (constrained axes,
interspecies correlations) with a Monte Carlo permutation (n=499) and
automatic forward selection for the assignment of significant (P<0.05) abiotic
factors (using the Bonferroni correction for P values). Results were visualized with
bi-plot scaling (CANOCO 5). Finally, we employed Microsoft Excel 2016 (3D
Maps) to visualize the sample sites and species distributions for this specific
study.
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regulation of pests and diseases (Kibeniie o ol 2008 Gumsiane
vl J029) Agricultural intemaification accelerntes the Joss of soll
biodiversity (4 coosgion e al, 201 5), particularly in the last decade due
to the overuse of chemical applications (I A0 2000). Desphe rising

\or -l 02 (2007) FOPRI
the ovcurrence of abuve and below bemeficial orgamisens, Including EPRs
(Sderer Homi vt #l, 209 Wasen Prres vt 8, 2020), In addition 1o soil

chemical and physical alterntions, soll biota such as bacteria, fungt, or
des of other nature, alwo Interncy with EFNs and modulate thelr

environmental awareness by farmers and sockety, which for instaoce
drive In recent yeusw the organic viticalture in the higher European
wine-peoducing coantries (500 2019), the vineyard in still one of the
most intersely aged crops and eraxi Rand aysterms (Voo
et al, 2008, Resdrigo Cominn ot al., 2018 Wister of al., JOIK Kariime
wi al., 2000)

Located on both sides of the Ebro River, the Guananteed Designation
of Ovigin (denceninated DOCs) Riogs (8 W wine. 2021 ) s the oldest
i Spain (1925), one of the principal vine growing, wine-producing. and

.glabal exporter coumtries ((1V, 20U0) Grapevine management in the.

region offen involves conventional tillage and the widespread use of
pesticides (herbicides, fungicides, insecticides, and acaricides) in sub-
stantial numbers, respoasible for significant environmental
soil and water pollution (Fone Juan o ul o 2005 Herrer
o Heomaedes o0l 2007) Integruted Pest Management (1PM) appeared
s a visble solution to these problems. Stromgly encouraged and regu-
Latex] by the Esropean Unian (10 2009), IPM akms (o keep the occur-
rence of potentiol pests, diseases, and weeds below the Economic
Damage Threshold, following a series of principles ranging from pre-
wentive and monitaring o intervention reducing av possible
the use of pesticides (1o man ol 2015) Stll, the wine sector and
public opinion give today maore aftention 10 more sustainable practices
CAsc B Wt und Zlelle, 901 7). Organic viticulture, based in the
Eumpean Union on the Regulation (11 (201 5)/B48 comtaining the
principles of crganic production and labeling, is understood as an
overnll system that uism to reduce the use of npproved pesticides by
adopling altermative strategies that promote esvironmental eare,
. preservation of natural resources, and high animal welflure
standards (Provons and Pedimanl, 20000 TL 2008), Tndeed, a recent
metn-analysls estimated that organic viticulture pomotes soil biodi-
versity over theee thmes moee than conventional practioes (5acmi o of
SO00). Besides, soil management is also critical foe sail and plant peo-
tection in crops. Teaditional tllage negatively affects most soll microbes
o thelr functianiag aod promotes the minerslization of organic matter
and yodl erasion, particularly in Esropean vineyards, commanly placed
om slopes (Sonton o0 al . J000), More sustainable solutions to reduce
tilling, like cover cropping or mulching, decrease sofl erasion and favar
sall blodiversity by Increasing organic marrer contest and porosity,
structural stability, snd water retention of soil crops (Seons o ol
20200
Soll preservation beings several indiroct benefits to farmer crops.
Many sofl invertehrates, like nematodes, mites, or different peodators
nod parasitoids, play & role In controdling agricultuenl pests (Coninos
o al. 2021). The entomopathogendc nematodes (EPRs), well-knowa
pathogens of soll Inhabitant arthropods, are responsible for many
ecological goods and services {Carpos Hermom ot al. 2002 Lewie ot al
2015) Thelr mon-foeding, Infective juvenite (L) stages often occur In
matural and agricultural solls where Jocate suitable hosts (Sooch. 2010,
mmmummwymu—(‘nu
Mm)m:&dﬂd 4 mﬁ dary balltes

service as baologieal control agents (Helmbenee o al, 2017 Nowa-
days, advances in molecalar tools sllow determining thelr relative
importance within the EPN food web in an appropriate ecological
context (Campondbesrern e wl 201 2). Diverse free-diving nematode
(FLN) and EPN species co-emerge from larvae used in insect baits
(Duncan #1 5l 200 Campes Eerresn ot ol . 2012 201 %, 201 % Jnfuel
otk 006 2008 Mames Perer ot ol 2020), a competition that plav.
tibly reduces the virulence of emenging Lhs (1Vanoo Pooes e ul . 2010L
Also, the nematophagous fungl (NF), found in all main fungal tavonomic
groups, are widesprend in natural and agricultural soils, remaming as
saprophytes until switching (o their parasitic stage, developing
wpecialized structures in the presence of nematodes (Noscnng Heres
# al. 200%). The mechanisms behind these imeractions seem 10 be
enviroamental and species-apecific dependent, but still mostly unknown
(Koppenbofer ot al, 1996; Kl.Bocni @ ol 200%; Boono Paliem et al
2010). Regional and tempocul studies showed that the presence of
particular NP species can contribuste 1o the persistence of specific EPNs,
although still poorly understood which are the scemarios that favor
speciesspecific NF peedation of this kisd (Fabed o ol 2007
Campoe Hertors ot o), 20100), Besides, microorganisms such as ecto.
parasitic hacteria (EcPl) in the genus Pesnibecillis can also compromise
he fitness of some EPN species by redocing the motility and virukence of
LIs (¥ Rorwi e al., 2005; Baright eed Griffin, 2005),

Despite the enormous potential of native EPNy in agroecosystems 1o
ontrol farge host ranges, litle s known about soil-dwelling
target pests in vineyards yet (Compon Herros of ol 2035 Marin
“oul T070), Bowever, we shuuld not snderestimate the importance of
conserving natural enemies of arthropod pests such as EPNs, particularly
I the context of a changing climate that may vary the spectrum of pests
unil diseases affecting viseyands in warmer regions since, for example,
they increasingly sarvive during warmer witibeny (Sonivs ot ol 2000),
Tecogmizing the factors that drive the nctivity and abuslance of EPNs in
the vineyard should allow the establishment of best practice to favor
suitable ecological scemarios to enhance thelr functionality and
lTong-term persistence in the agroecosystema. Additionally, soll nemn-
tode community members, invalved in primary roles in soil food webs
LEirbinner s G, 2U15), wee good bio-Indicntons of soll health
{Feeci o al. 20000 Moreover, recent studies provided evidesce that
limked Nigh occurrences and activitios of EPN species with sustalnable
Mm(( ampos Herrors ex sl 2008, 201 4 Dlaexs o
Sk 20000 However, lmited to a few vineyards, these resilts can ot
define o whale wine-production area. Compeising 80 vineyands déstrib-
uted throughout the DOCa Rioja region, oar stady almed to explore the
impact of differentiating managemont on the EPN community and
mumwummmmm
of better practices for inabd lated that organkc
mummddmmwwm
tillage maight enhamce the abund and the of naturally
mmmwnwwmm

produced by I » ra (1 . 2002 Pode
2000, Dillemn et al, 2083), I'hyinla:huuulﬂmbmdul-
resulting from human sctivities such as tillage and agrochemleal ap-
m”&ahm-ﬂmdﬂ'b(w
na :uu).mamcmmdyw-dmdhhlm
d u negati Ivity and the intensity
dwmﬁwmt-mmd
perennial arganic crops (vieeyards included), low In conventional
perennial crops, and rare in annwal crops, regardiess of pest comtrol
practices (Caapos Herrery o0l 2008). Similarly, recent investigations
mhnmeWWl'm
turning conventional tillage to spontaneous cover cropping could favar

bjectives of this study were 10 (1) quaneify EPN abundance and acsivity,
(u)qmlywcmdw-awmum
EPNs (NF, FLNx, and EcPB), and (iil) contribute to discriminate the
abiotic factors that drive them.

2. Material and methods

21, Survey schvme, sampling methods, ond soil properties analyses
During early sutamn 2019, we surveyed 80 vineyards distributed

crosswise the DOCa Rioja region (Vi 13 Supplemeninry ot 1,

Fabide 50, Jocated In o warm-summver Mediterrancan climate (clussified
m Cab by the Koppen-Geiger system) with a contivental influence. We



Publication 2

R Dl Foves ot ul

Fig, 1. Distribwtion of the sampled DOCa Risga vineyards.

studied the effect of soll management (regular tillage versus cover
cropping, 48 and 32 sites, respectively) and pest and diseases manage-
ment (integrated versus arganic, 40 Jocations each) on the EPN com.
munity and mssociated soll food web. Thus, ench vineyard was
characterized for one of the levels of the evaluated trentments, resulting
in four possible combinations: tilled IMP, no-tilled IMP, tilled organic
farming, and mo-tilled organic furming (1shie £1), Coovestional soil
management of DOCa Rioja vineyards consists of secondary tilkage (not
less than four times a year), mainly to provide weed contral in inter-rows.
throaghout the growing season during the maturation of the vine;
generully using row crop cultivators (11 arms) with teeth that work at
east 10-15 cm depth in the sarfoce (Fomandes Alcwsar, 2011). We
selected different types of cover cropping (a few af them combined with
onganic mulching) as alternative strategies to tillage that need no o

minimum mechanization of soil crops (1alie 51), The pest managemment
dmmwbhmwdwm

imable use of agr duets (K12, 2001 2; Takle 42)
ndupkh-in‘(uh 2014 mmm 2019), depending an the
treatment,

We mndomly collected two independent composited samples per
vineyard, ench consisting of 20 single soil cores (25 cm @ x ~20 cm
DP), taken with auger soil samplers under the crop canopy of middie
tows to avoid possible border effects. The 20 cores per sample were
combined in individunl plastic bags (~1800 cm” of soll) and stared in a
chamber (4 C in the dark) until processed (within 2-4 days). Following
the protocol deseribed by Compos Herrera ot ul (90100), eoch sample
s manually homogenized and divided into three subsamples of 200 g
of fresh soil (W lewd o 00, 2005), Two of the subsamples were employed
(1) to characterize the sbundance of EPN community and associated
orgamisma through sucrose gradient centrifugation procedure and gPCIL
analysis, and (ii) determinate the soil suppressive copacity by using the
traditional insect-bait method. The third soil set was defed at 40 °C for

one week 10 measure the water content 10 express the number of iden.
tified ocganisms per 100 g of dry soil. Finally, we combined 100 g of
ovendried soll of both replicates of each vineyard 10 snalyze the
following woll properties {perfornsed by labaratorio Regional del
Gobierno de La Riojt, Ls Grajera, Logruia, Spain): texture (sand, silt,
nnd clay percentages) (Bouyauecos, 1990), pH M dlenmin aned Matkewits,
2004), electric conductivity, orgasic matser (Walkley sl Black, 1904),
macronutrients (P, K, and nitrates), oligo nutrients (Mg, Ca, and S0,),
microwutrients (Fe, Mn, Zn, Cu, AL and B), and other elements (Na and
Pb) (Mehiich, 1970, 1954), Monthly precipitations in the DOCa Rioj
region in 2019 were also recorded by the Agrociimatic tnformation
Service in La Rioks (SIAR: 11y $10

22 Soll mesofauns imbation ewd extimurion of sell activites agalne
et Mrvor

Following the proceduire described by oo Sber o ol L0,
mematodes and other soil organksms were co-extmcied  throwgh
socrose-gradient centrifugation (foobine 1004) from sleved (aperture
wikdth of 25 pim) 200 g of fresh soil of sach ssmphe (el o ol 2015),
Besides, we employed the tnditional insect-balt method 10 estintase the
soil setivity ratlos following & protecol sdapted from edding sl
ARt 1975, Specifically, we calodlated differentioted mortality
percentages of final knstars of Galleria mellonella (Lepidoptera: Pyr-
larvin (renred wt 1TCVV) tomal morealiey (sotal-act), twertality
associoted with nematode emergences (nem-act), and percentage of
larvae for which Koch's postulates were conflomed (EPN-act). Addi.
tiomally, we maimtained some of the nematode emergences, from fiew
nod Koch's postulares vest rounds (VO and VM aliquots, respectively), 1o
establish laborstory cultures following the procedure described by
Wi e B LR Both suspessions of soil organiens abtained
through sucrose-gradient  centrifugation and RO/RM aliquots were
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stored at - 20 °C in the dark untll used for DNA extraction procedures
see Slanro Pores e gl 2020 for a mare detadled protocol ),

23 Idowification and guantfication of soil organisss by reaf-time GACK

For the DNA extraction procedure, we first mechanically dis
agyregated wll samples with sterile bloe pesties {15 seg) msembled to o
Komtes'™ Pellet Pestle™ motor (DWK Life Sciences Genbid, Mainz, Ger
many), We used the DNA extrnction kits DNessy PowerSoil Kit (QIAGEN
GenbH Co, Hilden, Germany) and Speedinals tissoe (Biotools, B&M Labw
SA., Madrid, Spain) for the samples obtained by wocrose-gradient
contrifugation and RO/RM aliguots, respectively, DNA extractions
were stoved At — 20 °C usthl wed, We screened for 22 soll arganisens

primors and probes in qPCR tests (Tabic 1] Sup
ey a2, Talide S0 Previous stodies reporsed the presence In
La Rioge of most of the evalwsted species: the EPNs Stelnernema corpe-
copuar, 5 feltiae, S, krausel, 5. rlglsense, 5. affine, Heterorhabdinys boc-
terfophoro, and H. indica, the FINs Pristfionchus meapast and Acrobednides-
gromp, the NF Arbnbotrys olgopors, A doctyloddes, Purpercectliium

Table 1
Sail crganiume sested.
Type of wgannm Ppnilation Cenbenth Relerensee b primeers
Wecks ACNO TS ad prubes segieners
Neglon
Faranogethograi
ermmannics
- KI9ass?6 Uatmpton Hirrons o ol
Aactenaphorn = T
Hetrarboiuitis indvs  Biw [ ] Carepa Linrioes = 3
it
L i KsoasTy Canges Werrory o 4l
Areabe [F 0T
Stererrems offte o™ (S Tors e ul | 2007)
Stererrens DOKay s Carrgos Hottres ol
crpeopar [E )
Stevwriems (Ao hen (S Carmpen Hiurtrse ot il
[P 1} =)
Strawnuree L) AFIT1I%0 Cotngion Lhasress ot al
eermadiun oA
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Ilacimem, Hirsutelle rhossifensts, and Catenaria sp., and the EcPS Paen).
bacillus sp. (Campos Hermgrn = 3l 2007, 2000 Wasoo Werer of al
J00) Also, the EPN S intermedium, the PINs Oschelus tipalae and
0. anirict, the NF Arthrodorrys musiformis, and the EcPB Poembacilive
nemammphilus had been identified in the Iberian Penimsula (Goria del
Mou, 2065; Campon-demens et ol 201 1a, 2014, 201 %) On the ather
hand, there is still no record for Meterorhobditis megidis in Southwest
Earope but Northern and Exstern Eurnpean countries (1 lominei, 200
lesides, we designed a species-specific primers/probe set [Supplemen
tary ditts 1) foc the EPN species Stainermema sp. affine group {recardest
by Valackos o1 51 2004 in continental Portugal, but misidentified ax
& intermedium according 10 Dr. Viadimir Pida, Coech Academy of Sci-
ences, Caech Republic), (solated from aliquots of insect-huits copducted
in this study. Moreover, we incladed additional nemotode species (13
EPNs and 5 FINs) 0 validate the QPCR tools. avoiding
cross-amplification and adapting previously published p ls to our
experimental conditions (7ol ©4), Purne catltures of most evaluated saoll
arganisns were preservod as descritsed by Blane Peees o ol 0200
(Supplemeniany dala 2).

