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Highlights
e The virulence of 16 entomopathogenic nematodes (EPN) populations was evaluated
against a soil-dwelling insect (Agriotes spp).
e Six EPN populations demonstrated notable efficacy.
e Smaller-diameter nematodes induced higher mortality after 56 days post-inoculation.
e Nematodes length affects virulence at three days post-inoculation but not at 56 days
post-inoculation.
e Bacteria biochemical profiles did not reflect the differences in virulence of nematodes-
bacteria complex against wireworms.
Abstract
Entomopathogenic nematodes (EPNs) have emerged as a promising tool for controlling soil-

dwelling crop pests. However, their efficacy varies according to EPN populations and targeted
hosts. Wireworms are polyphagous insects causing significant crop losses, especially since the
ban on pesticides previously used for their control. They are highly resistant to EPN populations
and require high number of infective juveniles (1Js) to achieve optimal mortality rates. In this
research, we collected and compared the virulence of 16 EPN populations, of foreign origin,
purchased or collected from wireworms infested fields. Then, we have tested two hypotheses:
(i) smaller nematodes induce heightened mortality rates against wireworms; (ii) virulence levels
can be linked to nematodes-bacteria complex. Mortality rates scaled from three to 43% after 56
days of continuous exposure across the 16 tested EPN populations (Heterorhabditis spp. and
Steinernema spp.). Morphometric analysis of 1Js revealed both intra- and interspecific
variations in length and diameter among populations. Interestingly, while EPN length influence
mortality at three days post-inoculation. We found leaner 1Js (< 25um) to induce higher
mortality rates at 56 days post-inoculation. To better determine the structure and dimensions of
the primary entry routes utilized by EPNs, we provide optical microscope micrographs of
wireworm Agriotes spp. spiracle, anal sclerotized coating anus and anal muscles. Symbiotic
bacteria of each EPN population were identified, and a biochemical characterization was
performed using Analytical Profile Index tests. The symbiotic bacteria belong to the species
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Photorhabdus antumapuensis, P. laumondii subsp. laumondii, P. thracensis, Xenorhabdus
bovienii and X. nematophila. Bacteria biochemical profiles did not reflect the differences in
virulence of nematodes-bacteria complex against wireworms. These findings highlight the
importance of considering EPN morphometry and intraspecific variability in designing
applications to control wireworms.

Graphical abstract
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1. Introduction

Entomopathogenic nematodes (EPNSs) in the families Heterorhabditidae and Steinernematidae
(Nematoda: Rhabditida and Panagrolamida, respectively) (Hodda, 2022) are efficient at
controlling several crop pests, especially soil-dwelling arthropods (Campos-Herrera et al.,

2012). Their free-living juveniles (dauer stage) infect and kill the insect host in cooperation
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with symbiotic enteric bacteria, Photorhabdus spp. and Xenorhabdus spp. (Boemare, et al.,
1993). In the soil, their foraging strategies rely on a diversity of cues (Grewal et al., 1994;
Dillman et al., 2012), some being released by their insect hosts (CO>) as well as by plants under
insect infestations (volatile organic compounds) (Rasmann et al., 2005; Turlings et al. 2012;
Laznik & Trdan, 2016; Machado and Reuss, 2022). Once a suitable insect is located, the
infective juveniles (1J) use natural openings or break integument to penetrate inside the
hemocoel of the host and release their symbiotic bacteria stocked in the anterior portion of the
intestine (for Heterorhabditis spp.) (Ciche and Ensign, 2003) or in the bilobed vesicle (for
Steinernema spp.) (Bird and Akhurst, 1983). These bacteria then secrete toxins that induce rapid
insect death within 48 to 72 hours, provide a suitable nutrient medium for nematodes growth
and reproduction, and inhibit competing organisms by producing antimicrobial, antifungal and
nematicidal metabolites (Wang et al., 2011, Tobias et al., 2017; Blanco Perez et al., 2019).
Nematodes undergo multiple generations within the host, and when the food is depleted and
excreta products excessive, IJs are formed, re-establish symbiosis and emerge to seek new hosts

(Stock et al., 2019).

Wireworms, the soil-dwelling larvae of click beetles (Coleoptera: Elateridae) are
ubiquitous polyphagous pests. The most damaging species for agricultural sector in Europe
include Agriotes lineatus, A. obscurus and A. sputator (Parker & Howard 2001; Vernon & van
Herk, 2022). They may be found in various cultivated and non-cultivated areas where they feed
on the roots and collars of young seedlings and the underground organs of older plants. Their
subterranean habits and extended development cycle, covering 2 to 5 years (Miles, 1942;
Furlan, 2004), make them particularly challenging to manage. Until recently, wireworm
populations were controlled through a combination of insecticides (Furlan and Toffanin 1998).
Nevertheless, the gradual prohibition of these molecules (Curia Europa, 2023), has led to a

notable upsurge in wireworm-related damages over the past 15 years (Le Cointe et al., 2023).

4
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Diverse strategies are being tested and implemented, including intercropping, crop rotation,
tillage, resistant varieties seeding, and adult trapping (Parker and Howard 2001; Furlan and
Toth, 2007; Johnson et al., 2008; La Forgia et al., 2020; Thibord and Larroude, 2023; Chacon
Hurtado et al., 2023). Despite some successes in monitoring, these alternatives are only partially

efficient (Barsics et al., 2013; La Forgia and VVerheggen 2019).