Final eoncentrations of specles-specific primerns und probes, synthe-
slzed by Motoals (Madrid, Spain), weeo 400 and 200 oM, respectively,
except for Steimernema sp. affine-group, wisich was 100 and 40 nM.
Probes ween labeled at the 5' and 2’ ends with the fluorageaic reporter
dye FAM and the quencher BOH-1, respectively, The gRCR tests and
quantifications were performed with the Quantimix Easy Probe mix
(Biatoals, Madrid, Spain) in Bio-Rad ICycler IQ® 96-well PCR plates,
covered with Blo-Rad (Cycler Q¥ Optical tape, on the Bio-Rad CFX
Connect™ Real-Time PCR Detection System (Bio-Rad Laboentaries, Inc.,
Hercules, CA, USA). We run 38 cycles for nematodes spoctes and 50 foe
NF and EcPB species. Before gPCR runs, all DNA samples were analyzed
for quality and guantity in & Namodrop system (Thermo Sclentific
2000 C spectrophotomeser) and adpusted to 1 ng/yl for all the organisms
except NF, adjusted to 10 ng/pl. We optimized protocols and established
positive controls described by Slancs Pores ot ol (000 (Supplemen
tary dafs )

2.4, Stwtictical anolyss

We man generalized mixed models (GLMMs), execored with SPSS
25.0 (SPSS Statistics, SPSS Inc., Chicago, 1L, USA), testing the effect of
differentinied farming peactices of DOCa Rioja vineynrds, pest man-

FLNs, NF, EcPB, and soll acrivity measures, The quasitifications obtained
by sucrose-gradient centrifugation were expressed per 100 g of dry soll:
EPNs as number of Lis, EcP# as coples of plasmids, and FLNs and NF ax
standardized 0-1 range of the values recorded for cach spocies (see
Waneo Peres =1t o, 2020 for farther detaily). The sodl activities (total-
act, nem-act, and EPN-act) recarded in the insect baits wese represented

quantifying
tion) for sofl activities and frequencies of occusrence. We imitially
considered covariates in exploratary GLMM tests of all the abiotic var-
inbles thot showed significant differences between treatments for gen:
eral linear model (GLM) tests {1l 25 Supplemontary duts 3, Table S5
Subsequently, we included woil arganic matter 1o test for differences in
sail activities and quantifications of DNA, total FLNs, and specific target
organisms, We used the Least-Squares Meams 1 standard error of the
menn (SEM) as descriptive statistics. We employed Microsoft Excel 2016
(3D Maps) for visualizing the sample sites and specioy distributions.
For the multivariate snalyses of selected soil aoganisms and absotic
factors, perfurmed with CANOCO 5 {er sk uned Sumllower, 20002,
Sentluner wed Lape 20740, we first chose some of the abiotic Eactors ax
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Fig. 2. Genexnl linesr mode! tessing for diffevences of sl properties befwess billed snd no-tilled sile, Asterisa indicete significsnt Sifferences ot *F « 006,
SOP 001, and 4P < 0001, Values are leastagquass snesnst ST (swe Tabi 50 for tomplete statistion).

explorstocy predicion sfter avoiding strong co-linearities (72000 S0l
Then, both biotic and biatic varinbles were standardized by dividing by
the highest values, ranking all vadues 0-1 (Solaner sl Lo, 2014
Viahues over 30 masimum length (SD wnits) for detrended cananical
corrmspoodence analysis (DCCA) indicate heterageneous communities,
and ennonical correspoodence analysts (CCA, constrained axes) i rec-
canmendod (o Wenak sl Smnilner, 2000), We run CCA (interspecies
corrvlutions) with & Monte Caclo permutation (n = 499) and astematic
forward selection for the assignment of significant (P < 0.05) absatic
facsors (uning the Booferroni comection for P values). The fimal resulne
were visuslized with bi-plot scaling (CANOCO 5).

3. Results

21 Soil properties and DNA quantification

We did sot find dilferences for the evaluated ablotic factors between
integraved und crpamic pess management but between regudar tilling and
cover croppimg (/0 2 Supplomennny duts 3, Talde S5), Overnll, we
recarded lower values for soll oeginie matter, N, P, K, Zn, Cu, and B in
tilled soils but higher for carbomates (11 5 Tabile 55), Among all these
variables, only the soil organic matter was included in GLMMs testing
the effect of owr trestments os DNA quantifications and the abundances
and occurrence of the target species 5. feltion, O, tipulae, A, oligogpora,
H rhossiliensis, Camagria sp., and Peanibocifos sp. Costrary, soll
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management @id not affect the guantities of DNA obeained through
wacroses-gradient centrifugation but pest management, higher (n arganic
viticultiere than 1PM, although mediated by high values of sail arganic
matter {11y 52).

34 Abundance and frequency of eccurrence of the soil orgomisms

We detected species of all the grougs of soil onganisms evalusted all
#eruss the DOCa Ricja region (e 1), with no significamt differences
amony treatments for the total EPN sbundance and frequency of
cccutrence (Vix 4A; Tuble 2) We detected four out of the ten EPN
species screened: 8, foltioe, S rinjornse, and M. bacteriophora recorded i
Al treatments, and Steinernema sp, affise-group only missed in tilled IMP
vineyards (Fig A Talle 7). Ondy for 8 foltior we reported statistical
difforences among treatments: higher abundance in oegumic viticulture
and Tightly higher frequency of ocournence (P < 0.1) in tilied soils, bath
meclinted by soil organic comtent (1 aide 55 bl 570 Regarding FLNs,
we reported higher abundance in organke viseyards thas IPM, specil-
kally for Acmbelofdes-group and O, tpwloe, both medinted by high
values of soll organic matter (1ohke 25 Talile 573, but not for sail man.
ngement (1. 1), In additlon, we noticed! the presence of the other two
scroemed apocies, O, oniricd and P, maupasl. The species O. tipuloe was
Ao detocted In higher numbers in po-tilied solls, while O enfrici and
P. maupasi wore more abundant (m bare sedls (1500 25 1alie 57). On the
other hand, we detected five out of the stx screened NF species:
A docfoides, A oligepore, Catemarte sp, H rhossiliensls, and

B N
)

oy

P. Macinum (1 1C). The vitiosdiare practices evaluated did not affect

values of sotl organic matter (1ulle 35 Tubie 57). Fimally, we found ooe
vut of the two screened EcPB species, Pasibacillus sp., in higher abun.
dance in organic vineyards than IPM, also modiated by high values of
suil organic, while pot for soil management (1 4D Tulie 573,

L3 Soil activities retes

For all the sail activities evaluuted, we recorded significantly higher
values in organde viticulture than IPM, also registered in & higher fre-
quency of organic vineyards for 1otal-act and mem-act, but not for soll
management (g 5, Fig 54w 95; Takde S0, The same nematode

& krauel. The species 5. feftioe, O, tipular, P, monpasi, and Abrobelodes-
group occurred in all treatments except no-tilled TPM, for which no
nematodes were found. The EPNs Steinernems sp. affinegroup and
S rijaense happoned in onganic viticulture and H. bocteriophoru in IPM,
Fimally, §. kraucel and O, onirkl emerged from tilled IMP and
S campocapsoe from so-tilked onganic vineyards only (115 5A), none of
thom detected In the Koch's postulates tests (10 TB) Noveribeless, we
recosded 0o significant differences among troatments for any nematode
spoctes identifiod, nefther from VO nor VM aliquots.

) E:PI(n'mpiu)
— -
00

e

Fig, 3. Destribution in the DOCa Riogt reging of fhe cumdative aboodance of the soll urgamims estracied toough sucrse gradiest centrifugation: snmmops
thogenic nematedes (EPNe), froe-living nematodes (FLNs), nemacophagous fungl (NF), and octoparasitic hacoeria (EcP®).
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lﬁ.d. Effect of different management practioes (n DOCa Rioj vineyssdds on abundance of (A) Infective Juvesdles (L) of the emomopathogenic sematede spocies

(Hhac), Seei

;ma.upu-m-uuq—mmumuwmmw

m).a-mm-n Pristionchus muspas! (Pmsu), sad Acrobefoldes proup (Aspp.), {C) nematophagous fusgl (NF) infection raio (IR) of the species Arthruborrys
algpspere (Aali), A deceplotiles (Adac), Purparpocillivm Blecinum (PHI), Hissstell il (Hrhos), and Cotenerir sp. (O ), and (D) the ectoparnsitic bacterial

species Parnibociiin sp. Asterisks indicate sigrificem differences from genoralinal Sinese misel model sets ot ***0 < Q001 and “*P < Q.01 (na, not sipeficant).
Valuos are beast-aquaro menes S5 Soil specios averages wrv representod s ples.

2.4, Mudttvariare anafysts of ubiotic facts and eget soil ormisms

Since the DOCA gradient was 3.1 SD units long, we performed OCA
with the selected abiotic factors { 1110« ©7) as explorutory varisbles, and
the soil otganisms isolated through sucrose-gradient centrifugation as
response varinbles except for the NF species Catenaria sp. and the FLN
species O. tipulie and O, onirici, present in less tham 10% of the vioeyards
Caps md Hadioenna, 1992 Four soil properties (pH and clay, organic

explaining

mummummmmnmm
by Cus and clay content, and Axis 2 by pH and sl organic matter (V15 0)
Regording the EPN speches, S, feltioe was linked to high soil organic
matter content and Jow pH and S. riofoemse 10 high Cu and clay content,
-mmummm‘mm

rhabditid /. bacteriophora, k d mear the origin axes, was un.
related 10 the predicioe factars. The FLNs in the genus Acrobeloides
correlated with low clay and arganic matver conbents and high pH, while
the NF species H, rhossdliensis and P, Blacinum were Jocated in the
opposite quadrant. The NF species in the genus Arthrodotrys were asso.
cinted with low organic matter content and high pli, particalarly
A dactyloides. The FLN P, meupasi and the EcPB Poenibacilie sp. were

widespread with oo appurent association  with the  independent
variables.

4. Discussion

4.1, Impacr of pess manggement

The literature provides not many examples of the effocy of different
agrooomic managemerst systems on the EFN community. For instance,
Floes ¥k ot al (90001 observed that the inundative release of
5. riobravis Us successfilly controls Acalywwma vimasum (Coleoptera:
Chrysomelidac) populations In engamic cocamber crops, In relative
terms betser than IMP, Contrary, oo differences were found for the
abundance and activiry af EPNs and assoclated organksms in an ambid-
tios study comprising four farming systems applied on three difforent
crops (Laltusl of ul. 2010). However, and in agreement with our hy-
pathests, we observed higher soll activity rates for arganie furming than
1PM, also for those sssociased with nematode emergences, Including
EPNs. Conversely, we did not find significant differences for the toeal
abundance of EPN species between the evalunted pest managensent
treatments, probably due w the high numbers detected for S. rigleense
b in IPM vincyards. Up 1o now, 5. riojoense, the prevalent EPN species
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gradient
trasted with the poor presesce of 8. riglsense obtained in insect bhaits and
ealy from organic vineyards, Although the biology and ecology of this
mewly described species are still mosthy unknown (P ot ol 2000), this
discrepancy might be doe to the passible wnderperformance of
§. rigjeense for the bost chosen in our bio-test {G. mellonella larvae),
Indeed, Adioms ot Nyguyes (20020 llustrated similar issues for EPNs of
a parrow host range as 5 scarahand or £ scaplertscl. Convidering the rest
of the identified EPN species, we only reported significant differences for
higher abundance in onganic viticulture of S, feitiae, the prevalent stei
mermematid species in Earope O bomenich, 20025 Wt oo ul., 2000), and
warveys completed in the [herian Peninsila in the last decades (Gorein
et Piow anal Palaren, 1996, Compos Hervers o ol 2007, X115, 207 9
Valadhan on sl 200G Mlaneo Pesws o0 ol 2000) Although these findings
over mainland Spain and Portugal reported evidence of 8. feltioe in o
wicle variety of habitits, stadies performed in La Tiajn found higher
activity rates and abundance for this particular EPN species in less
disturbed ecosysteas like natural Rhabitats, organic crops, and no-tiltled
vineysrds (Campos Hherrers of ol 2007, 2010; Blonen-Perve o ol
SU00), The common practice of onpasic fertilteer applications b organic
farming ofvon enhances soil orgamic matwer contemt (1o bt sl Funng

2000). Even If this assertion was not fully satisfied in cur study, we
established a correlation besween organic matter and . fefriae abun.
dance in the overall swoil commumnity assemblage analysis (CCA). Lin.
ford's hypothest d that matter {mputs to soll genernte
wmmmmwwmmum
foud, 1907 Conke, 1962). Possibly, the higher sail arganic matter con-
tents that chamcterize organic vineyards favor the development of
m&marm-smummw
persistence, Other EPN species (1. bucteriophora, Steinermema sp. affi-
negroup, & carpocapeoe, and S, krussel) occurred at lower numbers,
with no significant differences between the evaluated pest management
practice. It Is important to note that these three seinemematid spocies

d only in orgamic vithoud! rhaps indicating the importance
dumdwwwn&“«-ﬂvmﬂ
communities,

The toenl abundance of our target FLN species was significantly
higher in organic viticulture than M, particularly for bacterfvores
spoches in the penus Owhelus and Acrobeloddes and, in agroensent with
Linford s hypothesis, enhanced by high soil arganic matter contents,
Bacterial foeder nenatodes are good peadictars of soll health in term of
sail structure, pH, and organic matter contest (oo Do Hoogen o ol
J019), Howevet, the few existing repocts appeoschisng the effects of
organic farming on the nematode community suggested no clear
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e

m&wkﬂydﬂmﬂnﬂhﬂmb
in semiarid vineyards and olive orchards in South-Central

cerning specific trophic groups:

French wineyards (£l o1 ol 2003), and species
occurring in inter-rows in Northern bsrael (Schiiser o1 ol 2022)
Anybaw, our stady did not intend to chamcterize the free-living com-
munity but il its co-occurrence within the EPN soil food web, Various
studies have observed declines in the Atness of some EPN specied in the
presence of FLNs in the genus Pellioditis (Doncsn ol 0007), Acrobe-
Toddes (Campeon thesrvrn vt nl. 301 2), and Oscheity (Wnnco-Feres ot ol
2014), As highlighted by Slascs Pores o ol (2020, the relstive abun-
dunce of diverse soil vegunisms soocised with the EPN sall food web
cmild partially explain the numbers we reported for EPN species. Our
results showed that arganic vitculre did sot Grvar the proliferation of
the NF species evalusted but the EcPB Pownibacillus sp. This bacteriam,
Initially linked with Seeinernema dapeepest (given o ul 2007, has
been detected in the Iherlan Pooinsula, putatively associated with cther
steisernematids close related 1o S digprepest In the Clade V (o
posiisrers ot ul, 2000w Mleseo Peres et al, 2030), especially
S riofeense (w0 ol JU), Whether a possible assoclution

partially at least, the hgh abundance in the soll but the low activity of
5. riojaense i organie vineyards, Overall, arganic farming could enhance
the occurrence und béodiversity in vine rows of certain soll mesofauna
grougs, pematofmina included, so probably EFNs have to dead with maore
potential competitars.