Since EPNs are well-known biocontrol agents, they have been tested against
wireworms, but these insects are particularly resistant to EPNs (Campos-Herrera & Gutiérrez,
2009; Williams et al., 2022). They have a sclerotized, wear-resistant integument, and thick
intersegmental membranes, along with a dense brush of branched hairs located in the preoral
cavity that prevents EPNs larger than 18 pm in diameter to enter (Eidt & Thurston, 1995). Also,
their rectal muscles are likely capable of completely closing the anus (Eidt & Thurston, 1995).
Coupled with the cellular and humoral responses that can offset the effect of the bacteria (Li et
al., 2007; Rahatkhah et al., 2015), these various physical barriers must be considered when

assessing the efficacy of EPN populations against wireworms (Grewal et al., 2005).

In this study, we evaluated the efficacy of different EPN populations from several
origins to infected and kill wireworms. Also, we assessed whether this efficacy is related to
EPN morphometry and/or their association with specific symbiotic bacteria (Campos-Herrera

and Gutierrez, 2009; Lacey and Georgis, 2012; Williams et al., 2022).

2. Materials and Methods

2.1. Insect and nematodes collection, maintenance, and rearing

Agriotes spp. larvae (Coleoptera: Elateridae) were collected from two locations in
Belgium: Gembloux and Gedinne (Figure 1 [7 and 11 sites], Supplementary Material). The

collection sites were chosen based on their organic cultivation history of at least two years. In
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both collection sites, a mix of two species was observed and confirmed by molecular analyses:
Agriotes obscurus and A. lineatus (GenBank PP892771 and PQ066666, Supplementary
Material). Larvae were separated by weight and up to 10 individuals were placed in rearing
boxes (500 ml — 11 x 11 x 6 cm) to avoid cannibalism. They were maintained in a potting soil
(La Plaine Chassart brand; dry matter: 26%, organic matter 20%, pH (water) 5-6.5, Electrical
Conductivity (EC) 400-600) - vermiculite mixture (v:v, 1:1) at 65% Water Holding Capacity
(WHC) at control room temperature (20 + 1°C) and fed germinating organic barley (culture of
Gembloux AgroBio-Tech) ad libitum renovated every three weeks. The stage L11 (14-16 mm)

(Sufyan et al., 2014) larvae were selected for the nematode screening.

ZN§ *
F

«%

20

EPSG:3812 |

Figure 1. Distribution of the sampling sites of wireworms and EPN along Wallonia region
(Belgium) dark green dots: sites with presence of EPNs, light green dots: sites without presence
of EPNs. Code of reference and land use in agreement with Table S1. EPSG: Projected
coordinate system Lambert 2008.
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Galleria mellonella larvae (Lepidoptera: Pyralidae) were reared under laboratory
conditions according to the protocol of Vicente-Diez et al. (2021a). Last larval stage was used

for all experiments.

Native populations of EPNs were isolated during the spring and autumn of 2022 from
agriculture, forests, grasslands, and horticulture sites (with and without treatment of
phytosanitary products) in the Wallonia region (Belgium) (Figure 1) where wireworm presence
was previously documented (Supplementary Material). The populations used in the screening
were selected based on species diversity, soil usage, and agricultural conditions of the collection
sites (conventional or organic) (Supplementary Material). Foreign populations of EPNs were
provided by the Department of Animal Biology, Plant Biology, and Ecology, Faculty of
Biosciences (Autonomous University of Barcelona, Spain), Institute of Grapevine and Wine
Sciences — (ICVV, Government of La Rioja, CSIC, and University of La Rioja, Logrofio, Spain)
and Department of Plant Protection, Faculty of Agricultural Sciences (University of Chile,
Santiago, Chile). These populations were collected in Spain for Steinernema carpocapsae B14
and Heterorhabditis bacteriophora 0943 (horticultural field, personal communication), in
Portugal for S. feltiae AM25 (citrus field) (Campos-Herrera et al., 2019), in Chile for
Heterorhabditis atacamensis UCH-31936, UCH-33043 (walnut orchard and grapevine field)
(Castaneda-Alvarez et al., 2022) and Heterorhabditis bacteriophora. UCH-32913 (grapevine
field, personal communication). Populations Sc B14 and Sf AM25 were used previously in
wireworms screening (Morton and Garcia-del-Pino, 2017; La Forgia et al., 2021). Commercial
EPN populations were used for comparison: H. bacteriophora and S. carpocapsae from e-nema
GmbH and S. feltiae from insectosphere (Table 1). All EPNs were multiplied every four months
on G. mellonella and maintained in ventilated culture flasks (250 mL / 75 cmz?; Falcon®) stored

at 14°C, at a concentration of 5 1Js/pl.
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2.2. Screening of the entomopathogenic nematode activity

A total of 16 populations from six different species of EPNs were tested (Table 1). The
experimental unit was a plastic microcosm (6.6 cm?®) filled with 10 g of autoclaved sand (Cobo
garden, Belgium), and dried at 80°C for 48 h. Each microcosm was moistened to 90% (WHC)
using a solution of 1Js and tap water, achieving a 250 1Js/cm? concentration (Campos-Herrera
& Gutiérrez, 2009). EPNs were reared in G. mellonella and used 24 h after emergence. A single
wireworm was then placed in each microcosm (n = 15 per population). A positive control was
established by substituting the wireworm with a G. mellonella (n = 5 per population). Negative
controls were conducted by introducing wireworm (n = 10) into microcosms containing only
tap water. Wireworms were not fed, considering that they can live without food for one year
(Furlan, 2004). Microcosms were stored in control room temperature at 21+1°C in dark. Two
independent trials, one week apart, were conducted with new and fresh material in each time.
Larval mortality (wireworms and G. mellonella) was assessed 24 h, 48 h, and 72 h post-
inoculation. Subsequently, mortality was monitored weekly for up to 56 days post-inoculation.
Each week, microcosms were weighed, and the WHC was adjusted to 90%. To confirm that the
observed mortality was attributable to EPNs, each dead larvae was rinsed with tap water and
then individually placed in White traps (White, 1927). They were monitored until the
emergence of new 1Js or dissected if melanization occurred and the 1Js were unable to emerge
(Li et al., 2007; La Forgia et al., 2021). At 56 days post-inoculation, alive wireworms were
removed from the microcosm and a G. mellonella was introduced to assess the virulence of the