42 pwmpact of soil management
Although several studies revealed that inter-row tillage favor soil

biota degradation in vineyards (5acimi of ol 2000), itx impact on the
nematofasma s will mostly unkmown. Sapi Dae e ol 1)

com-soyben
soybean stubble than in bare soilx. In the same direction, “wmrioh st
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Ehless (1008 noted that no-tlled managements of different crops (n
crease the perlstence of H. bacteriophora, probably by matntaining host

-l 232 (203) eR3y

also behave as predators If conditions require It On the uther hand, v
viro experiments showed that O. oalricl could compromise S, feltior

cccurrence, (mproving soll health conditions, and reds

fluctuations. Moreover, o Perne o ol (2000] remarked 8 comels.
tion between EPN abundance and activity and physical disturb of
Inter-rows, recording higher EPN values for cover cropping than tilling,
especially in the absence of mechanization in spantiumecss cover crops.
In disagreement with these results and our bypothesis, we observed that
meither abundance nor activity of EPNs significantly varied among
vineyards that differed in the interqow soil management. Our obser.
vations also contrast with the results of severnl studies hased on baiting
methods and conducted in other crop systenss, although with reserva.
tioos. Par example, mintillage oc striptill significantly increased the
fnfection of G. meflonella lacvae by EPNs compared with traditional
tillage in North Caroding, while other factors, such as soil properties,
pesticide inputs, or type and guality of cover cropping, could similarly
affect EPNs or the avadlability of target hosts (urose 19090 e
il 2007), Bexides, Millar und Martwscheck (2001 suggested opposite
sensitivities for different EPN species to the conditions created in tilled
soils. Even if comventional tillage in viticulture rarely is intensive and
does nut directly affect rows (the sampling aren in this study), we found
several differences im the abiotic factors between till and no-till treat-
ments that could modulate the occurrence of EPNs in &

manter, For instance, metal jons like 2o and Cu, recorded ot higher rates
n our no-tilled vineyards, can exhiblt very high toxicity on steimerme
marticls but much bess on heterarhabaitids (oo pial  109s 1097
This prosumption seers 10 agree with our olwervatioss for Steimermena
. affine group and S. feltiae, boch negatively affected by high Cu con-
tenta, while an opposite trend was noted for S rigjaeme, closely asso-
cinted with Ou in our OCA analysis, This example gives us un idoa of the
difficulty of determining the relative importance of difforent sbiotic
factors whon evaluating their impact on the EPN community in complex
soll environments,

Iis mudtition to sail properties, biotie facsors con also affect the sur-
vival and reproduction of EPNs (ot o ol 2015), We found no if-
foremcos  between tiled and oo-tilled vieeyseds for the 1ol
quantificition of sy other group of the sall organisns evalusted but for
specific species, Alternative strutegies to tillage and herbigide applica
ticew ke cover cropping muy enhance the nematode community by
affecting  trophic links assockaod  with thelr sofl food  web
ChonchorMarenn o ul. 2015), However, In our sudy, no-tilled vine-
yards oaly appeared ta favor the dmmamum
NF A dactyloddes and P. Mactum, while the de species P. i

iruk when acting as scavengers, a plausihie strazegy for EPNs o
survive (Nlapen Veres ot ol 2019

As d, some FLN species can compete with EPNs for e
sources, but the natuwre of their interaction s still uncertain (15
o e vt wl. SIT) We expected 1o notice a moce strakghtforward
relationship between NF and EPNw. Based on their ohservations, 1o
oo Perer o1 a0 (20001 suggested that endoparasitic NF (M, rhosifliensds
and Carenaria 5p.) could be more efficient in killing EPNs than trapping
NE (Arthroboirys spp.). Since we obtained higher quantifications for
A. dactyloides in no-tilled vineyards and no differences for N, rhomilliensls
and Catenaria sp. between soil management treatments, our results did
not ratify this premise: On the opposite, as also highlighted by 10
oo rms o1 ol L0000, the higher numbers reported for the eggs-trapping
fungal species V. lilacoum on no-tilled vineyards coudd be due to un
tinderestimation of the FLN abundance,

5. Coonclusions

Our stsdy supponted the hypothesis that onganic viticulture can favor
the EPN activity and the abundance. ot least, of the EPN S feltiar, the
predominant steinernematid species in Furope (Flomonich 20000 B
wul 2000), In addition, we also observed evidence of higher quantities
of FINs and identified mote nematode species (EPNs and FLNs) In
organic agriculture. Nanetbeless, we found no differences for the total
PN abundance between orgamic and integrated pest managerment,
perhaps dwe to complex interaetions among soil members sssembluge 1o
thedr sodl food web. Conjointly, these results could indicate & higher
resilience against pests and the healthiness of organic vineyard seils.
Contrary, altemative strategies 10 tillage affected only # few of the
evaluated soil spocies, withowt geoeral distinctions on the EPN com-
munity ar associated soll organdsms. The vineyards selected foe this
sudy comprised, actually, multi-laceted management peactices that
oould distarb soil biotic and abiotic charcteristics differently. Since the
nematode commsinity could renct 1o these singular disturbances even in
a apecios-apecific manner, our objective of estalbilishing the causal effocts
of differencinted viticulture practices on the activity and shundance of
native EPN species s considerably complex (1iocos nnd Mol 2002
SHt el J0E5). Proper vigiculture practioes will maximize profit
and reduce potential problems (Frovue and Fedonl 2018), for
Instance, promating optimal conditions for the occarremce of natueal
of possible pests and pathogens In sofl vineyards, Here we

uawmmm-wmmmu
teractions thit these sall vegunisms could establish with EPNs are not
mmwmmhmﬂvdtdumuw
in the gonus chus In natural conditions can serve as an
Hlustration. The w hermaphroditic spocies P, muupasi i
commonly present in rotting vegetal submtrates (Fcla o0 ol 2018),
closely assoclated with scarnbaeold beetles in the genus Melolonthy
(Ferrmmnn o8l 2000), The type of relationship with its hosts s
controversial. Accoeding to il e ul (2010, P. maypest displays a
phoretic association with cockchafers to disperse the daver juveniles
(the stress-resistant, alternative third juvenile stage) and colonize new
food sources. Certadnly, 1oy o ul (2000 concluded that P maupasi in
attracted to the most dispersive forms of cockchafers. But Mooy
et 4l 12000 considered that the nematodes in the genus Prissionchus
follow a necromeny behavior, an association much more specific with
their hosts that is suggested, in evolutionary terms, as an imermediate
step preceding true parasitiom (100 /men of 20 301 2), Although there is
mo evidence for coosidering P. maupasi & parnsite of msects or o
of EPNx for hosts (Hhercmunn et sl 2006 Blanco- Peres o1 al

2010, the living and feeding habits of soil nematodes under natural
conditions is still mostly unknown. Indeed, the specialized buccal cavity
of Pristionclus and other diplogastrid nematodes allow them 1o feed on
bacteria, fungl, and other nematodes (o L 2107), so they could

provide evidence on the suppart of organic viticulture 1o the activity of
beneficial soll oegantemy, the EPNS, Future Implementation of advanced
mokecular 1008 hased an Neat-Generation (NGS) analysis
(Sebwn o1 al, 2000 Demouln m Al 2020) will sllow expanding the
number of soll species investigated and heoce, will contribute 1o a better
understanding of the assemblages of EPNs and other soll organisms in
natural conditions, and how ablotic factoes affect them in the agro.
ecosystems. These baschine data will provide objective sssessments o
add value to organk management strategies in sustainable viticulture,
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ABSTRACT

mwwmmwwwunmum-m
an] agrochem -vrndhlh
dlhhmhn-ﬂ-himndmw Al gien Like mid e
w»mwﬂmmw&dmwmﬂuni:mm
tent, ferility, aml smolstuse. WWMM-&M*MMMWH-
atofsns development in crop seil, | EPNs. d 10 hesbielil L o tEllage. Tesditlonsd
Mwmmmmmmmuuﬂ-mumumya
native EPNg, snd the abusd ol p i matural jen, such s free living nematode (PLN) congotitos,
mwmﬂ.uﬂ itic hacteris, in voils g with Afferent cyganic mwiches or
tices. As o model agr we selectad the vineyard, one of the most [ntensively manaped
uwm\'em-nhsdmmduumlx-nﬂbm-lwm
compost

Frovliving
Merkixithe:
Mervmrhabéas
Nemsptagous fangt
SresvrnuTes
Vitieuture

mm-mwhmmmmmmummmmd
thels sull food web wese dagher In the crganic than the thest
organie mulehing ovesall fivored Je i btk ‘Ncb‘-lﬂ'u”mh
Ste-M, a0 GPFD-M = e organic vineywd, which plausibly explaloed the lowes EPN activity amd ocosnence
mumumwmwmuummud-umwmm&
b-ﬁv i s, depending on the mukch type, may also advervely affect E1Ns by

g their notuml enemies. Owr findin Mnuu-mmmm-
unavel complex blotie inseroctions diat pfect beneficld sod i

1, Imroduction 1997, Frwdeiboon e al., 2011, Pow wx al. 2021), Additionally,

nulching
can entich the soll with sognnie mamer amd nwtrdens, enbanciay soll

Agticdltunl intetsification nceelerstes the loss of sail biodiversizy,
nguably the most complex ecosystesn an Batth (Ovpesel ool 2010),
Consequently,

biotn and crop plant health (lombough. 2000 Pawlhow o ol . 2014
Onrirenndlle Tonwl o ul I‘llh\ Utilizing nwdches made of by-products

dmwoxhnbnhmmu&md will abo pr a This state-of-the-ast sgriculture

we ired 1o more annble farming (Ve .hwl&&emmm‘ﬁ-ﬁllq-ﬂ mvnﬁn;--
weiglon wi al. 2015 PAQ, 2000), Adding crgenic and Imorganie g I o broad vends that concens the enviroament, humss health, and
nendisetsty crops for weed control asd jon of soll mol k unie conditions (Dopiacs) ot nl, 2016, Santos o ol 20200

are among the oldest agriculturnl peactices (edink and Gagly
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oo of the most mtensively (Nicholls et al,, 2000
Wi ot ., mln).mwphdmdmhmlwn
gions (Flewn wt ol 2000 Sanw o ol 20000 Thelr implementstion
shields the soll from extreme tenaperntures and other dumags by

Jorvad of Svverrehoon Pochudegy 192 (2032 107701

nmociared soil organisius I viseyuds masaged with didferent arganle
nwiches and usditional penctices, We (1) estimated soll activity races
linked with EPNs throagh the tiaditional insect baits, sl (if) quantified

mwﬁ&hu-wﬁqmqhhmddmm
(1pec, 2010), as well as linting the damege caused by high evaporation
rates and soll erosicn due o mindiop impact and water ruoff (M
o, 199 Dudige e ol 2007 However, mulching can produce o
beneficial or detrimental import on the sofl hiotn. For esmple, it seems
rensonable to expect higher fungal growth in moister soils, implying o
risk of ncute fungal disease incidences (Viugs wodd Majm, 2004

dless, thece is evidente of the beneficinl effects of straw mulching
w the wood-totting fungus Botytis omeree (Helotiales: Sde-
rotinincene) in New Zealnd vineymrds (Moody and Ao 2002
Jocomwtn e al 2007). Studies also showed that arganic nmendments
favored the sbundance and diversity of beneficial orgmnisns in viticul
ture, such ns escthworns and peedotory smd parmsitic srduopods
(Twowon wesl Wolfmann, 2007), and induosd & decrease in plnt-
parasitic nensatode popalations (Kb o o 201 9) Hence, further
imsights imto the effects of mulching on other beneficial soil orgnnisms
nse needed 10 sosess value of this proctios.

occur i crop soils (Lewis ol -uns).MMtynquym
(48-72 h after infection) n broad pod range nmkes them m
exvellent non-chemical altemntive for mesmging insect pests (L
wtnl,, 2008, DU of ul, 2012, Doluosd of ol . 201 7). The non-feeding
Infective juvenile (L) stage ¢ the host b | theough nat-
winl openings atul relesses mutsslistic enteric y-Prosecbacterin, killing
the nrthtopod by septicensin (Bosmwe. 2000 Sk, 20)15), Diverse soil
communities modulate the efficocy nnd pessistence of EPNs in the

ngrowcarystem throught conperative, antagonlistic, o competitive 1e
M(Mwmu 2015 Hebuibwr gor w1 sl 2007), For example,
diverse fungal species can develop specinlized stvctures of Sfferent
Iinds to prey on nestodes (Novlbaag Mets 0 al . 2000), Aceording 1o
mwmumw Mww

the abundance of EPN, FLN, N, and EcPB targes specics via gPCR. We
hypothesized that, compared to iomnl soil monagement poac
tices, crganic mudching would enhance the EPN comemunity in the
viesyond. The organic mulebos employed in this study consésted of suaw
mnd the by-products of grpe pruning debeis amd spent mushroom

compost, inplemented in two vineyurds which differed in ednphic
m-ﬂwd&e—mmﬂw
(IPM) vs. caganic.

2. Material nnd methods
2.1, Treanments, experimentul design, sanpliing, and alvoeie fuctors

The antive EPN comuminity and sssocinted soll food web wete
evahinted in 2020 in two experimentsl vineynrds (var Tempranillo,
spat-pruned on o bilatersl Royst Cordon yystem) beneath the gunian-
teed desigantion of odgin (denominated DOCH) Mojn (T8 R wine
20213 The vineyseds were Jocatnd nesr Aldeanuess del Ebvo nisd
Logroto (North-Enstern of Spain) and handied according to the Buro-
pean Union nid Spatsah regulstions for TPM (50 2000 15 301 2) amd
ocgnie farming (R0, D004, ELL 201 0), respectively (Fiz 15 Sopple
ety dats 1, Table 51) This region is chamterized by the wam
nmmer Mediterranean (with continensal influence) climate (clasaified
ns Cab by the Roppen-Griger system) nad haglocaleid semiaid soils (o
¥ low organie matter content, water deficlency, snd accunmilation of
eabeniin carbanated) (5ol ey sl 20140, The twatnseats compesed
differentinted] organde mulches and conveotional practices annually
upplied (in winter) on the crop rows since 2019, For mulches consisting
of gmpe pruning debris (GPDM), It was necessary to add wood of un-
treated vines fom twe sdditional rows © reach the quastities tequised.
‘Sastratos de La Riojn SL' supplied the spent mushroom compost (SMC-
M) smendment, consisting of a by product made of straw amended with
nuimal neuure and urea wsed to grow the oyster mushroom Plewotu

wnmm.ny lhown_dhﬂ*

(NF) cocld alter the EPN ity In crops, |

‘w&.hawbwkmeuhdn.l 2017, Camgeon N-u-u

ok, 200 5 Baon Mes ot ol 2000, 2037), On the other hand, sonse
frew-living pettsmtode (FLN) species sppeat to compete with EPNs for
sources in the insect cadaver (Putess, 1996 Disen of al, 2004
Cusnpon Heries ot ol 201 58), even redueing the U fitness of the sub-
soquest offspeing (21nnco Peees ot ol 2019), Specialized bocteria so
Intesuct with EPNs, a4 Is the ense of ectopatssitic boctesia (EcPB) in the
e Paenibociifun, whose spore sttachasent s the L) cuticle can yaduce
thels motility (5 Dosni ot ol . 2005, T bght il Griffie, D00S),
Divetse organic mmendments offect EPNy differently in a species-
specific mannes. Sevemnl field studies reported that fresh manare sed

wren de the virul and peesi of EPNs (Goorge ot o)
1007, Mulbews ot & l'll7 l&-p‘m tham ot al 1906, 199%90) since the
& sition p toxic 1o des nnd 1

ulm-un—udhﬁlhyhd--numwu. 1906 Kaplm s NOE
zwjlhmmhmmwnd 19900), crop
and amendments of boch amimal and plane
mmw-bndddm&cmm due to m
Increased abundance of soll dwelling lsects resulting from food sed
shelter provided by mulches (1buhasbin und Yoo, 1906 Shapu L
ot al., 1995 Lacey ot o, 2000, Duneen « ol 3007, de Wl ot ol
2011, Campos Hesyesn oo ol 201 Sa; Xvumaloet ol , 3021 | Rendenn sad
Poes, wnxwhﬂmuwmhm
of FLNs, especially Acrobeloides specles (laffes o al
Duncan o ol., 2007, Rahtean vt nl., 2014, € supos- Hetrern o o JOl'm.
Ousntnsilis Tomel o ol 2016), the impoct of mubching on the EPN soil
food web is still poorly enderstood.
This study evalunted the presence and activity of EPNs and some

rided the straw (Str-M) naulch
mwmw-mmmw‘mw
far an nppeoximnte dry matter rate of 14,000 Kg/ha in banks 60 an wide
(10-20 em high after compaction). The conventionnl pmetices of hes-
bicide npplications (Hetb), comsisting of Texafit (25% p/p. Flua-
ndfiwon) and giyphosate (100 L/ha), and secondury tillage (Till) using’
Inter-row cultivators, the most common in troditicand vit
culture in the tegion (Fermmles Alcasne 20110, wers applind twice a

year.

The experimental design in both experimental vineynnis was a mn-
lomized complete block divided in experimentnl wuits (plots), ench
conststing of 20 vines (thee plots per teativent, Py 1), Composited
samples, two per plot, comprised 12 singhe soil cotes (L5 cm@ 5 ~ 20
em DP) rmdomly eollected in April (220d-24th), Jume (23rd-24th), nod
Octobes (5th-6th) with muger 308 ssuplers umider the crop cmopy of
central vines to svoid possible border effects, mived in separnte plastic
bags (~1800 cm® of sail), and stored in & chambes (4 'C in the dark)
until procesed (within 2-4 dems). We nvoided collecting nmdeh debein
except for SMC-M, which consisted of & contimum with the wderlylng
soil, because scame EPN species, depending on differing fomging stra-
tegies, primarily ccour pear the surface. It was alw coofirmed that Us
could moww from sell up 10 10 cm into divers mulkeh coatings to seach
for wiitable hosts (% Wasl o0 ul, 2011), Thus, il samples for thix
specific teatiment coukd contain up 1o 30% of mulch wdwtinw. After
hwisrg homogenized in the laboratoy, subsanples of 200 g of freshs soil
were wsed to (i) irolate the memotofnuns and other soil organisms
theough the sucrose centiifugation technique, () determine the sol
netivities by baiting with lnsect luvoe, sad (1) determiine the soll
peopertios. The ivmaining 200 g of fresh soll set was dried first a2 40 C
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Fig. 1. Location of the experi | vineyands, handied ot sgganic (Crg) mnd integrased pest (IMPA, andl exgeeri i Jesign of the evade
ote) trestments.

for ane weok to mensure the water consent, which i pecessary to expeess e

the sbundance of idestifiod organisms pec 100 g of dry soll (Wil sl :‘ 3 ——

2015 Catugen Mesiern ot al. 2019), The Regional Laboratary of the B

Government of La fsajo (La Grnjern, Logrono, Spain) nmelyzed the Tyse of argsain / Papuilation  OesBank ACNO  Beference bor
sl propesties resulting fiom m.gu-md oy V¥ Regien :.'_"‘

each plot: pH (M1 Hemis wd Mk i

ap-ieu--(wm.,mnmuw).ma-mm. o srov7in e

(Mg, Cn, aoxd 50,), micro-mutrients (Pe, Mn, Zn, Cu, Al, "

and 8), ind other elements (Na and Pb) (Mellicks, 1970, 1904): 50l bawiphers ad ity
texture (mod, silt, aod elay percentages) (Mowyoocms, 1990) wae Hetsrockebcktu wdes  Bree sy tsimpme MrTa
unalyzed oaly far the samples collecsed in April w0
of 2020 in the locations of both 1wk ) N ‘hlh Hdcroshuled tv leoommmrchal)  KRFWT '.»:vl-;l:::rw
A Mmhhlkﬁm-‘-hm Strmervaves afive o wrssar Sooe ut ol 12009
(g S0 Stemerrzve DOXAY 195 anegm Mrirens
FETpOCTy_ o d (2miN
22 Accounting of soil activities and extrartion and quantification of soil e g il R :‘:’:“'““”I‘:“
oigee Steremmers " AFITI20 tsepsr Hasrwcs
rrmedue ot ol 200 S
To explore the EPN soil fond web assmhlnge, we isolmed the Swereew hreusss 08 Listoces u:p;::w
wematodes and nssociated sail crganiams from one subsmple collection A .
thioagh sscose centrifugation methodalogy ( '~k 1 +1). From the Tronintepapy . i oxqptanve
second, we caleulated soil sctivity mtios {only from soil sansples tnken in F e—— vos3 MW 137 BhasesePores
June and Septembe ) ising finad insturs of Gallenia meffonella (Lepidop afimegrowp -l (2R
terec Pyinlidar) larvae (reased at ICVV) baits, following n peotocal FreeUivisg nemaredes
ndapted from Dediding vl ARbusr (19750 As soll activity 1tes, we Amibibborgrowp  KTIRISC  JQRITBAY gyt
estinsated differsntial larval percentages for tocal mortality (rotlace), Ovebota NOSE P29 Ry PuT v—
wortality nssocinted with nematode emergences (penenct), aexd bt .J".';J.’LK
canfirmed Koch's postulates (EPN-act) (see Slanes fvoer o ol 2000 for ] MOSTPI0 KNS Caizgms Marress
MHM - s
For the DNA extrcth i e tiud inl kits T inene e iaigein AMA MGEsIeR) Citsogers Hasrass
Speedtools tissue (Biotools, B&M Labs A, Madtid, Spain) for nema Neranophagown fiaig) —
todes that emerged from insect baits and DNessy PowerSoil K6t (QIA- Cotevarss 1p. n INSI5905 Pathusk o0 1k
GEN GubH Co., Hilden, Germany) foc soil ocgnnisms extrncted theough 1=
sucrose-giadient centrifiugation, all stored at <20 '€ in the dask until foonviy e o i
ssed] (see Bl Peree ot ol 2022 for n more detiled protocal). We Artbeobobys " RT3 war
screened in qPCR tests for 22 soil organimm using species-specific ranferren (=tn
primecs/poobe sees (Tolis 1), synthesized by Biotoods (Madrid, Spain), Arthewboiry s EM3sT ml.:,-.;
most of them previously identified in La Rioja vineynrds (1laoen e chgapare gty
et al. 20, 202, Some others, like the EPN Steinermema intermedium Nomslo shintion® - 20% . SN
und the trpping NF Arthrobotrys meesiformis, bad been d d i Repesemeien s KRBS Ao o
the Thaian Penknubs (Goocia ded P 2006, Cangron Himees o ol [F— 13m0t
ST 2006, 2019, Final concentimtions of specivs apecific primer s sed Extepuintie bacwris —_—
probes wese 400 and 200 nM, tespectively, exduding Strinemema sp. Nt o by s
affire-grovp (100 nnd 40 nM), We run 38 eycles for nematodes species bt 'h'. SATCIRE] PR CassgeosMastosse
nod 50 for NF and EcPD species for gPCR tests oo the Bio-Rad CFX wd N

Hecubes, CA, USAL DNA samples were exansined for quality sed
quantity in & Nosodiop system  (Themo  Scimific  2000C
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spectrophotoweter) and adjusted 1o 1 ng/pl for all the crguisms except
NF, which were adjussed 1o 10 ng/pd (soe Blascs Pores o ol 2000 and
202, for detailed protocols).

2.4 Suriical anafyses

Wo compared the offoct of Efferentiated ocgmitie audebos in vitl
cultuge agalnst the conventional practices of herbicide application sed
tilling on soll sctivity mensstements and DNA quostifications of EPNs,
FLNs, NF, and EcPB, musing genetalised mived model (GLMM) tests
except for the DNA abundance, camsisting of a mixed lisear nwodel
(MIXED) test. The soll activities (total act, nemvoct, sl EPN-oct)

A1l B1

06 06

g 05 05
04 | 04

éoa- 03
B o2 02
= & i S - 03]
 —— N mm o

cELERBEPR

02 -
01 -

Larval

I

MHbac WSl 0Sey

4‘?"& e

Dourvad of Mevartebovts Pothdogy 192 (2022) 107701

recanded from inseer haits (expeessed as lurval froquencies) wese 1
with & binomial disvibution (login link function). Sampled ploa and
replicates were included m subjects in the GLMM modeds. The quanti-
foation of soil esganisms, ma with a gamma distribution (log link
function) after fog (x + 1) sansformed, were defined (per 100 g of dry
soel) as the number of U for EPNs, coples of plasmids foc EcfB, and
smadoardized 0-1 ranges for FUNs and NF. This standandzation, which
comsisted of dividing all values recorded for n pasticubar species (n) by
the highest (11g,,) accanding to 100 « B/Miggy (g o o, 1995),
nllowed liberating the data wet from varintion camsed by the intrinsic
dliffetencms (e 1w o Fees o0l 2000 for neore details). Considering
that mumetows NF speeies can svive s soil siprophytienlly

Fig. 3. Kffect of the arsanic mwiches (coloosd

baes) bosedd oa goape prming debxis (GPD.M)

straw (MM, sl speint nnnbeooss compodt
[ SMC-M), sl the coentional practices (mey
barz) of herbicide application (Herh) and tilling
(Till), for integrmeed (A, yellow bar) and
-pi(l..«-h-ﬂp-m-
ol d ns freuencion of Sesited
Golloria mellornln luavae that (1) daed, (2
showed nematode emerzence, md (3) potitive
foc the Koch's postulates. Letters indicate sy
wifleant differences (F « 005) f peremlised
liewr muined soded 1rst. Values e ket squase
m-smduwm
ol are oepn § im piex: the C!
.-: oematede  species  Metrorbebdins
Selvioe (58el),
-llv“-mtultm-p
odes  Acrebnde Aspp ),
wmo.&mcuxum
mupei (Pmau) (e Fig. 52, $3, sl $4 for
complete satistics).

FosE R

W Asp. Mop W Pmau
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Chondbtog Hom o ul, 2000), we sesiased that 1ot NF speches (s
mwmmm-uu«-mcvum
wenl 2012 A di N d o3 inde
mwnmumm-ndmmw
by the menl amoust of DNA (Camges Hetien o ul 200200,
mmmmwmummdu
pest  ianagenwnt (ing
mm-ﬂm&mmﬁﬂlnhm&dhhd
of them weae aenlyael separtely. Conversely, anly o few differenees
among seasocsd seenplings were found (Table §5), 30 we included them
ucwmummmmmw
eant diffw smony fou g | liswae model (GLM) tests
Madmmmwnmhw
GLMM tests. Subsequently, we inchuded electri Yy 10 test
for differences in absolute EPN nbandnnce i "d-ydr
m-nh”“hﬂvﬂhﬂhmh
absalute NF abundance in organic famming We performed all the wa
tistical analyses with SPSS 25.0 (SPSS Statistics, SPSS Inc., Chicago, Il
USA), ming the Least Squees Menms = standard ervor of the mean
(SEM) as descriptive smtistics.

3, Results

2.1 Soil activities per treatmenty

a-dl.:hnnmmu- ded for ic nalchies were highe
thas for comventional puictices, sithough not mwow .
Mh@uvubmemhmuipl&-dyh*h
bl the ather teatinesnts in the ocgmic vineyas! for the thire soil activity
rates (Vg 18, ;) but oaly compared to nemact in the IPM vineysid
excopt GFD-M (Vg 2Ag Supplemenrmy dams 2, Fig 52-54). Similndy, in
the acganic vineymwrd, we recarded significantly higher frequencies fot
SMC-M of the EPN S felriar, both emesged fram soil baits and Koch's
postulate tests (Vig 40 and 54), and the FLN P, maupai for nem oct
relative to all other teatmmnts except Str-M (Vg 59), Again for
oegamic viticuitore, Sti-M registered significantly higher total-nct than
GPD-M and Tl (50 8,), nenwact than T g 28;), and frequencies
of P manpasi tepocted] in soil baiss than GPDM and Till (7p 500
wmbdy&&mwmwdnhm
ices ws that the <t values were higher than those
d&ih”('al&)\*hdmﬂkm for the
ﬂu%lﬂhm.mmhul

‘90000 0..00

Aoarend of brvertebouts Tothdegy 192 (2022) 107781

& feltiae (the pedom) ), & el ealy In o fow
muwauwmxmmow
und . moupasi (see 11z *2 1 for detnilod seatistics).

22 Abundace of il ongamisas per trestments

Moge DNA was isolaed from soll in the ceganic mulch plots than
mmmnmmwwuu »
et 40, In adkdition, we recarded higher DNA values for SMC then GPD
and Sty mudebes nnd Herb than Till in ocganie viticulture (7 958 and
56). The cunmwdative EPN and 5 feltioe (the predominant species)
abumdnnees were significantly ligher for organic mulching in the '\
ﬂ-)ulmx 1A; Toble /)Modykt!l@llh—lndbyuﬂwh-

Juctivity) vimeynad (Fig W Tubie %
v.; ) Addicionally, mhdbtydnsﬁqn—r(hﬂlh
treatiwents except Till i the oogmic vineyad), M bocteriophora (only
far Str-M in cogamie fnrming), S capecapsar (oaly for GPD-M in organic
famningg), niud Stebsernerar ap. offive-grong (Tor SMC-M send Heeb in M),
without signifiennt differencws sinoog teatments for say of them (10 %
Pabile 2).

&buﬁgmmﬂﬂ]ﬁnhﬂﬂld“m
lidentified in most of the soil fox

significantly except
Tobie 5 T ), P 0 Purthermote, GPD-M showed highet absoluse
FLN abundance than Herb i IMP and Till in organic farming (70 1A,
By) sol higher Acrobeloides spp, nusmbers thin Herb and Till for both
Wdﬁﬂﬂmhummmﬁh x
Mg S Cosmveealy, Acroleliies spp, ad fenerth
bn-htvﬁlhnlhbhmhmn‘n\b 2 Fig S0) The
specien P monpasd win abo well representmd but absend i onganic
mwtlehes of IMP, while the two species in the genus Oscheles ocomeal
wxchasiwly i onganie mmlchos (Fp 4A; B, ) No significant dffempces
anseng ceatmwees were found foe say of them

On the contrary, we Jisl oot obsetve denr parerns foc the cunwlative
NV abumdance. The treatsent Sa-M showed the highest NF numbers,
significasly different from all the others except Sor Hetb in IMP, fol-
loawed by GPFDM, only in organic viticulture, and Herd, significontly
Digher than GPD M und SMCM in 1PM, and Till in both viseyssds
(Fig “AyBy Tin W) Theonly NF species ocour leg (1 all the treatments
vens P Klnchroon, b hiighver tustibers for Heerb than Till e IPM, and GPD-M
than SMC-M andd Till in angamic farming (7000 2,7y 59, The other NP

Fig. 3 Effect of the mpasic mulches
(ootorsd hact) based oo grape pruming debois
TGPD-AL, st (S M), and spest mdaoom
compuet (SMCM), and the m
actions (poy bars) of herbicad

3 (Herd) and sdking (Ti), for integmond (A
ﬂnhﬂduﬁzl&mhﬂﬁ

on the mbwnilance of

Juvessles (L) Letters indicate significans
difleteces (P < 0.05) fee geanrationd linear
whved mandel feats, Values are decst squae
mesns = SE Averages of the entomopatho-
perie oemsatide species identified mv sopee-
wertnd b piesi Swiwrwems fokior (0el),
5 compacapne (Sca), S rinjarn (5e§iL Sw-
nernama . affese oup (S6p ), sl Moo
thobddins bareariophars (Hbac) (see Fig. 57 for
comgiets sashties)