EPNs.
2.3. Characterization of entomopathogenic nematode morphometry

For each EPN population, recently emerged 1Js from five G. mellonella were transferred

to an Eppendorf tube containing Ringer's solution (NaCl 7.5 g, KCI 0.35 g, CaCl» 0.21 g, 100
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ml distilled water) according to the protocol of Hominick et al. (1996). After a 30 minutes
incubation period at 21+1°C (when the IJs became immobile) they were examined and
photographed using a microscope (Axioskop 2 MOT) coupled with a camera (AxioCam). Body
length and diameter were measured using Inkscape software (version 1.3) on 40 individuals per

population randomly chosen.

2.4. Measurement of wireworm openings

Micrographs of the spiracles and anus of L11 stage wireworms (n=10) were captured
using an optical microscope. These images were used to determine the structure and dimensions
of the primary entry routes utilized by EPNs. Freshly dissected individuals were examined

without treatment, following the same procedures used for EPN morphometry measurements.

2.5. Entomopathogenic nematode bacteria isolation and molecular identification

Bacterial isolation was conducted modifying the protocols of Boemare and Akhurst
(1988) and Vicente-Diez et al. (2021b). We started from 1 mL of suspension containing around
1000 IJs of each EPN population. After centrifugation (1890.515¢g for 120s) the supernatant
was discarded, and the 1Js were cleaned by immersion in 1% NaCIlO for two minutes. Once
again, a centrifugation was performed (1890.515¢g for 120s), NaClO was carefully removed by
pipetting, preserving the EPNs at the bottom of the Eppendorf tube. Subsequently, 1 mL of
distilled water was added, followed by centrifugation (1890.515¢g for 120s), and the supernatant
was discarded. This last procedure was carried out twice. The 1Js were further disaggregated in
500 pl of Tryptone Soy Broth (TSB, PanReac AppliChem) using the ProCulture™ Cordless
Homogenizer Unit (Bel-Art™), Subsequently, 50 ul of shredded was diluted with 950 ul of
TSB. A total of 100 ul of each sample was inoculated onto Petri dishes (3 replicates per sample)
containing NBTA culture medium [Nutrient agar N1 (VWR chemicals), bromothymol blue

(VWR Chemicals) and 2,3,5-triphenyltetrazolium chloride (Merck)]. Petri dishes were then
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stored for 48 h at 21+1°C at darkness. Finally, for each sample (n = 3 per population), a single
bacterial colony presenting the morphology associated with Photorhabdus (Enright et al., 2003)
and Xenorhabdus (Boemare and Akhurst, 1988; Givaudan et al. 1995) species (colorant
absorption capacity, rounded ...) were isolated and sub-cultured in NBTA medium (stored for
48 h at 21+1°C at darkness). One colony was selected for DNA extraction using NucleoSpin
Tissue kit (Macherey Nagel™). After extraction and amplification, the DNA concentration of
each sample was measured using a Nanodrop™ 2000/2000c spectrophotometer. The 16S region
was amplified using the primers EB27 forward (5'-AGAGTTTGATCCTGGCTCAG-3’) and
UN 1492 reverse (5-GGTTACCTTGTTACGACTT-3") (Enright et al., 2003; Campos-
Herrera, et al., 2011) under the following conditions: 60s at 98°C, 10s at 98°C, 30s at 63°C, 45s
at 72°C, and 120s at 72°C, with a total of 30 cycles. The species of each sample was then
identified by sequence alignment using the BLAST tool on the National Library of Medicine

(NIH) website and submitted to Genbank (Table 1).

2.6. Biochemical characterization of the entomopathogenic nematode symbiotic bacteria

All bacteria were cultured in PCA (Plate Count Agar) standard medium (Biokar) to
avoid potential metabolic interferences associated with the culture medium. Forty-one
biochemical characterizations through microtesting were conducted using the Analytical Profile
Index (API) 20E and 20NE galleries (Biomerieux SA, France). Following manufactured
protocols. Results were read after an incubation period during 24 hours for the 20E gallery and
48 hours for the 20NE gallery. Coloration gram tests were performed using 77730 Gram

Staining Kit (Merck).

2.7. Statistical analysis

All statistical analyses were conducted using R Studio software (version 4.2.3) with the

following packages: survminer, survival, Ime4, car, dplyr, dunn.test, coxphf, rcompanion,

10
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multcomp, and ggplot2. Regarding the screening, a y2 test with Yates’ continuity correction was
employed to identify differences between the two temporal replications. To identify a group of
the most virulent populations, Cox regressions were applied, excluding the negative control
(0% of natural mortality) and using the most virulent population, “Ha UCH-33043,” as a
reference. The impact of the population factor on wireworms' survival probability was assessed
by comparing the distribution of residuals from the null model (intersect only) and the model
containing the factor of interest (population or group) with a y* distribution. Subsequently,
Kaplan-Meier survival curves were generated, and a Log-Rank Mantel-Cox test was employed
to determine whether the progression of survival probability, with the population factor,
exhibited similar trends. To evaluate differences in length and diameter among different
populations, an analysis of variance (ANOVA) was performed. Data normality was assessed
using a Shapiro test, and homogeneity of variances was tested with a Bartlett test. If conditions
allowed, a Kruskal-Wallis test was performed, followed by a post hoc Dunn test with
Bonferroni correction. Two general linear mixed models were initially fitted with the mortality
rate at three days (time required of EPNs to kill the host) and 56 days as the response variable.
These models included EPN length and EPN diameter as explanatory factors, with EPN and
bacteria species as random factors. Since the random factors had no significant effect and there
variances were null, the models were simplified. Consequently, two general linear models
(binomial family) were fitted with the mortality rate at three days and 56 days as the response

variable, and EPN length and EPN diameter as explanatory factors.

3. Results

3.1. Screening of the entomopathogenic nematode activity

The ¥ test did not reveal significant differences between the two trials (x> = 2.021, df

=1, P = 0.155). Every EPN population induced wireworm mortality (from 3 to 43% after 56
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days post-inoculation), while no mortality was observed in the negative control (Figure 2).
Mortality rates varied across EPN populations (log-rank test ¥> = 35.5, df =15, P = 0.002). Ha
UCH-33043 (43% of mortality) were significantly different from 10 populations: Sa OHM9 (P
=0.008), Sp GI28 (P = 0.009), Sf insectosphere (P = 0.031), Hb UCH-32913 (P = 0.014), Hb
0943 (P = 0.015), Sa Jem19 (P = 0.016), Sf OHM2 (P = 0.025), Sc GbxW1 (P = 0.030), and
nearly significantly different from Hb enema (P = 0.053) and Sf AM25 (P = 0.054). Results
showed six EPN populations that can be grouped as “virulent populations”: Ha UCH-33043,
ScB14 (P =0.633), Sc enema (P =0.537), Sc GI14 (P =0.213), Sc Bet8 (P = 0.173), Ha UCH-
31936 (P = 0.169), (Figure 2). The EPN population displaying the fastest mortality rate in
wireworms was Sc enema, with 23.3% induced mortality after 72h post-inoculation. In
assessing EPN survival within the microcosms, G. mellonella, introduced at 56 days, displayed

a 100% mortality rate for EPN treatments and 0% in the control group.

Population
Sp GI28
Sa OHM9
w Sadem19 '
-Hb UCH-32913
Hb 0943 !
Sf insectosphere
Sf OHM2
Sc GbxW1
‘ : Sf AM25
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Figure 2. Wireworm infection by various entomopathogenic nematode populations:
from commercial sources (- - -), foreign (---) and native (—) populations. Ha (Heterorhabditis
atacamensis), Hb (Heterorhabditis bacteriophora), Sa (Steinernema affine), Sc (Steinernema
carpocapsae), Sf (Steinernema feltiae), Sp (Steinernema poinari). Differences in mortality rate

(with Ha UCH-33043 as reference) are designated by asterisks (** = p<0.01; * = p<0.05; ' =
12
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p<0.1) and were determined by Pairwise comparisons using the Log-Rank test. Underlined
populations refer to the most virulent group.

3.2. Characterization of entomopathogenic nematode morphometry

Significant differences were observed in the EPNs length across populations (Kruskal-
Wallis 42 = 486.65, df = 14, P < 0.001; Figure 3A). Sf AM25 stood out as the longest (809.1 +
6.4 um), while Ha UCH-33043 (568.7 + 4.12 um) and Ha UCH-31936 (586.2 £ 3.13 um) were
the shortest. As for EPN diameters, significant differences were also observed across the
populations (Kruskal-Wallis y2 = 87.24, df = 14, P < 0.001), with Sf insectosphere having the
largest diameter (37.1 £ 0.7 um). Sc Bet8 (24.2 £ 0.5 um), and Ha UCH-31936 (24.3 £ 0.2 um)
exhibited the smallest diameters (Figure 3B).

The length of EPNs influenced significantly wireworms’ mortality after three days post-
inoculation (Z-value = -1.967, df = 15, P = 0.049) but not at 56 days post-inoculation (Z-value
= 0.608, df = 15, P = 0.543). Concerning the diameter, our results didn’t found any effect at
three days post-inoculation (Z-value = 1.049, df = 15, P = 0.294) but revealed a significant
negative effect after 56 days post-inoculation (Z-value = -2.357, df = 15, P = 0.018) with leaner

EPNSs associated with higher mortality rate.
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Figure 3. Length (A) and diameter (B) of different EPN populations (n = 40 individuals per
population). Letters assigned denote significant differences between populations, determined
by Dunn-Bonferroni post hoc analysis. Populations from commercial sources (- - -), foreign
(--+) and native (—) populations.

3.3. Measurement of wireworm openings

Wireworms possess eight lateral spiracles, which measure up to 805.7 um in length and 85.7
um? when opened (Figure 4A). The anus can be opened (Figure 4C) or completely closed
(Figure 4D). It measured up to 240 um in length. When fully opened, it can reach a maximal
average area of 33733 um?, which corresponds to the air inside the chitinous ring surrounding

the anal muscle (Supplementary material).
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Figure 4. Optical microscope micrographs of wireworm Agriotes spp. (A) spiracle, (B) “eye-
like” impression, (C) anal sclerotized coating (D) anus and anal muscles, (E) Stereo microscope
image. Side view of posterior part (eighth, ninth and tenth segments) of wireworm: em, “eye
like” impression; an, anus; sp, spiracle.