%0 %0
7% 7
iet:» 60
$
g s 45
2 20 0
: b

5 b b ‘ 15 @

; El
ol win BN * O . |HN
GPD-M St-M SMCM Herb Tl GPD-M SteM SMC-M
Wsfel  scar O S W Sse W Hbac
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muslwoom compost (SWCM), nid the of herbicide app ouuuumnmuumumuh-m—-mm
i—mhulﬂd_Mlmlﬂldh-ﬂ | an Lidective | s fox des (EPNa) cod gyl of
pee cultue S feoe Nving des (FLNs) and Sl (NF).
Viaryud | (Biegaed Pest Manspessest) Viswyarf 2 1Ocgasss Pest Mazsgroasst)
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species i Ewope
Chimdoick, 200 Pt o ol 2000), including the therlan Pealnsala
(ot el Moo, 2000 Velaibe ot al, 2014 Coumgnbimmms o al
J010), 8 felrioe, mouly diove these tesults. Ludeed, poovious stodies
conducted In DOCa Riojs vineysids auociated o high abundanes sed
activity mtes for this EPN species with less distirbed soils such s no,
tilled arganic crope (Uwmpos s o al. 2007, Hases Pae ot ol
2000 2022 The other EPN species we found (Steinermnemn sp. offine
group, 5. riogjaense, 8. carpocapsac, snd H. bacteriophora) wese previoasly
detected in the region in o stwdy conducsed on 50 vineyards
the DOCa Rioja by Flaneo Meer o ol (20021 Campared to this stady,
we obenied simdlar or alightly lower EPN infection rates and

qusatifications excepx for SMC-M in the organie vineyaud,

Our results support evidence for the potentinl of mulching to
enbance the FLN commmity { Doocon o0 ol mw).n&nhw-
particulady evident in o orgasic vi il which agreed with the
mm«dbym-mornnunl 2L Nevertheles, m
nusrhe) for EPNa, only SMOM implied mose pronouncsd increses in
FIN sbuodances than eoonventional peaction, I 1ecent years, DNA
wimbysds has verified that die FIN species heoe exasiim] often co-
wmerged with EPNs from cadavers metiieved Som baits (Conpos He
rorm ot al, 2002, 2005, 204 Jaifunl ob sl 20000, 2000, Blsrrw Povws
ook, 2000, ooy Sull, s unknown to which extent the complex
lovtornctions extsblished between thew two groups of netatodes ply
competitive relationshign for resources in the inseet cadaver, Nooethe
less, diverse FLNs might intetnct with EPNy in mary different ways, so
the conmecnons they will asseruble in namure will not be easy to intee
peet, For example, specific populations in the genus Acrobeloides, the

i) i citrun grows in Flosida (USA) mnd 2 Jryrima (Lapick

Wbuhnmbh.hhhu-yulﬁdw
(Cagrom Fierimrn ot ol 2002 Subart ot ol L 2020 )) There s olso evidence
of entomoputhogenie bebuvion by sone Oschelun populations (Ve « il
2010, Ineluding O wairel (1o o0 ol 2015). Mareoves, in vitro e
pochswnts suggestud that the pressncs of diis particulnr spwcim ey
decrense the vinlence of EPN offpuing aftes senvenging within freeze-
killed insect laxvoe, o plousible nlternative stintegy for EPNs to ssrvive
im sofls (Blaseo fvees e al, 2014) On the otser hand, diplogsstid
newasodes such a Pristionches have specialized aral cavities that allow
them 1o switch frons feedling on bacteria %o, for instance, predating on
other nematodes (v Lisverss 2007). Fiel and laboratory experiments
peoved that competition from FLN: could displace sugmented EPN
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populations @ citras groves (uther than endensics, also foc mulching
applications (Duscan o ol 2000 290 7), Our restalts shoseed that higher
FIN numbers i mulched plots did not reduce EPN activity and occur
rence. Indend, previous field experiments found simélar results on native
EPN prevalmnes for compostes] daichen manae mulches added w i
groves in Flovida (USA), in which high FLN abundance did not asterfere
with their setivity (Duncan o0 ol 2007) ar teduce thelt ocountence
(Camgos Hevyorw #¢ al, 251%a)

X a

d

ab mbicane differemces (7 « 0.08) for penersl

f&"‘,&*f@

M Adoc WAk WHrhos Pl

Organic amendment npplioations in crops often result in o higher
content of organic matter and water in the sol, enhavcing soil biota
1 b el 2014 ), nvemnarofsana inehaded. U this segand, it ls worth
noting that sofl ovganie mattey cantents, higher for nwilching then
rooventinoal practices amd oogniie than IMP, positively correlused, m
MUWIWMJ 1947, Cacle, 1962), to the
beolute DNA abund quuntifications i ous study.
mnumumumwm
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induce n rapid peoliferntion of el saneal enenves. [o nddinan, high
organdc nastter content ks ooe of the main ablotie factors thas favor NF
cccuttente in soils (Noodluing Hestz w ol 2008 Puifad o 4l 205 7),
While it is true that we obtained higher NF sbundance in the ocgani
than in the IMP vineyunl, the higher values of crgaic matter conzent in
uwhuumm-wdwmwu
vons depesxdent on the type of e hly high foi
&rﬂ-ﬂhhﬂcu h&hh—:w-dhluhya
pesiments observel no effect or slight suppression of NF o
demwmﬂuhdhtapil—lm
(Jalfee. 004 Kmurnnnll J007] Conunpow Hentexn ot al, 20750). Soil
" L it cofiemed that aedching & 1 soil
nmnn«mmummawmmmm

Dsrvad of besartoboots Pothdogy 192 (2712 107781

5, Comclusions

hmuwwmmm
the EPN sail food web in a specific in two experi

. 4

yuds thae differ in pest and disense management, uﬂd nmd
mm:—hmmmtmmmm

ties, which, in tuo, modul;
mmumddh&s-lm-nuhw#d—
for the conventional peoctices of tiling or hetbicile spplicatioes.
Entiches] soils imply highes cocuencs and diversity of ovgnoisins sach

for strnw nadches (Fou o ol 2071) Maisted soils for mare el
petiods could plmiibly eshance fupgal prolifemtion i rthis type of
mubels bis contrast, despite the highest soil organic matrer contents, NF
imcidence was nsnimal for SMCM. The enzymatic activity of residual

" den, bttt yatienl eoemies abo (bl 1007 Cooke
100D Thes study revended that crganic amendments of diverse natie
MM-%&W(!WMM

des. Thus, if muiching promotes excessve soil water

myeelsa perhags limised fungal prolifesation. lndeed, under stress due,
for exaple, nm&mmmﬁmnhm
that P eotredtie produces several bolites 10 supp
nddquﬂqumd-nﬂewdmm
[ayee o al . 1990 Ocimati » ol 2001) Anothes sensomable expla-
mation for our resmaliy s that SMCM wes somehow expecially stunctive
to EPNs. For exunple, ammwhmﬂ‘h
volatile cnganie 1 by Ak fungl act
focnging coes weed by w ooty niul EPNa (W sl Dunesn,
20500

I is nocwssary to note that NF species, dopendiag oo envisonments]
fnctoes, o sty b sodls ssprophytieally it than i theés lnfections
phase, 40 we should not assume that an loerense In fungal growth will
meomatically usnsdate 1o higher parasitism sams against nemacodes
Clalfer. 2000 2004). Portunately, undibe tnditional detectson tech
miques based an soil baits, the sucvose centrifisgation procedure enables
the 1solation of NF ance they have developed specialized stactures in
the presence of nematodes ar thels eggs ("o ld o al. 2012) Thus, we
mmummmmmnwmnm
dipwetly tolate 10 theit peeying sctivity ngaimst
Mth&&pﬂdh_ﬂm“nw%
eatiate the NF types dlentified pes treatment. We fosmd fimgal species

m-mmhmhummmuu
wudy. is a conducive environment for fungal growth, and NF could
efficienty restrict the abundance and activity of native EPN populations.
Conversely, spett 1k otp hil-vhrywd’l-uww&l
optimal soil ocganic matter nod wiser
mmamdym»mmmmauu»
wenies, pechops doe 10 some stifungal octivity exhilited by reidwal

regundless andehing suoogly
Mhd.mummmumu
complex. For Inmuncwn, sttsctive volitibes for both Us and ket licvae
producad by these neyeelia in SMCM pechaps explained the high EPN
occurience sod activity valwes scocded for this specific teatmwnt. In
noy cave, i NP populations nsodulsted EPN commundty i still ouly &
possibility, unconfirmed in same previous studies (achmh vl J017L
Mulching stvongly affected many shiotic and biotic soll variables spe-
cifieally, so it v unknown whether the relatonships beeween NF aml
EPN activity wece digect oc independently eaused by othes varialdes that
differed song tiwntments.

10 short, organic mulches impacted the EPN food web differentlally,
favening, in any cose, the abussdance of FLNy but enbssncing or inibit-

Ing, according to theis typology, the oceurzrnce of infective phases of NF
mwwuma.wm&

lly damaging Wikcsdtwal prao
mmmhdﬁtm—ﬁmhhdbm
native beneficial s in cxop soils that serve as o nahasl aod slent

m Mhh-ﬂ.”m (New .Ihmg #Horts ot al )mn)
pping fngl (Arhmbosrys wpp.), ites (C

sp, md H rhosilensis), and eggs lm‘(rll* The

Intter, a prion unelased 1o EPNx, wis preddominant in this study aod, like

FLNs, moce abundent in the ocgnie vineyan! than for IPM. Regnnling

nhmnhmhmzddm particu-

larly A. oligospora, d in the mukhed plots with reduced EPN

actvity and abundance compared o the tinditional proctices StrM in
both vineyands and GPD'M in the organic vineyard. Finally, the jow
doparmitic NF b led in both viseyands ae noteworthy,

-dmmtmhlm-ubwﬁqlom
od

m.n:yn.dhmmwm
from regional agro-industy to favor semainsble and circular pro-
cesses. Moreover, owr findings provide new insights into wnaveling
complex soil biotic mtemnctions am identifving the abiotic factors that
modudate them by combining trmdtional nnd molecular methodologies.
lniig ahead, povel molecular tools mch o Next-Genesation

Riojn vineysids that followe! the same methodologies of isoluts
.unﬁuﬁu-dnﬂ ocgnnmmms (1000 Feres ¢ ol 2027, Fungal
wpecies of this kind, mose obligate parssites than other NF, prodoce
fugnl spates, in some coses mobile (zoospores), whoee efficacy in
mfecting oematdes improved in soils with bigh water content
(Nonlling Mo o0 2000). Bven i, necoeding to this msssption, ol
the endopamsitse fungi wete isolated] whetein muldsed plots, we fousd
mwﬂmdm;.ﬂmhl«umo-dodu

hend, nemasode- tenpping fungl seem 1o cocur mwoce often in the ez
wphere than other NF, perhaps due to root exudatioes linked 1o plant
parssitic nematode dansages (Voo eiug Heos o ol 2000), Fimally,
the BcPS Poenibocillus sp. numbers were lower than expected, particu-
Ty in the IPM vineyard, at least based on the resun shown by 10w
Povew ot al (00220 Unfoctmmely, this does not allow ws 10 (kaw sy
conclusions about the effect of mulching oo the posential regulation of
EPN pogmlations by theve bacter i

S (NGS) amalysis (Gebwn of al. 2000, Deissonkia o al
2020) will contribeate 4o advassce in this lioe
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Results and Discussion

,Imaginada la hipétesis, menester es someterla a la sancién
de la experiencia, para lo cual escogemos experimentos u
observaciones precisas, completas y concluyentes.

Santiago Ramoén y Cajal (1852-1934)
Soil organisms recorded

Entomopathogenic nematodes

The methodologies employed in this Thesis's studies allowed the
identification of seven EPN species out of the ten initially screened (Table 4). The
predominant species were H. bacteriophora, S. feltiae, and S. riojaense, all
identified in high numbers through sucrose centrifugation and insect baiting
procedures for all three studies and spread throughout the sampling area (Figure
27). The species S. affine (named Steinernema sp. affine-group in the studies
published in 2022, see page 63 for more details) and S. carpocapsae also occurred
in samples collected from all the experiments but at lower abundance and
frequencies. Regarding the rest of the detected species, H. indica was prevalent in
the experimental vineyard employed for evaluating the cover crops but lacking in
the other studies, and S. kraussei was found emerging from very few baiting larvae
in the DOCa Rioja survey (Figure 27).

Several studies have previously identified these EPN species in the Iberian
Peninsula, with the exception of S. riojaense, isolated for the first time in these
studies and recognized as a new species (Ptza et al., 2020). The first EPNs
reported in Spain were H. bacteriophora and S. glaseri (presumably misidentified
with S. arenarium according to Sturhan and Mracek, 2003) in the locality of
Cabrils in Catalonia (de Doucet and Gabarra, 1994). Nevertheless, Garcia del Pino
and Palomo (1996, 1997) were the pioneers in studying the EPNs in Spain. Using
insect baiting as an isolation technique and covering the entire region of
Catalonia, they found, in agreement with our results, S. feltiae to be the prevalent
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Table 4. Target soil organisms screened and identified through sucrose centrifugation (Abundance) and
insect baiting (Activity) for the studies that comprise this Thesis.

Type of organism Publication 1 Publication 2 Publication3
Ispecies Abundance  Activity Abundance  Activity  Abundance  Activity
Entomopathogenic nematodes

Heterorhabdlitis bacteriophora v v v v v v
Heterorhabditis indica v v x x x x
Heterorhabditis megidis - - x x x x
Steinernema affine v x v v v x
Steinernema arenarium x x - - - -
Steinernema carpocapsae x v x v v x
Steinernema feltiae v v v v v v
Steinernema intermedium - - x x x x
Steinernema kraussei x x x v x x
Steinernema riojaense v v v v v v
Free-living nematodes
Acrobeloides-group v v v v v v
Oscheius onirici x x v v v x
Oscheius tipulae x x v v v v
Pristionchus maupasi v v v v v v
Nematophagous fungi
Arthrobotrys dactyloides v - v - v -
Arthrobotrys musiformis x - x - x -
Arthrobotrys oligospora v - v - v -
Catenaria sp. v - v - x -
Hirsutella rhossiliensis v - v - v -
Purpureocillium lilacinum v - v - v -
Ectoparasitic bacteria
Paenibacillus nematophilus x - x - x -
Paenibacillus sp. v - v - v -

*Named Steinernema sp. affine-group

EPN species in the region, plus the additional occurrence of H. bacteriophora, S.
affine, and S. carpocapsae (Figure 28). Other surveys employing a similar
methodology, conducted in La Rioja (Campos-Herrera et al., 2007) and mainland
Portugal (Valadas et al., 2014), also found S. feltiae in higher numbers and more
widely distributed than other EPN species: S. kraussei, reported for both studies,
S. carpocapsae in La Rioja, and H. bacteriophora and S. affine ? in Portugal (Figure
28). Further studies conducted in other regions, such as Galicia and the Canary
and Balearic Islands, have recognized other EPNs, probably in the S. bicornutum
and S. glaseri groups (Garcia del Pino, 2005). More recent surveys have addressed
this issue through molecular techniques for species identification, such as those
implemented in the current studies (Figure 28). Thus, Campos-Herrera et al.

2 Morphologically recognized as S. intermedium by Valadas et al. (2014) and named as
Steinernema sp. affine-group in our studies, but belonging among S. affine populations
according to Dr. Vladimir PiiZza (Czech Academy of Sciences, Czech Republic).
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Figure 27. Species of entomopathogenic nematodes identified for the three studies that comprise this
Thesis in vineyard soils managed with different agricultural practices: tillage vs. the use of alternative
strategies such as cover cropping or mulching, and Integrated Pest Management (IMP) vs. organic
farming (Org).

(2016b) confirmed the occurrence in the Iberian Peninsula of the EPN species S.
glaseri and H. indica. The latter, subsequently detected by Campos-Herrera et al.
(2019a) and in our cover crop study, had not been identified until then in such
northern regions but predicted its occurrence in the Iberian Peninsula by
estimating the ecological suitability of H. indica under a changing climatic
scenario (Kour, 2017). However, even if Campos-Herrera et al. (2019a) observed
a strong consilience of EPN detection using both nematode isolation techniques
(bait and sucrose-centrifugation), all these evidence are based on molecular tools,
so proofs of H. indica IJs emerging from baited larvae are needed to confirm
definitively its natural occurrence in the Iberian Peninsula.