3.4. Entomopathogenic nematode bacteria isolation and molecular identification

The phenotypic characteristics of the bacterial isolates were consistent with Phase I,
indicative of the direct isolation of symbiotic bacteria from 1Js. These isolates presented convex,
circular colonies and exhibited positive dye absorption on NBTA plates (Akhurst, 1983;
Akhurst et al., 1992; Campos-Herrera et al., 2009). A total of five species of symbiotic bacteria
were identified across our 16 population, with a successfully amplified 1500 bp rDNA fragment

for each isolate: populations of H. atacamensis were associated with Photorhabdus

15



323 antumapuensis (Castaneda-Alvarez et al., 2022); H. bacteriophora (Poinar, 1976) was
324 associated with two symbiotic bacteria: P. laumondii subsp. laumondii (Machado et al., 2018)
325 and Photorhabdus thracensis (Machado et al. 2018). S. carpocapsae (Weiser, 1955) were
326 associated with Xenorhabdus nematophila (Poinar and Thomas 1965; Thomas and Poinar
327 1980); S. affine (Bovien, 1937), S. feltiae (Filipjev, 1934), and S. poinari (Mrécek, Puza &
328 Nermut, 2014), were associated with Xenorhabdus bovienii (Akhurst 1983; Akhurst and
329 Boemare 1993) (Table 1).
330 Table 1. Populations of entomopathogenic nematode (EPN) of the genera Heterorhabditis and
331 Steinernema and their symbiont bacteria, tested against wireworms of the genus Agriotes spp.
ITS- 16S-
, sequence . sequence
EPN species Geogrgphlc Population (GenBank Symblo_nt (GenBank
origine . bacteria .
accession accession
number) number)
_ Belgium Sa Jem19 PP375812 Xegorhab.‘.’us PP209855
Steinernema ovieni
affine
Belgium Sa OHM9 pp375815  Xenorhabdus - oh5q00000
bovienii
Belgium Sc Bet8 pp375816  enorhabdus 064049
nematophila
Steinernema
. Xenorhabdus
carpocapsae Belglum Sc GhxW1 PP375813 nematophila PP209853
Belgium Sc Gl14 pp37sg1y  Xenorhabdus o pno 66004
nematophila
Steinemema Belgium Sf OHM2 pp375814  Xenorhabdus 55600000
feltiae bovienii
Steinemema Belgium Sp GI28 pp37581g  Xenorhabdus 50044,
poinari bovienii
Chile Ha UCH-31936  MZ676563 PTomrhabd“.S MZ676562
Heterorhabditis antumapuensis
atacamensis
Chile Ha UCH-33043  PQ43ggsg notorhabdus - by, 606, 5
antumapuensis
Heterorhabditis Spain Hb 0943 PQ1gg40p  hotorhabdus o 5,697
bacteriophora thracensis
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Photorhabdus

Chile Hb UCH-32913 PQ436960 ) OR140086
thracensis
Steinernema Spain Sc B14 pQi99a01  Xenorhabdus op )0 gaq
carpocapsae nematophila
Steinernema Xenorhabdus
feltiae Portugal Sf AM25 MG551674 bovienii PP401693
Photorhabdus
Heterorhabdltls Commercial Hb enema PQ199404 laumondii PP401695
bacteriophora subsp.
laumondii
Steinernema Commercial Sc enema PQ199403 Xenorhabo!us PP401691
carpocapsae nematophila
Stelne_rnema Commercial Sf Insectos- PQ199505 Xenorhab_qlus PP401687
feltiae phere bovienii

332

333 3.5. Biochemical characterization of the entomopathogenic nematode symbiotic bacteria

334 The 16 bacterial isolates under study (Table 2) revealed similar trends, with most results
335 indicating negative outcomes for enzyme reactions and carbon source fermentation and
336 assimilation, aligning with characteristics typical of Xenorhabdus isolates, as described by
337 Campos-Herrera et al., (2009). The bacterial cells displayed Gram-negative staining. No
338 oxidase activity or carbon source fermentation was observed. Gelatin hydrolysis was only
339 detected in Photorhabdus isolates. Positive L-tryptophane hydrolysis was observed in isolates
340 P.thracensis 0943 and X. bovienii Jem19. D-glucose and D-mannose assimilation was positive
341 for isolates Photorhabdus UCH-33043, UCH-913 and X. nematophila B14, Gl14, enema.
342  Additionally, D-glucose assimilation was positive for Photorhabdus UCH-936 and enema. All
343 isolates of Photorhabdus and isolates of X. nematophila B14, Gl14, enema, X. bovienii AM25,
344 Jem19, OHMY, exhibited assimilation of N-acetyl-glucosamine. Malic acid assimilation was
345 positive for isolate Photorhabdus UCH-33043.
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346 Table 2 Phenotypic characterization of the bacteria isolates of Heterorabditis and Steirnernema populations tested again wireworms. ®Type of
347  reaction: positive (+), negative (-).

Bacteria isolates Photorhabdus Xenorhabdus bovienii Xenorhabdus nematophila
348 A antumapuensis laumondii thracensis Insectos
Strain AM25 Gl28 here Jeml9 OHM2 OHM9 Bet8 B14 Gbxw1 Gl14  enema
UCH33043 UCH936 enema 0943 UCH 913 P
Reactions/Enzyme®
349 2-nitrophenyl-Rd-

galactopyranoside

4-nitrophenyl-BD-
galactopyranoside
Esculin
350 ferric citrate . . ) . . ° ) . N - : - - - - -
Gelatin - + + + + - - - - - - - - - - -
L-arginine - - - - - - - - - - - - - - - -
L-lysine - - - - - - - - - - - - - - - -
351 L-ornithine - - - - - - - - - - - - - - - -
L-tryptophane - - - + - - - - + - - - - - - -
Potassium nitrate - - - - - - - - - - - - - - - -
Sodium pyruvate - - - - - - - - - - - - - - - -
Sodium thiosulfate - - - - - - - - - - - - - - - -
352 Trisodium citrate - - - - - - - - - - - R R - - R
Urea - - - - - - - - - - - - - - - -

Carbon source fermentation ®

Inositol - - - - - - - - - - - - - - - -
353 D-sorbitol - - - - - - . - - - - . _ _ _ .