We obtained a considerable diversity of EPN species compared with the
referred studies. For example, Campos-Herrera et al. (2007) reported the
occurrence of only three EPN species (all steinernematids) in the same region
under study, also identified in our samples. Undoubtedly, the molecular tools
allowed us the recognition of additional species not yet described (as was the case
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Campos-Herrera etal. (2007)
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Figure 28. Species of entomopathogenic nematodes in the genera Heterorhabditis (H.) and Steinernema
(S.) identified in some of the most representative studies performed in the Iberian Peninsula.

of S. riojaense) or found in low numbers. Besides, the combination of both
methodologies seems to allow for a more refined screening of EPNs. Thus, a
recent survey on olive groves in Southern Spain that employed systems for
nematode extraction based on centrifugation techniques only found the common
species of S. feltiae and H. bacteriophora (Campos-Herrera, Palomare-Ruis, et al.,
2022). Regarding the frequency of EPN recovery from insect baits (expressed as
percentages), our numbers (20-25%) were similar to those reported in surveys
conducted in Catalonia, Galicia, and La Rioja (Garcia del Pino and Palomo, 1996;
Garcia del Pino, 2005; Campos-Herrera et al., 2007). The other mentioned
studies noted appreciably lower frequencies (de Doucet and Gabarra, 1994; Garcia
del Pino, 2005; Valadas et al., 2014) except for the values near 60% obtained in
the Algarve (Southern Portugal) by Campos-Herrera et al. (2019a). Other studies
of a similar type completed in European countries with Mediterranean influences
also differed in the frequencies reported, for example, very low (~5%) in Greece
(Menti et al., 1997), similar to our results (~15%) in Italy (Tarasco et al., 2015), or
very high (~60%) in Southern France (Emelianoff et al., 2008). Lastly, the EPN
abundance (4-60 IJs per 100g of dry soil) and recovery rates (40-70%) obtained
in our studies were, depending on the treatments, comparable to those reported
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in the Algarve (Campos-Herrera et al., 2019a). Contrary, other surveys, such as
those completed in polluted mining soils in Murcia (Southwestern Spain) and
olive groves of Andalusia (Figure 28), registered abundance and frequencies of
recovery lower than one IJs per 100g of dry soil and 25%, respectively (Campos-
Herrera et al., 2016b; Campos-Herrera, Palomare-Ruis, et al., 2022).

Other targeted organisms

Both techniques of nematode extraction allowed the isolation and
identification of all the FLNs screened (Table 4). Evidence of Acrobeloides-group
occurrence was found in almost all analyzed soil samples, but very few emerged
from baited larvae, a pattern previously observed, for instance, in the Algarve
(Campos-Herrera et al., 2019a). In contrast, the recovery rate was significantly
lower (~60%) in polluted mining soils in Murcia (Campos-Herrera et al., 2016b).
About the rest of the evaluated species, O. tipulae and P. maupasi occurred in all
our experiments and Southern Iberian Peninsula (the Algarve and Andalusia),
while O. onirici, usually found in lower numbers, was missed in our study of cover
crops and Andalusia (Campos-Herrera et al., 2019a; Campos-Herrera, Palomare-
Ruis, et al., 2022). Overall, total EPN findings correlated positively with FLN
findings in all three studies, particularly Acrobeloides sp. and P. maupasi (Table
5).

Regarding the NF, we found all the screened species except A. musiformis
(Table 4), the only one not detected in any of the mentioned studies conducted
in the Iberian Peninsula. Recovery rates in our samples were up to 75% except for
the cover crops study (20-45%), with P. lilacinum being the predominant species
and Catenaria sp. lacking in the mulches study. Campos-Herrera et al. (2019a)
obtained similar values in the Algarve but with an unclear prevalence of any NF
species (apart from Catenaria sp., which occurred in low numbers). In contrast,
the pattern observed for olive groves in Andalusia was quite different, with lower
recovery frequencies (15-35%), H. rhossiliensis sharing predominance with P.
lilacinum, and, most surprisingly, the absence of species in the genus
Arthrobotrys (Campos-Herrera, Palomare-Ruis, et al., 2022). We found positive
correlations between the abundance of trapping NF species in the genus
Arthrobotrys and EPNs: A. dactyloides in the cover crops study and the DOCa
Rioja survey (although with marginal significance for the latter) and A. oligospora
in the mulches study (Table 5). FLNs in the Acrobeloides-group, widespread in all
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explored vineyards, also associated positively with A. dactyloides in the same
studies as for EPNs, but A. oligospora did negatively in the mulches study (Table
6). Regarding endoparasitic NF, Catenaria sp. negatively correlated with
nematode occurrence (although with marginal significance for Acrobeloides spp.)
in the cover crop study (Table 5 and Table 6).

Table 5. The Spearman's rank-order correlation of total abundance of entomopathogenic nematodes and
other soil organisms quantified in the three studies that comprise this Thesis. Significant differences (P <
0.05) are highlighted in bold. Codes: no data, n.d.

Type of organism Publication 1 Publication 2 Publication3
Ispecies Spearman's p P Spearman's p P Spearman's p P
Free-living nematodes
Acrobeloides-group 0,248 0,001 0,181 0,022 0,199 0,007
Oscheius onirici nd. nd. 0,007 0,925 0,085 0,189
Oscheius tipulae n.d. n.d. -0,047 0,553 0,173 0,020
Pristionchus maupasi 0,203 0,005 0,166 0,036 0,207 0,005
Nematophagous fungi
Arthrobotrys dactyloides 0,204 0,005 0,142 0,073 0,106 0,158
Arthrobotrys oligospora -0,102 0,161 0,028 0,728 0,192 0,010
Catenaria sp. -0,163 0,024 -0,103 0,196 n.d. n.d.
Hirsutella rhossiliensis 0,065 0,371 0,139 0,080 0,062 0,407
Purpureocillium lilacinum 0,041 0,573 0,093 0,242 0,086 0,250
Ectoparasitic bacteria
Paenibacillus sp. 0,136 0,060 0,055 0,489 0,092 0,220

Table 6. The Spearman's rank-order correlation of Acrobeloides spp. abundance and quantifications for
fungal and bacterial species in the three studies that comprise this Thesis. Significant differences (P <
0.05) are highlighted in bold. Codes: no data, n.d.

Type of organism Publication 1 Publication 2 Publication3
Ispecies Spearman's p P Spearman's p P Spearman's p P
Nematophagous fungi
Arthrobotrys dactyloides 0,263 <0,001 0,207 0,009 -0,046 0,363
Arthrobotrys oligospora -0,205 0,004 0,065 0,412 -0,145 0,053
Catenaria sp. -0,136 0,060 -0,043 0,590 n.d. n.d.
Hirsutella rhossiliensis 0,002 0,974 0,096 0,228 -0,051 0,497
Purpureocillium lilacinum 0,069 0,339 0,052 0,510 -0,068 0,363
Ectoparasitic bacteria
Paenibacillus sp. 0,178 0,013 0,293 <0,001 0,160 0,032

Finally, we found evidence of EcPB Paenibacillus sp. in vineyards of all
three studies but not of P. nematophilus (;Error! No se encuentra el origen de
la referencia.). Interestingly, similar surveys conducted in Switzerland (Jaffuel
et al., 2016, 2017, 2018) and Portugal (Campos-Herrera et al., 2019a) also failed to
identify P. nematophilus, a bacterial species first described in Ireland (Enright and
Griffin, 2005), but did document the occurrence in the Algarve of Paenibacillus



Soil organisms recorded

sp., a species reported in Florida, USA (El-Borai et al., 2005). Campos-Herrera et
al. (2019a) indeed found high EcPB abundance (7 plasmids per 100 g of dry soil)
and recovery rates (50%), similar to those obtained for our cover crops study and
DOCa Rioja survey, and much higher than the numbers found for the mulches
study (less than one plasmid on average and frequencies above 10%). Our findings
for Paenibacillus sp. positively correlated with Acrobeloides spp. abundance in all
three studies (Table 6) but not with EPNs (only marginally in the cover crop
study). As already discussed (page 37), Paenibacillus sp. generally shows low
specificity for NEPs (Enright et al., 2003) except for specific hosts, as is the case
of Paenibacillus sp. and S. diaprepesi in Florida (El-Borai et al., 2005). However,
it is possible to detect appreciable numbers of EcPB in the digestive tract of FLNs
since they presumably can actively acquire them (Campos-Herrera et al., 2012b).

Impact of viticulture practices

Soil management

As discussed, alternative strategies to tillage might stimulate trophic
linkages associated with the nematode community, enhancing their presence and
biodiversity in crop soils (Sdnchez-Moreno et al., 2015). Based on this premise,
we hypothesized that implementing cover crops and organic mulches that limit
or prevent the practice of tillage in vineyards could favor the abundance and
activity of native EPNs. As expected (Pittelkow et al., 2014), no-tilled soils in our
studies overall contained higher organic matter contents than bare soils, which
generally resulted in higher concentrations of mesofaunal DNA extracted
through sucrose centrifugation (Figure 29). However, the analysis of our findings
revealed contrasting results. Our assumption was partially satisfied for the studies
focused on experimental vineyards, particularly for mulches based on spent
mushroom compost and spontaneous cover crops implemented on rows and
inter-rows, respectively (Figure 30). Thus, compared to regular tillage, most of
the cover crop and mulch treatments appeared to favor the occurrence of the EPN
species H. bacteriophora and S. feltiae, respectively. On the contrary, S. feltiae,
which seems to be replaced by H. bacteriophora on no-tilled soils, occurred at
lower numbers in all cover crop types evaluated (see Blanco-Pérez et al., 2020
and 2022a for further details).
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Figure 29. Quantifications for soil organic matter (graphs above) and DNA extracted through sucrose
centrifugation (graphs below) for the three studies that comprise this Thesis. Letters indicate significant
differences (P < 0.05) for general linear mixed model tests (n.s., no significant). Values are least-square
means + SE. Codes: tillage, TILL; no tillage, No-TILL; herbicide application, HERB; cover crops based on
grass-seed, SEE-C; flower-driven, FLO-C; and spontaneous SPO; mulches based on grape pruning
debris, PR-M; straw, St-M; and spent mushroom compost, SC-M.

Nevertheless, the DOCa Rioja survey did not validate this trend. Even if
cover cropping promoted soil organic matter in the evaluated vineyards, we
obtained higher values (no significant) for most of the biotic variables analyzed
in the tilled soils (Figure 29, Figure 30, and Figure 31). These results disagree with
those obtained in the other two studies and other research discussed in the
introduction (see page 48). Perhaps experimental designs counting with
replicates in space and time are more suitable for sampling organisms that, like
EPNs, show a pronounced patchy distribution (Spiridonov et al., 2007). In
addition, this study includes vineyards with multi-faceted management practices
that could alter biotic and abiotic soil attributes differently, creating unique
disturbances that may affect the nematofauna in a species-specific manner,
including the EPNs (Fiscus and Neher, 2002; Stuart et al., 2015). Hence, several
soil properties differed strongly between soil management practices in the DOCa
Rioja survey. We recorded, for example, higher NPK values for cover cropping but
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Figure 30. Abundance (graphs above) and activity (graphs below) of entomopathogenic nematodes for
the three studies that comprise this Thesis, measured as the number of infective juveniles (IJs) extracted
through sucrose centrifugation and percentage of larvae that showed nematode emergencies and were
positive for the Koch’s Postulates, respectively. Letters indicate significant differences (P < 0.05) for
generalized linear mixed model tests (n.s., no significant). Values are least-square means + SE. Codes:
tillage, TILL; no tillage, No-TILL; herbicide application, HERB; cover crops based on grass-seed, SEE-C;
flower-driven, FLO-C; and spontaneous SPO; mulches based on grape pruning debris, PR-M; straw, St-M;
and spent mushroom compost, SC-M.

also increased contents of metal ions such as Zn and Cu, which can cause high
toxicity on EPNs, notably in steinernematids (Jaworska et al., 1996, 1997). Indeed,
the abundance we reported for S. feltiae and S. affine negatively correlated with
high Cu contents in our soil community assemblage analysis (see Blanco-Pérez et
al., 2022b for further details).

The difficulty of discerning the impact of different abiotic drivers on the
EPN community in complex environments is amplified by their interactions with
other soil organisms. Overall, we found a significantly higher abundance of FLNs
in mulches based on grape pruning debris and spent mushroom compost,
primarily due to nematodes in the Acrobeloides-group (the most widespread
FLNs in our studies), and NF in grass-seeded cover crops and mulches based on
straw (most notably) and grape pruning debris. In contrast, in the DOCa Rioja
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Figure 31. Proportional impact of soil management for the three studies that comprise this Thesis on the
activity (Act) of the entomopathogenic nematodes (EPNs) and the abundance of these and other
associated soil organisms: free-living nematodes (FLNs), nematophagous fungi (NF), and ectoparasitic
bacteria (EcPB). Codes: tillage, TILL; no tillage, No-TILL; herbicide application, HERB; cover crops based
on grass-seed, SEE-C; flower-driven, FLO-C; and spontaneous SPO; mulches based on grape pruning
debris, PR-M; straw, St-M; and spent mushroom compost, SC-M.

survey, we did not find any significant differences in the abundance of any group
of organisms examined (Figure 31), but only for specific species. Thus, the FLNs
P. maupasi and O. onirici were more abundant in tilled soils, while no-tilled
vineyards favored the occurrence of O. tipulae and the fungal species A.
dactyloides and P. lilacinum. No species-specific differences were observed for
FLNs in the cover crop and mulch studies, nor for endoparasitic NF (Catenaria
sp. and H. rhossiliensis) and the EcPB Paenibacillus sp. for any of the three studies.
On the other hand, the results obtained for the cover crops and mulches studies
also support the possibility that tillage negatively affects the infective stage
occurrence of the eggs-parasitic fungus P. lilacinum, a fungal species that,
according to our observations, did not interact directly with IJs in soils (Table 5).
It seems plausible that this may be due to an underestimation of FLN abundance,
analysis beyond this Thesis' scope. However, in no-tilled soils from the DOCa
Rioja study, we obtained, as noted above, larger values for P. lilacinum but not for
the DNA extracted by sucrose centrifugation (Figure 29), a technique optimized
for nematofauna extraction (Dritsoulas et al., 2021).

In summary, alternative strategies to regular tillage could increase native
EPN populations in the vineyard but selectively, probably due in part to
differential impacts on their soil food web. Approaches of this kind modify
physicochemical properties in crop soils, enriching them and promoting
biodiversity in the agroecosystem (Atwood et al., 2022). Thus, increased soil
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organic matter contents (Figure 29) may imply, for instance, a higher abundance
and diversity of nematodes, although followed by subsequent increases in their
natural enemies (Linford, 1937; Cooke, 1962). In the study of cover crops, we
recorded, for example, higher organic matter and clay contents in grass-seeded
cover crops, two of the key factors favoring NF occurrence (Nordbring-Hertz et
al., 2006; Pathak et al., 2017). Indeed, we observed higher NF abundances,
particularly for endoparasitic species, for this specific treatment that could
explain the poor values reported for the EPN activity (Table 5); Figure 31). On the
contrary, we obtained opposite numbers for spontaneous cover crops, with a
significantly lower abundance of A. oligospora and a lack of endoparasitic NF.
Based on these observations, we initially suggested that H. rhossiliensis and
Catenaria sp. could inhibit the pathogenic capacity of EPNs more efficiently than
other NF species, but the results obtained in the DOCa Rioja study did not
support this premise.

In this regard, the study of organic mulches was even more illustrative.
This study showed that different mulches could enhance or inhibit NF growth,
for instance, by contributing to excessive soil water contents, which presumably
limited the abundance and virulence of native EPNs in an environment otherwise
favorable for their optimal establishment. All the analyzed organic mulches
favored soil moisture but with minor annual oscillations in straw mulches (Pou
et al.,, 2021), the treatment for which we found higher NF numbers in both
experimental vineyards (Figure 31). Although to a lesser extent, mulches of grape
pruning debris also promoted the proliferation of NF infective stages in organic
viticulture. That could also explain the lack of statistical significance between this
treatment and bare soils for both abundance and activity of EPNs in this specific
vineyard. In contrast, we found low numbers of NF infective stages for mulches
based on spent mushroom compost (Figure 31). Somehow, this treatment
inhibited the development of, at least, this type of fungi despite creating a priori
favorable conditions for it. This kind of organic mulch contains residual mycelia
of Pleurotus ostreatus (Agaricales: Pleurotaceae) that can produce diverse
secondary metabolites to prevent the fungal growth of a wide range of possible
competitors (Rayner et al., 1994; Ocimati et al., 2021). The decline of natural
enemies of nematodes could explain the exceptional EPN and FLN abundances
obtained for this treatment in both experimental vineyards (Figure 30 andFigure
31). Moreover, a recent study revealed that volatile organic compounds such as
octenol, produced by filamentous fungi like P. ostreatus, serve as foraging cues
used by fungivorous insects and EPNs (Wu and Duncan, 2020). Thus, another
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plausible explanation for these findings is that mulches based on spent
mushroom compost are specifically attractive to EPNs.

Besides, as previously mentioned, the FLN species examined in these
studies were selected on the criteria of their ability to emerge from insect larvae
previously colonized by EPNs and, therefore, on their ability to compete with
them for food sources within the host cadaver. However, although we found a
positive correlation between EPN abundance and most of the FLNs analyzed
(Table 5), the specific interactions that these two groups of nematodes would
establish in soils may be too diverse and complex to be easily interpretable, even
more considering that their living and feeding habits under natural conditions
are still mostly unknown. For instance, according to the Dauer Hypothesis
(Rogers and Sommerville, 1963), rhabditid and diplogastrid nematodes can
exhibit a remarkable versatility of functions, from bacteriophagy as free-living
organisms in soils to pathogenesis (Figure 13). Moreover, specialized oral cavities
of diplogastrids enable nematodes such as Pristionchus spp. to switch from
feeding on bacteria to predating on other nematodes (von Lieven, 2003).
However, we only reported significant differences for differentiated soil
management practices in the abundance of FLNs in the DOCa Rioja survey, and
the higher occurrences of the species O. onirici and P. maupasi in tilled soils do
not justify the highly raised EPN abundance obtained for this particular treatment
or the lower EPN activity than expected for untilled soils.

Pest management

We found higher biotic numbers for organic viticulture than for IMP, both
for the abundance of all types of soil organisms screened and for the total
quantification of DNA extracted by sucrose centrifugation (Figure 32Figure 33).
These numbers should explain the higher soil activity rates we obtained, in
agreement with our hypothesis, for organic farming than IPM, including those
associated with EPN emergences (positive for Koch's Postulates) (Figure 34). In
the organic vineyard employed for the mulches study, we also observed increased
organic matter contents and EPN abundance not confirmed for the DOCa Rioja
survey (Figure 32 andFigure 34). Perhaps this lack of significance in the EPN
numbers reported for the 80 vineyards comprising this study was due to the
remarkably patchy records obtained for S. riojaense, found in very high
abundance regardless of farming management, but only in a limited number of
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Figure 32. Quantifications for soil organic matter (graphs above) and DNA extracted through sucrose
centrifugation (graphs below) for two of the studies that comprise this Thesis. Asterisks indicate significant
differences from generalized linear mixed model tests at ***P < 0.001 and **P < 0.01 (n.s., not significant).
Values are least-square means + SE. Codes: IPM, Integrated Pest Management; Org, organic viticulture.

Publication 2 Publication 3
DOCa Ricja Survey Mulches Study s
PN A1) EPH Aot} —Cr
1 1
H
i (iF
s W L EPBh g Fli
oz o
0 o
13 (1] MF Lol

Figure 33. Proportional impact of pest management for two of the studies that comprise this Thesis on the
activity (Act) of the entomopathogenic nematodes (EPNs) and the abundance of these and other
associated soil organisms: free-living nematodes (FLNs), nematophagous fungi (NF), and ectoparasitic
bacteria (EcPB). Codes: IPM, Integrated Pest Management; Org, organic viticulture.
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vineyards. Conversely, organic viticulture enhanced the abundance of S. feltiae
(Figure 33), the predominant species in the overall of our studies and those
completed in the Iberian Peninsula and Europe (Hominick, 2002; Bhat et al.,
2020). Moreover, in this survey, more EPN emergences from insect baits in soil
samples collected from organic vineyards were identified for S. feltiae and not for
S. riojaense, which showed meager activity rates relative to its abundance.

Organic viticulture also seemed to sustain a higher richness of nematode
species. In the DOCa rioja survey, for example, the steinernematid species S.
affine, S. carpocapsae, and S. kraussei only occurred in organic vineyards. In
addition, we documented no evidence of O. onirici for IPM nor the experimental
vineyard used in the mulches study, and the abundance of the rest of the screened
FLNs was higher for organic farming in both studies (Figure 35). Bacterial feeder
nematodes of this type are, in fact, good predictors of soil health in terms of, for
instance, soil structure and organic matter contents (van den Hoogen et al.,
2019). Plausibly linked to this raised presence of nematodes (Table 6),
Paenibacillus sp. numbers were also significantly higher in organic than in IPM
vineyards. Similar may occur for the NF absolute abundance, although no
statistically significant differences were obtained for the DOCa Rioja survey
(Figure 35). Regarding NF richness, we found the same fungal species for both
treatments, except for the non-presence of H. rhossiliensis in the IPM vineyard of
the mulches study.

Altogether, increased abundance and richness of potential natural enemies
could partially explain the lack of significant differences in EPN numbers between
IPM and organic farming in the DOCa Rioja survey. Beyond the evident adverse
impact of increased NF abundance on EPN populations in crop soils, nematodes
in the genera Acrobeloides, Oscheius, and Pristionchus could, as noted above,
disrupt EPN fitness by establishing with them diverse and complex interactions
that are challenging to predict. On the other hand, the EcPB Paenibacillus sp.
could affect IJs in a species-specific manner. Indeed, El-Borai et al. (2005)
associated this bacterial species with S. diaprepesi, an EPN species closely related
to S. riojaense (Ptza et al., 2020). Perhaps Paenibacillus sp. affected S. riojaense
more than other EPN species in the organic vineyards of the DOCa Rioja study,
limiting its abundance for organic viticulture and overall activity. However, given
that the biology and ecology of this recently described species are still largely
unknown (PtiZa et al., 2020), multiple reasons could be considered to explain the
infrequent numbers we report for this particular EPN species in this study. For
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Figure 34. Abundance (graphs above) and activity (graphs below) of entomopathogenic nematodes for
two of the studies that comprise this Thesis, measured as the number of infective juveniles (IJs) extracted
through sucrose centrifugation and percentage of larvae that showed nematode emergencies and were
positive for the Koch's Postulates, respectively. Asterisks indicate significant differences from generalized
linear mixed model tests at ***P < 0.001 and **P < 0.01 (n.s., not significant). Values are least-square
means + SE. Codes: IPM, Integrated Pest Management; Org, organic viticulture.
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Figure 35. . Abundance of infective juveniles (IJs) of the two predominant species for the DOCa Rioja
survey. Asterisks indicate significant differences from generalized linear mixed model tests at **P < 0.01
(n.s., not significant). Values are least-square means + SE. Codes: IPM, Integrated Pest Management;
Org, organic viticulture.
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example, the meager activity rates recorded for S. riojaense compared to its high
abundance could be due to the wrong host choice (G. mellonella larvae) in our
bioassays (Adams and Nguyen, 2002). This illustration, for instance, accentuates
the complexity of unraveling multiple biotic interactions under naturalized
conditions.

Outlooks

Conserving soil biodiversity and understanding the natural
interrelationships of soil organisms is a fundamental milestone in improving soil
health (Lehmann et al., 2020; Gunstone et al., 2021). Indeed, irreparable soil
losses have generated a global alarm that justifies and drives the European Union
Soil Strategy 2030 (EU, 2021). The studies included in this Thesis have shown
that diverse management practices in viticulture affect the EPN community and
its soil food web differently and, hence, modulating the ecosystem service these
BCAs provide. Molecular tools accurately characterized target species in cryptic
environments. However, these results are difficult to interpret regarding possible
spatial and temporal links that soil organisms may establish among them and the
abiotic conditions in which they coexist. Approaches of this type must be
addressed with multivariate statistical and geostatistical methods to assess rather
than infer patterns (Campos-Herrera et al., 2013a). For example, Spatial Analysis
by Distance Indices (SADIE) (Perry and Hewitt, 1991) was already successfully
applied to characterize the spatial patterns of EPNs, FLNs, and NF in Florida
citrus orchards (Campos-Herrera et al., 2011, 2012a), so it could similarly help to
unravel their interactions in soil vineyards.

Furthermore, understanding BCA biogeography and identifying factors
that drive their occurrence and abundance in crop soils, crucial for conservation
biological control programs, require finer-scale taxonomic resolution than qPCR
analysis provides (Dritsoulas et al., 2020). Although species-specific primer-
probe sets have allowed advances in understanding EPN communities,
particularly for sympatric distributions (Campos-Herrera et al., 201lb), this
approach is limited to identifying target organisms only. Moreover, the specificity
of qPCR analysis is occasionally excessive for communities with marked
intraspecific variability. Certainly, closely related EPN species exhibit divergent
phenotypes due to, for instance, habitat adaptation or host specificity (Lewis et
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al., 2006; El-Borai et al., 2016). Novel molecular tools, such as high-throughput
sequencing (HTS), provide more accurate taxonomic resolution and recognize
more rare taxa than morphological or qPCR analysis (Treonis et al., 2018). In
addition, the rapidly decreasing cost of this procedure makes HTS a more
affordable tool for measuring organisms in cryptic environments. For example,
Geisen et al. (2018) obtained higher taxonomic resolution for native nematode
populations at a lower cost than qPCR and morphological approaches.

Regarding EPNs, Dritsoulas et al. (2020) reanalyzed 56 samples out of 100
that comprised Campos-Herrera et al. (2019a)'s survey using universal primers
targeting the ITSI region for an HTS procedure, finding all the species also
detected by qPCR plus H. megidis. Besides, the predominant EPN species, S.
feltiae, was not only found at 55% more sites and in increased numbers, but HTS
measurements indicate that it tended to be highly aggregated rather than
random, as suggested by Campos-Herrera et al. (2019a). Based on these results,
HTS analysis arises as a promising tool for studying EPN biogeography and their
soil food web since HTS potentially reveals everything in a soil sample that
universal primers can amplify, including unknown organisms and novel functions
of soil communities (He et al., 2010). However, this technology still needs further
optimization to improve its accuracy (Waeyenberge et al., 2019). Hence, future
research will integrate such molecular tools with spatial-temporal dynamics and
multitrophic interactions analyses to reveal the EPN biogeography and identify
the best viticulture practices for their implementation in conservation biological
control programs. Finally, choosing the vineyard as a model framework in this
Thesis provides new lessons in these research areas that lay the groundwork for
advanced studies in other cropping systems.
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Conclusions

The main conclusions resulting from the studies presented in this Thesis
were as follows:

1. Alternative strategies to tillage, such as cover cropping and mulching, can
support native entomopathogenic nematodes (EPNs) in the vineyard but
depending on typologies.

2. Comprehensive, no-tilled soils retained higher organic matter contents
than tilled soils and favored the appearance of nematodes, although,
according to Linford's Hypothesis, also that of their antagonisms, such as
nematophagous fungi (NF) and free-living nematodes (FLNs).

3. The soil management practices of spontaneous cover cropping and
mulching based on spent mushroom compost, which promoted EPN
occurrence and activity, also maintained low numbers of potential

enemies.

4. Organic viticulture enhanced FLN numbers, EPN activity, an overall
nematode richness, and the occurrence of the predominant EPN species
Steinernema feltiae.

5. Seven EPN species were reported in the DOCa Rioja vineyards, with S.
feltiae and Heterorhabditis bacteriophora as the dominant of each genus.

6. The combination of molecular identification approaches and the
traditional insect baiting enabled the isolation and the biogeographical
study of the new EPN species Steinernema riojaense.

7. Our approach demonstrated that EPN soil food web characterization
could signal soil health in perennial crops such as vineyards.

8. Overall, combining organic viticulture and specific soil management
practices to replace regular tillage could enhance the ecosystem service
that native EPNs perform as biological control agents in the vineyard.
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Conclusiones

Las principales conclusiones resultantes de los estudios presentados en

esta Tesis fueron las siguientes:

Tipologias especificas de cubiertas vegetales y acolchados organicos que
reemplacen total o parcialmente la practica del laboreo pueden favorecer
la presencia y actividad de nematodos entomopatogenos (NEPs) nativos
en el vifiedo.

En lineas generales, los suelos no labrados mantuvieron mayores
contenidos de materia organica que los suelos labrados y favorecieron la
presencia de nematodos, pese a que, segun predice la Hipdtesis de
Linford, también la de sus antagonistas, como los hongos nematdfagos
(HNs) y nematodos de vida libre (NVLs).

Las practicas de manejo del suelo mediante cubierta vegetal espontanea
y acolchados a base de compost de post-cosecha de champifion, que
potenciaron una mayor abundancia y actividad de NEPs, fueron también
las que registraron menores nimeros de sus enemigos naturales.

La viticultura ecologica favorecio la abundancia de NVLs, la actividad de
los NEPs, la riqueza general de nematodos y la presencia de la especie
predominante de NEPs, Steinernema feltiae.

Siete especies de NEPs fueron identificadas en los vifiedos de la DOCa
Rioja, con S. feltiae y Heterorhabditis bacteriophora como las especies
dominantes para cada género.

La combinacion de técnicas de identificacion molecular y la tradicional
trampa de insectos permitio el aislamiento y el estudio biogeografico de
la nueva especie de NEP Steinernema riojaense.

Estos estudios sefialan que la caracterizacion de la red trofica de los NEPs
en el suelo podria ser indicativo de la salud del suelo en cultivos perennes
como el vifiedo.