L-rhamnose - - - - - - - - - - - - - - - -

D-sucrose - - - - - - - - - - - - - - - -

D-melibiose - - - - - - - - - - - - - - - -

Amygdalin - - - - - - - - - - - - - - - -

354 L-arabinose - - - - - - - - - - - - - - - -

Carbon source assimilation
D-glucose + + + - + - - - - - - - + - + +
L-arabinose - - - - - - - - - - - - - - - -
355 D-mannose + - - - + - - - - - - - + - + +
D-mannitol - - - - - - - - - - - - - - - -
N-acetyl-glucosamir + + + + + + - - + - + - + - + +
D-maltose - - - - - - - - - - - - - - - -
356 Potassium gluconat - - - - - - - - - - - - - - - -
Capric acid - - - - - - - - - - - - - - - -
Adipic acid - - - - - - - - - - - - - - - -
Malic acid + - - - - - - - - - - - - - - -
Trisodium citrate - - - - - - - - - - - - - - - -
357 Phenylacetic acid - - - - - - - - - - - - - - - -

Oxidase - - - - - - - - - - - - - - - -
Gram - - - - - - - - - - - - - - - -
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4. Discussion

While previous studies have examined nematodes virulence against wireworms, our
unique approach focuses on exploring inherent factors within the nematode that could influence
its virulence. We tested populations from various biogeographic sites and commercial origins
inferring that different populations of the same nematode species may exhibit variations in traits
associated with infection dynamics, such as mortality and penetration percentage (Campos-
Herrera & Gutiérrez, 2014). We found six populations (native, foreign, and commercial)
demonstrating to be virulent against wireworms. Prior studies evaluating virulence against
wireworms have reported mortality rates reaching 50% for Sf AM25 and 75% for Sc B14
populations (La Forgia et al., 2021; Morton & Garcia-del-Pino, 2017). In contrast, our study
only reached a mortality rate of 43% for the Ha UCH-33043 population under continuous
exposure to EPNs over 56 days. This suggests that the chosen inoculation protocol (quantity of
EPN, application method, duration of exposition ...) may significantly influence the observed
mortality. Additionally, variations in susceptibility or resistance to EPN infection among

different wireworm populations could also account for these differing results.

In the current screening, inter- and intraspecific morphometric differences were found
across EPN populations. Stock et al. (2000), previously identified EPN morphological
differences according to their biogeographic origin. These differences could reflect a
morphological adaptation from the entomopathogen to hosts’ physical barriers. In wireworms
the pre-ecdysis phase makes up most of their larval development (Furlan, 2004). Consequently,

nematodes attached to the wireworm’s cuticle may be eliminated promptly during ecdysis.

Wireworms have a highly chitinous exoskeleton acting as a strong physical barrier.
Heterorhabditis spp. infective juveniles possess a dorsal tooth that assist in penetrating the

intersegmental regions (Kaya and Gaugler, 1993). However, in our study, we were unable to
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demonstrate an advantage of this structure at the time of penetrating the wireworm. Of the five
tested populations of Heterorhabditis spp., only two were classified within the group of “most
virulent”. These nematodes have difficulty penetrating the intersegmental region as well as
other natural openings. Agriotes spp. present a big “eye-like” structure in the ninth abdominal
segment. However, this structure is not an entry hole but rather an aposematic tegument
coloration that serves as a deterrent to predators (Skelhorn et al., 2016). Wireworms’ mouth
may not be a natural opening targeted by IJs either. Indeed, wireworms possess an oral filter
that can exclude 1Js which have diameter of 18 um or greater (Eidt & Thurston, 1995).
Examination of larvae showed that the head capsule and mandibles are heavily sclerotized
structures (Furlan et al., 2021; Supplementary material), which could crush nematodes
attempting to enter the mouth (Gaugler and Molloy, 1981). Wireworms possess eight lateral
spiracles, the size of which could allow EPN entrance. However, these primary orifices are
closed most of the time. The secondary orifices through which oxygen diffuses are densely
covered with branched hairs and, in some Elateridae species, they are further protected by a
thick septum (Snodgrass 1935; Lanchester 1939; Eidt, 1958). These closed structures hinder
the access of 1Js (Eidt et al., 1995). Other studies have shown that the anus serves as the primary
entrance for nematodes into insects (Batalla-Carrera et al., 2014). In the case of wireworms, the
anus is not just a posterior opening of the digestive tract but also functions as a locomotive
organ fitted with strong muscles that act like a vacuum cup, pushing the larva forward or
assisting in its withdrawal (Lanchester, 1939). It can measure up to 240 um in length when
opened (Supplementary material). However, due to its structure, wireworms can close it
completely, preventing the entry of microorganisms. These results suggest that leaner juveniles
may hold a competitive advantage in swiftly penetrating wireworms’ physical barriers, a crucial
initial step in the successful infection. Agriotes wireworms can be found as deep as 60cm in the

soil (Furlan, 2004), Heterorhabditis spp. adopts a cruiser foraging strategy, they can move
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through the soil using its pores (Kaya and Gaugler, 1997), making these EPNs promising

candidates for controlling wireworms.

In this study, all EPN populations were cultivated on G. mellonella larvae, which are known
for their minimal physical barriers, particularly their large natural orifices. Considering the
characteristics of wireworms and the potential impact of orifice width on penetration success
and mortality rates, cultivating EPN populations directly on wireworms could induce natural
selection favoring leaner infective juveniles. Studies suggest that morphometric variability may
also arise from interactions with the host (Poinar, 1992); therefore, cultivating the most virulent

species in the target host could enhance selectivity and, thereby, population effectiveness.