En general, la combinacion de la viticultura ecoldgica con précticas
especificas de manejo del suelo que sustituyen el laboreo convencional
pueden mejorar el servicio ecosistémico que los NEPs nativos realizan
como agentes de control biolégico en el vifiedo.
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nematode  Steinernema  feltiae. J. Invertebr. Pathol. 164, 5-15.
https://doi.org/10.1016/j.jip.2019.04.002

Discipline: Zoology; IF: 2,074 (2019), Q1 (18/166)

° Chelkha, M., Blanco-Pérez, R., Bueno-Pallero, F.A., Amghar, S., El Harti, A.,
Campos-Herrera, R., 2020. Cutaneous excreta of the earthworm Eisenia fetida
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(Haplotaxida: Lumbricidae) might hinder the biological control performance of
entomopathogenic  nematodes.  Soil Biol. = Biochem. 141, 107691
https://doi.org/10.1016/j.s0ilbio.2019.107691

Discipline: Soil science; IF: 7,609 (2020), Q1 (1/37)

Dritsoulas, A., Campos-Herrera, R., Blanco-Pérez, R., Duncan, L.W., 2020.
Comparing high throughput sequencing and real time qPCR for characterizing
entomopathogenic nematode biogeography. Soil Biol. Biochem. 145, 107793.
https://doi.org/10.1016/j.s0ilbio.2020.107793

Discipline: Soil biology; IF: 7,609 (2020), Q1 (1/37)

Plza, V., Campos-Herrera, R., Blanco-Pérez, R., Jakubikova, H., Vicente-Diez,
I, Nermut, J., 2020. Steinernema riojaense n. sp., a new entomopathogenic
nematode (Nematoda: Steinernematidae) from Spain. Nematology 22, 825-841.
https://doi.org/10.1163/15685411-00003343

Discipline: Zoology; IF: 1,442 (2020), Q3 (88/175)

Bueno-Pallero, F.A., Blanco-Pérez, R., Vicente-Diez, 1., Rodriguez-Martin,
J.A., Dionisio, L., Campos-Herrera, R., 2020. Patterns of occurrence and activity
of entomopathogenic fungi in the Algarve (Portugal) using different isolation
methods. Insects 11, 352. https://doi.org/10.3390/insects11060352

Discipline: Entomology; IF: 2,769 (2020), Q1 (18/102)

Castruita-Esparza, G., Bueno-Pallero, F.A., Blanco-Pérez, R., Dionisio, L.,
Aquino-Bolaiios, T., Campos-Herrera, R., 2020. Activity of Steinernema
colombiense in  plant-based oils. J. Nematol. 52, €2020-72.
https://doi.org/10.21307/jofnem-2020-072

Discipline: Zoology; IF: 1,402 (2020), Q3 (93/175)

Vicente-Diez, 1., Blanco-Pérez, R., Gonzélez-Tryjillo, M.M., Pou, A., Campos-
Herrera, R., 2021. Insecticidal effect of entomopathogenic nematodes and the
cell-free supernatant from their symbiotic bacteria against Philaenus spumarius
(Hemiptera: Aphrophoridae) nymphs. Insects 1, 352.
https://doi.org/10.3390/insects12050448

Discipline: Entomology; IF: 3,139 (2021), Q1 (16/105)

Chelkha, M., Blanco-Pérez, R., Vicente-Diez, I., Bueno-Pallero, F.A., Amghar,
S., El Harti, A., Campos-Herrera, R., 2021. Earthworms and their cutaneous
excreta can modify the virulence and reproductive capability of
entomopathogenic nematodes and fungi. J. Invertebr. Pathol. 184, 107620.
https://doi.org/10.1016/j jip.2021.107620

Discipline: Zoology; IF: 2,795 (2021), Q1 (25/176)



Publications

. Campos-Herrera, R., Vicente-Diez, I, Blanco-Pérez, R., Chelkha, M.,
Gonzalez-Trujillo, M.M., Puelles, M., Cepulyte, R., Pou, A., 2021. Positioning
entomopathogenic nematodes for the future viticulture: exploring their use
against biotic threats and as bioindicators of soil health. Turk. J. Zool. 45, 335-
346. https://doi.org/10.3906/z00-2106-40

Discipline: Zoology; IF: 0,932 (2021), Q4 (148/174)

. Vicente-Diez, I., Blanco-Pérez, R., Chelkha, M., Puelles, M., Pou, A., Campos-
Herrera, R., 2021. Exploring the use of entomopathogenic nematodes and the
natural products derived from their symbiotic bacteria to control the grapevine
moth, Lobesia botrana (Lepidoptera: Tortricidae). Insects 12, 1033.
https://doi.org/10.3390/insects12111033

Discipline: Entomology; IF: 3,139 (2021), Q1 (16/105)

° Campos-Herrera, R., Palomares-Ruis, J.E., Blanco-Pérez, R., Rodriguez-
Martin, J.A., Landa, B.B., Castillo, P., 2022. Irrigation modulates
entomopathogenic nematode community and its soil food web in olive groves
under different agricultural managements. Agric. Ecosyst. Environ. 337,108070.
https://doi.org/10.1016/j.agee.2022.108070

Discipline: Agriculture/Multidisciplinary; IF: 6,576 (2021), Q1 (5/59)

Outreach publications

° Blanco-Pérez, R., Sdenz Romo, M.G., Vicente-Diez, I., Ibafiez-Pascual, S.,
Martinez-Villar, E., Pérez-Moreno, 1., Marco-Manceboén, V.S., Campos-
Herrera, R., 2018. Cubiertas vegetales en vifia y su impacto en la riqueza y
actividad de los nematodos entomopatdgenos. Ae 34, 28-29.

° Vicente-Diez, 1., Sdenz Romo, M.G., Blanco-Pérez, R., Ibafez-Pascual, S.,
Martinez-Villar, E., Marco-Mancebon, V.S., Pérez-Moreno, 1., Campos-
Herrera, R., 2019. Impacto de la implantacién de cubiertas vegetales en la
presencia de agentes de control bioldgico en vifiedos. Viticultura 3555, 1844-
1850.

° Campos-Herrera, R., Blanco-Pérez, R., Vicente-Diez, 1., 2020. Nematodos
entomopatdgenos en el control bioldgico de dcaros e insectos. Cuaderno de
Canpo 63, 34-39.

° Chelkha, M., Blanco-Pérez, R., Bueno-Pallero, F.A., Vicente-Diez, 1., Amghar,

S., El Harti, A., Campos-Herrera, R., 2020. Coexistencia de dos organismos
beneficiosos del suelo: ;Pueden las lombrices de tierra alterar la actividad
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beneficiosa de los nematodos entomopatdgenos como agentes de control
biolégico? Ae 39, 26-27.

Blanco-Pérez, R., Sdenz Romo, M.G., Vicente-Diez, 1., Ibafiez-Pascual, S.,
Martinez-Villar, E., Marco-Mancebon, V.S., Pérez-Moreno, 1., Campos-
Herrera, R., 2021. Cubiertas vegetales y conservacion de poblaciones nativas de
nematodos entomopatdégenos en viria. Cuaderno de Campo 65, 34-39.

Seminars and conference presentations

Seminars

Presencia y actividad de la comunidad de nematodos entomopatégenos en
vifiedos de la DOCa Rioja sujetos a diferentes manejos agronémicos.
Seminarios internos del ICVV. Instituto de Ciencias de la Vid y el Vino
(ICVV). Febrary 25t 2020. Logrofio, Spain.

Nematodos entomopatégenos como potenciales bio-indicadores en viiiedos
sujetos a diferentes manejos. Seminario Internacional de Viticultura: Avances
y Desafios Coyunturales. Universidad Mayor en Santiago de Chile. September
1t 2021. Santiago de Chile, Chile.

Presentations at International Conferences

- 1 ESA International Branch and Virtual Symposium
Q A April 16-181 2018
- Entomology Society of America (ESA)
SOCIETY OF AMEmca  USA (virtual)

Castruita-Esparza, G., Bueno-Pallero, F.A., Blanco-Pérez, R., Aquino-Bolanos, T.,
Campos-Herrera, R., Exploring low-cost vegetable adjuvants for entomopathogenic
nematode application: impact of temperature and combination with other
entomopathogens.

Poster presentation



Seminars and conference presentations

AMAS International Conference IV

May 9-11t 2018

. American Moroccan Agricultural Sciences (AMAS)
o Meknes, Morocco

Chelkha, M., Blanco-Pérez, R., Bueno-Pallero, F.A., El Harti, A., Amghar, S., Campos-
Herrera, R., Earthworm feeding activity and mucus secretion can decrease
entomopathogenic nematodes activity as biological control agents.

Poster presentation

33rd ESN Symposium. 9-13 September 2018
September 9-13t 2018

European Society of Nematologists (ESN)
Ghent, Belgium

Blanco-Pérez, R., Sdenz Romo, M.G., Ibdfiez-Pascual, S., Martinez-Villar, E., Pérez-
Moreno, ., Marco-Mancebon, V.S., Campos-Herrera, R., Toward conservation biological
control in vineyards: how the implementation of different cover crops can affect the activity
of native entomopathogenic nematodes?

Poster presentation
Campos-Herrera, R., Palomares-Ruis, ].E., Blanco-Pérez, R., Landa, B.B., Castillo, P., Soil
texture and olive cultivar determine natural occurrence and assemblage of

entomopathogenic nematode in Southern Spain: consilience with main drivers for plant-
parasitic nematode community.

Oral presentation
Chelkha, M., Blanco-Pérez, R., Bueno-Pallero, F.A., El Harti, A., Amghar, S., Campos-

Herrera, R., The presence of earthworm mucus secretion could altered entomopathogenic
nematodes activity as biological control agents.

Poster presentation

SR Lo

i— International Congress on Gravevine and Wine Sciences
'j|||]l|| ||' November 7-11 2018
Institute of Grapevine and Wine Sciences (ICVV)
Logrofio, Spain

Blanco-Pérez, R., Sdenz Romo, M.G., Ibafez-Pascual, S., Vicente-Diez, 1., Martinez-
Villar, E., Pérez-Moreno, 1., Marco-Mancebon, V.S, Campos-Herrera, R,
Entomopathogenic nematode natural distribution in vineyards managed with cover crops:
impact on soil organisms’ assemblage.

Poster presentation
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52nd SIP Annual Meeting
July 28" — August 15t 2019
Society for Invertebrate Pathology (SIP)

SIP/I0BC Valencia, Spain

° Blanco-Pérez, R., Bueno-Pallero, F.A., Vicente-Diez, 1., Marco-Mancebon, V.S., Pérez-
Moreno, 1., Campos-Herrera, R., Steinernema feltiae scavenging behavior: offspring
fitness is modulated by various insect cadaver scenarios.

Poster presentation
Honorable Mention in the Best Poster Presentation Contest

° Campos-Herrera, R., Blanco-Pérez, R., Duncan, L.W., Drivers of assemblages of
entomopathogenic nematodes and other soil organisms from the same habitats on two
continents: singularities or general trends?

Oral presentation
. Chelkha, M., Blanco-Pérez, R., Bueno-Pallero, F.A., El Harti, A., Amghar, S., Campos-
Herrera, R., The presence of cutaneous excreta of earthworms and their feeding activity

can decrease the biological control action by entomopathogenic nematodes and
entomopathogenic fungi.

Poster presentation

11th Spider Mite Genome Meeting

November 4-6t 2019

Universidad de La Rioja and Western University
Logrofio, Spain

. Campos-Herrera, R., Vicente-Diez, 1., Moreira do Nascimento, J., Chelkha, M., Blanco-
Pérez, R., El Harti, A., Grbic, V., Novel strategies for the management of Tetranychus
urticae using beneficial soil organisms: direct and indirect measures concept.

Oral presentation

Virtual SON Conference
December 15-16t 2020
Society of Nematologists (SON)
USA (virtual)

f
b
W

=
) =4

. Vicente-Diez, 1., Blanco-Pérez, R., Chelkha, M., Gonzdlez-Trujillo, M.M., Pou, A,
Campos-Herrera, R., Enhancing organic viticulture: insecticidal effect of
entomopathogenic nematodes and the cell-free supernatant from Xenorhabdus and
Photorhabdus bacteria against Philaenus spumarius (Hemiptera:
AphrophoProteobacteria: Xanthomonadaceae).
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Poster presentation

Chelkha, M., Blanco-Pérez, R., Vicente-Diez, I., Gonzalez-Truyjillo, M.M., Amghar, S., El
Harti, A., Campos-Herrera, R., Unraveling earthworm impact over entomopathogenic
nematode infectivity: general trend or species-specific dependent?

Poster presentation

A 1 ESA International Branch and Virtual Symposium
Q April 26-28" 2021

-

e Entomology Society of America (ESA)
SOUETY OF AMEmca  USA (virtual)

Blanco-Pérez, R., Vicente-Diez, I., Marco-Mancebon, V.S., Pérez-Moreno, 1., Pou, A.,
Campos-Herrera, R., Impact of mulching on the activity of entomopathogenic nematode
community in DOCa Rioja vineyards (Spain).

Poster presentation

| 53nd SIP Annual Meeting
| R S June 26t — July 2nd 2021

| Society for Invertebrate Pathology (SIP)
5 France - México (virtual)

Blanco-Pérez, R., Vicente-Diez, 1., Ramos de Ojer, J.L., Marco-Mancebén, V.S., Pérez-
Moreno, ., Campos-Herrera, R., Impact of differentiated vineyard management on the
activity of entomopathogenic nematodes in La Rioja (Spain).

Poster presentation
Campos-Herrera, R., Blanco-Pérez, R., The cost of fighting for surviving in a complex
world: entomopathogenic nematodes as scavengers.

Oral presentation (invited speaker)

Vicente-Diez, 1., Blanco-Pérez, R., Chelkha, M., Puelles, M., Pou, A., Campos-Herrera,
R., Steinernema carpocapsae and Xenorhabdus nematophila based products for the
control of the grapevine moth and the grey mold in vineyards.

Poster presentation

Chelkha, M., del Toro Hernandez, M., Vicente-Diez, [., Blanco-Pérez, R., Amghar, S., El
Harti, A., Pou, A., Campos-Herrera, R., Unraveling the effect of the presence of earthworms
or their cutaneous excreta and entomopathogenic nematodes in the soil bacterial
community, biocontrol capacity, and plant traits.

Poster presentation
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° Gonzalez-Trujillo, M.M., Cepulyte, R., Vicente-Diez, 1., Blanco-Pérez, R., Chelkha, M.,
Puelles, M., Gdmez, A., Ramos-Sdez de Ojer, ]J.L., Campos-Herrera, R., Screening of
adjuvants to enhance the entomopathogenic nematode survival and adherence after aerial
application on grapevine leaves.

Poster presentation

7th International Congress of Nematology
May 1-6t 2022

Society of Nematologists

Antibes Juan-Les-Pins, France

)

° Blanco-Pérez, R., Vicente-Diez, 1., Ramos de Ojer, ].L., Marco-Manceboén, V.S., Pérez-
Moreno, 1., Campos-Herrera, R., Impact of differentiated farming practices on the native
entomopathogenic nematodes in DOCa Rioja vineyards (Northern Spain).

Poster presentation

° Vicente-Diez, 1., Blanco-Pérez, R., Chelkha, Pou, A., Campos-Herrera, R., Possibilities
of using Xenorhabdus nematophila and Photorhabdus laumondii against Botrytis cinerea.

Poster presentation

Presentations at National Conferences

X Congreso Nacional de Entomologia Aplicada,
XVI Jornadas Cientificas de la SEEA

October 16-20t 2017
ﬁg_*n-"- Hﬁ- Sociedad Espafiola de Entomologia Aplicada (SEEA)
¥ sereins Gl ibeande s Logrofio, Spain
. Blanco-Pérez, R., Bueno-Pallero, F.A., Campos-Herrera, R., Entomopathogenic

nematode scavenging and its implications for their long term persistence in soil.
Poster presentation
° Campos-Herrera, Blanco-Pérez, R., Bueno-Pallero, F.A., Duarte, A. Nolasco, G.,

Rodriguez-Martin, J.A., Entomopathogenic nematode soil food web assemblage in Algarve
region: habitat preference and spatial patterns.

Oral presentation
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Bueno-Pallero, F.A., Blanco-Pérez, R., Dionisio, L., Campos-Herrera, R., To kill or to be
killed: belowground interaction between soil beneficial organisms, implications in
biological control.

Oral presentation

X1
CONGRESOD SEAE XIII Congreso SEAE de Agricultura Ecoldgica

November 14-17t 2018
Sociedad Espafiola de Agricultura Ecoldgica (SEAE)
Logrofio, Spain

Blanco-Pérez, R., Sdenz Romo, M.G., Vicente-Diez, I., Ibdfiez-Pascual, S., Martinez-
Villar, E., Pérez-Moreno, 1., Marco-Mancebon, V.S., Campos-Herrera, R., Impacto de la
implementacién de cubiertas vegetales en la distribucion natural y actividad de los
nematodos entomopatdgenos.

Poster presentation

XI Congreso Nacional de Entomologia Aplicada,
XVII Jornadas Cientificas de la SEEA

- November 4-8t 2019

NACIONAL DE Sociedad Espafiola de Entomologia Aplicada (SEEA)
ENTOMOLOGIA

APLICADA Madrid, Spain

Vicente-Diez, 1., Blanco-Pérez, R., Moreno, A., Fereres, A., Campos-Herrera, R.,
Capacidad infectiva del nematodo entomopatdgeno Steinernema feltiae (Filipjev)
(Rhabditida: Steinernematidae) frente a ninfas de Philaenus spumarius (Linnaeus)
(Hemiptera: Aphrophoridae), vector de Xylella fastidiosa Wells, Raju, Hung, Weisburg, &
Beemer (g-Proteobacteria: Xanthomonadaceae) en Europa.

Poster presentation
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