We identified a diversity of entomopathogenic nematodes-bacteria complex,
comprising six nematode species and four bacteria species, exhibiting differences in their
success in killing wireworms. Although the isolated effect of bacterial virulence was not
investigated here, their biochemical characterization does not reflect the variability observed in
wireworms’ mortality rates. Certain enzymatic reactions could play a role in the establishment
of infection in the host (Massaoud et al., 2010). Additionally, it has been noted that biochemical
profile varies among different bacteria strains of Photorhabdus spp. and Xenorhabdus spp.
(Machado et al., 2018; Castaneda-Alvarez et al., 2022). Here, we highlighted the assimilation
by symbiotic bacteria of N-acetyl-glucosamine, a principal component of chitin (Son et al.,
2024). Initially expected for enteric bacteria responsible for degrading the insect exoskeleton,
this may be considered in future experiments that would assess bacteria's ability to assimilate
this monosaccharide. Photorhabdus spp. and Xenorhabdus spp. bacteria produce distinct
immunosuppressants, antibiotics, and insecticides (Goodrich-Blair and Clarke, 2007; Bode,
2009). Further investigation into the nematode-bacteria complex is essential, particularly

concerning the protein toxins (secondary metabolites) these bacteria produce and their role in
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any process as the mortality rate of hosts. Analyzing bacterial viability and growth rates within
the host may uncover significant differences that influence virulence outcomes. This
information could enhance our understanding of the mechanisms driving host-pathogen

interactions in this system.
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Supplementary material

Entomopathogenic nematodes resource

We followed the protocols described by Campos-Herrera et al. (2019) and Blanco-Pérez
et al. (2020) to isolate soil nematodes and confirm they were entomopathogens. Native
populations of EPNs were isolated during the spring and autumn of 2022 from agriculture,
forests, grasslands, and horticulture sites (with and without treatment of phytosanitary products)
in the Wallonia region (Belgium) (Figurel) where wireworm presence was previously

documented. For each site, composite samples (n = 2) were collected, each comprising 20 soil
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cores (diameter: 2.5 cm; depth: 20 cm; over 120 meters). In the laboratory, composite samples
were mixed, homogenized, and humidified at 80% Water Holding Capacity (WHC) manually
and divided into three 200 g (fresh weight) soil subsamples individually placed into a plastic
container of 200 mL with a perforated lid. Each subsample was baited with G. mellonella larvae
(n =5). This procedure was repeated after one week in a second round of nematode isolation.
Plastic containers were stored in the dark at room temperature (21 + 1°C). After five days of
exposure, dead larvae were collected, rinsed with tap water, and individually placed in White
traps (White, 1927). Alive larvae were also introduced into White traps and observed for 48h
to document any subsequent mortality. If 1Js emerged from the cadaver, their entomopathogenic
activity was confirm with a Koch’s postulate where five additional G. mellonella larvae were
inoculated with 250 + 50 IJs. In case of a positive Koch's postulate, the IJs emerging from
cadavers were harvested and stored in tap water in culture flasks ventilated (250 mL / 75 cm?;

Falcon®) at 14°C, at a concentration of 2 1Js/pl.

All the EPNs, both from our collection and those provided by other laboratories or
commercial resources, were reared every four months. For this, a solution of 250 + 50 1Js was
inoculated on filter paper in a 55 mm diameter Petri dish, to which five G. mellonella larvae

were added (this procedure was performed twice per EPN population). After 48-72 hours, larval

mortality was recorded. Subsequently, the dead larvae were placed following a star
pattern (the heads facing the center of the Petri dish), and the 55 mm Petri dish was floating
inside a larger. Petri dish (90mm) containing 5 mL of tap water. This facilitates the migration
of IJs towards the water upon emergence. Emergence was monitored every three to four days
under a stereoscope. Once the IJs emerged, the two replicates were mixed and collected in
culture flasks ventilated (250 mL / 75 cm?; Falcon®) and stored at 14°C, at a concentration of

2 Is/pl.
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Molecular identification of the isolates

The identification process followed a protocol adapted from Campos-Herrera et al.
(2011). We transferred 1 mL of suspension containing around 1000 1Js of each EPN population
in an Eppendorf tube and mechanically disaggregated (20s) using sterile pestles assembled to a
ProCulture™ Cordless Homogenizer Unit (Bel-Art™). For each population, DNA was
extracted following NucleoSpin Tissue kit (Macherey Nagel™). After the extraction and
amplification steps, the DNA concentration of each sample was measured using a Nanodrop™
2000/2000c spectrophotometer. Then, we used high-quality DNA for further amplification by
polymerase chain reaction (PCR), using as amplification primers: forward 18S (5'-
TTGATTACGTCCCTGCCCTTT-3’) and reverse 26S (5'-TTTCACTCGCCGTTACTAAGG-
3") (Vrain et al., 1992 ; Hominick et al., 1996) for analysis of the ITS region, then forward D2F
(5'-CCTTAGTAACGGCGAGTGAAA-3") and reverse 536(5'-CAGCTATCCTGAGGAAAC-
3") (Nguyen and Hunt, 2007) for analysis of the D2D3 region enabling species confirmation.
We employed Taq polymerase Q5®. The PCR on a FastGene® gradient thermocycler. PCR
conditions for the ITS region were: 60s at 98°C, 15s at 98°C, 30s at 58°C, 60s at 72°C and 120s
at 72°C. The PCR conditions for the D2D3 region were: 30s at 98°C, 10s at 98°C, 30s at 57°C,
60s at 72°C and 120s at 72°C. These conditions were carried out over a total of 30 cycles. All
PCR products generated were checked in a 2% Tris-acetate-EDTA (TAE) (pH 8.3+£0.1; Fisher
Thermo fisher scientific) agarose gel (Nippon genetics) and visualized in the UVP (VWR
GenoSmart). Samples were purified by Gel and PCR Clean up kit (Macherey Nagel™). The
amplified fragments were sent for sequencing to Eurofins Genomics laboratory. The obtained
sequences were aligned using the BLAST tool on the National Library of Medicine (NIH)

website and submitted to Genbank.
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733 Table S1.

734  Sites sampled in the Wallonia region, Belgium.

Code Site GPS Land use Codificatio EPNs species isolated
coordonates n
Steinernema carpocapsae
(Weiser, 1955)
1 Ormeianies 50.35255N Horticultural/ OHM Steinernema affine (Bovien,
g 3.44159E Organic 1937)
Steinernema feltiae
(Filipjev, 1934)
. 50.30466N Corn, wheat/ .
2 Sirault "3 4 7163E Organic Sir NO
Steinernema carpocapsae
(Weiser, 1955)
3 Jemeppe- 50.28152N Corn/ Jem Steinernema affine (Bovien,
sur-Sambre  4.39210E Organic 1937)
Steinernema feltiae
(Filipjev, 1934)
50.34578N Sugar beet/ Steinernema carpocapsae
4 Emage 4 40358E Pesticide Bet (Weiser, 1955)
Corn
5 Ernage 540;13051193529 growing/ MaER NO
' Pesticide
50.34491N Potato/
6 Ermage 4 40432€ Pesticide PAER NO
Vegetable .
50.33485N . Steinernema carpocapsae
7 Gembloux 4 A1584E %arden_mg/ GbhxW (Weiser, 1955)
rganic
50.33485N Steinernema carpocapsae
8 Gembloux 4 A1584E Grassland GbxP (Weiser, 1955)
Steinernema carpocapsae
(Weiser, 1955)
Steinernema feltiae
50.594595N e
9 Grand-Leez 4.784013E Forest Gl (_Flllpjev, 193_4) _
Steinernema poinari
(Mracek, Puza & Nermut,
2014)
50.25212N Potato /
10 Gesves 5 04466E (CuSO4) Gev NO
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Steinernema carpocapsae

11 Ardennes - 49.56158N Wheat/ Arc (Weiser, 1955)
Gedinne  4.56314E Organic Steinernema affine (Bovien,
1937)
Ardennes - 49.56191N Steinernema feltiae

12 Grassland Arp

Gedinne  4.56237E (Filipjev, 1934)

Ardennes - 49.535836N  Corn/ Steinernema carpocapsae

13 Herisson  4.533970E Organic Herma (Weiser, 1955)
Ardennes -
49.881757N
14 Vresse 4 883395E Forest Arf NO
sur semois

Molecular identification of wireworms

The identification process followed a protocol adapted from Staudacher et al., 2011 with
any modifications. We transferred one wireworm in an Eppendorf tube and mechanically
disaggregated (1 min) using sterile pestles assembled to a ProCulture™ Cordless Homogenizer
Unit (Bel-Art™). 200 ul of sample was used to DNA extraction. DNA was extracted following
NucleoSpin Tissue kit (Macherey Nagel™). After the extraction and amplification steps, the
DNA concentration of each sample was measured using a Nanodrop™ 2000/2000c
spectrophotometer. Then, we used high-quality DNA for further amplification by polymerase
chain reaction (PCR), wusing as amplification primers: forward LCO1490 (5'-
GGTCAACAAATCATAAAGATATTGG-3") and reverse HC02198 (5'-
TAAACTTCAGGGTGACCAAAAAATCA-3") for analysis of the mitochondrial cytochrome
¢ oxidase subunit 1 (COI) gene (approx. 660bp) (Vrijenhoek, 1994). We employed Taq
polymerase Q5®. The PCR on a FastGene® gradient thermocycler. PCR conditions for the COI
region were: 60s at 98°C, 10s at 98°C, 30s at 52°C, 20s at 72°C by 5 cycles, then 15s at 98°C,
30s at 64°C, 45s at 72°C by 35 cycles with a final step of 60s at 72°C. All PCR products
generated were checked in a 2% Tris-acetate-EDTA (TAE) (pH 8.3+0.1; Fisher Thermo fisher

scientific) agarose gel (Nippon genetics) and visualized in the UVP (VWR GenoSmart).
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Samples were purified by Gel and PCR Clean up kit (Macherey Nagel™). The amplified
fragments were sent for sequencing to Eurofins Genomics laboratory. The obtained sequences
were aligned using the BLAST tool on the National Library of Medicine (NIH) website and

submitted to Genbank.

Measurement of wireworm’s openings

A total of 10 wireworms in the larval stage L11 were dissected, examined, and
photographed using a microscope (Axioskop 2 MOT) equipped with a camera (AxioCam). The
openings (spiracle, anus) and eye like impression were measured using Inkscape software

(version 1.3). The measure of anus open correspond to inside area of sclerotized coating.

1000 pm
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Figure S1. Stereo microscope image of wireworms Agriotes spp.: (A) Abdominal segments
(dorso-lateral view): sp, spiracle; em, “eye-like” impression; an, anus. (B) Head Capsule (dorsal

view); (C) Head capsule (ventral view).

Table S1. Measurements (mean + SEM) of the longest length (um) and area of openings (Lm?)
of different parts of the body of wireworms (n = 10; larvae mean length = 13.5 + 0.3). Spiracles

were measured from the first to the eighth abdominal segment.

Length (um) Opening area (um?2)
1 635.1 + 75.8 84.4+ 4.6
2 676.1 + 66.2 77.0+ 2.6
%)
b 3 628.1 + 66.2 81.0 +3.5
% 4 706.3 £ 91.7 80.2+ 3.5
= 3) 620.2 + 45.5 79.2+2.8
o
) 6 694.5 + 76.6 78.9+2.8
7 703.5 + 80.7 85.7+5.7
8 805.7 + 98.8 83.4 + 3.6
Anus 296.4 + 59.8 15.7+ 1.6
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