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Abstract

Aims: Clonostachys rosea is a well-known mycoparasite that has recently been investigated as a bio-based alternative to chemical nematicides
for the control of plant-parasitic nematodes. In the search for a promising biocontrol agent, the ability of the C. rosea strain PHP1701 to control
the southern root-knot nematode Meloidogyne incognita was tested.

Methods and Results: Control of M. incognita in vitro and in soil by C. rosea strain PHP1701 was significant and concentration dependent.
Small pot greenhouse trials confirmed a significant reduction in tomato root galling compared to the untreated control. In a large greenhouse
trial, the control effect was confirmed in early and mid-season. Tomato yield was higher when the strain PHP1701 was applied compared to the
untreated M. incognita-infected control. However, the yield of non-M. incognita-infected tomato plants was not reached. A similar reduction in
root galling was also observed in a field trial.

Conclusions: The results highlight the potential of this fungal strain as a promising biocontrol agent for root-knot nematode control in green-
houses, especially as part of an integrated pest management approach. We recommend the use of C. rosea strain PHP1701 for short-season
crops and/or to reduce M. incognita populations on fallow land before planting the next crop.

Impact Statement

The impact of using Clonostachys rosea strain PHP1701 lies in its ability to function as an alternative control of the devastating plant-parasitic
nematode Meloidogyne incognita. The results showed that, as an integrated approach, this fungal strain PHP1701 can assist growers in controlling
M. incognita during and between crop cycles when applied directly to the soil or to tomato rootstocks, supporting a more sustainable approach
to crop protection.

Keywords: Nematophagous fungi; Biocontrol; Clonostachys rosea; Meloidogyne incognita.

Introduction tode infection and root galling lead to poor plant growth and
reduced plant resistance to other biotic and abiotic stresses
(Jones et al. 2013, Siddique and Grundler 2018). After the
third nematode molt in the plant, only males become motile
and leave the host. The sedentary females produce eggs, which
are mainly deposited outside the root surface in a gelatinous

nematode Meloidogyne incognita (Kofoid and White 1919) matrix (Papadopoulou and Triantaphyllou 1982, Jones et al.

Chitwood 1949 is one of the most damaging plant-parasitic 2013). Males are thought to play a minor role in reproduction,
nematodes worldwide (Subedi et al. 2020) as females can reproduce asexually (Jones et al. 2013).
) : The main pillar of integrated nematode management in an-

nual crops is the use of different crops implemented in a crop
rotation system (Sikora et al. 2023). Nonetheless, nematicidal
products have to be applied to control polyphagous nema-
todes.

With the phase-out of “older” chemical nematicides, which
are harmful to human health and the environment, there is a
growing global demand for bio-based alternatives to control
plant-parasitic nematodes. In Switzerland, only one bio-based
nematicide is commercially available without strict regulation.
This biological nematicide is a nematode egg parasitic fungus,

Sustainable control of plant-parasitic nematodes is of great
importance in order to meet the world’s growing demand
for food. Current estimates suggest that plant-parasitic nema-
todes are responsible for >30% of global crop yield losses
(Sikora et al. 2023). In particular, the southern root-knot

The sedentary endoparasitic Meloidogyne species belong
to a devastating group of nematodes that cause severe root
galling in plants, hence the name root-knot nematodes. The
obligate plant-parasitic life cycle of M. incognita begins with
the second-stage juveniles (J2) infecting the host root by pen-
etrating the root cell walls near the root tip with their stylet.
The J2 then migrate between cells to the vascular cylinder of
the plant. There, they establish a permanent feeding site by se-
creting cell wall degrading enzymes and induce the surround-
ing root cells to differentiate into a multinucleate giant cell on
which the sedentary nematodes feed (Tian et al. 2015). Nema-
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named Purpureocillium lilacinum strain 251 (formerly Pae-
cilomyces lilacinus strain 251) (Sikora and Roberts 2018).

Soil-borne microorganisms such as fungi are promising
plant-parasitic nematode antagonists that should be further
investigated (Pires et al. 2022). In addition to the already
known nematophagous fungal families with the ability to cap-
ture and/or parasitize nematodes or secrete metabolites that
control nematodes (Pires et al. 2022), there are new fungal
families that have been less studied as plant-parasitic nema-
tode antagonists. For example, the saprophytic filamentous
fungus Clonostachys rosea (Link) Schroers, Samuels, Seifert,
and W. Gams 1999, which is used as an active ingredient
in biological crop protection products against various plant
pathogens such as fungi and insects, shows promise in the con-
trol of plant-parasitic nematodes (Dong et al. 2005, Zou et al.
2010, Igbal et al. 2018b, Sun et al. 2020). To date, C. rosea
has been reported to be active against the nematodes Helicoty-
lenchus spp., Heterodera spp., Pratylenchus spp., Trichodorus
spp. (Igbal et al. 2018b), and Meloidogyne spp. (Migunova
et al. 2018, Cristobal-Alejo et al. 2021), as well as the model
nematode Caenorbabditis elegans (Dong et al. 2005).

Clonostachys rosea, first described by Bainier (1907) and
formerly known as Gliocladium roseum, relies on multiple
mechanisms to control plant-parasitic nematodes. However,
preliminary control mechanisms employ cell wall degrading
enzymes (mainly chitinases, glucanases, and proteases) and
secondary metabolites (Dong et al. 2005, Chatterton and
Punja 2009, Fatema et al. 2018, Igbal et al. 2018a, 2020).
For example, an extracellular serine protease in C. rosea was
found to degrade the cuticle of the free-living nematode Pana-
grellus redivivus (Li et al. 2006), and deletion of a gene en-
coding a subtilisin-like protease from C. rosea reduced its vir-
ulence against nematodes (Zou et al. 2010).

Studies by Dong et al. (2005) showed that a class of sec-
ondary metabolites belonging to the verticillin-type epipoly-
sulfanyldioxopiperazine from C. rosea strain 1A had nemati-
cidal activity against the model nematode C. elegans and the
nematode P. redivivus. However, nematode mortality in C.
rosea culture filtrates against Heterodera glycines and Praty-
lenchus penetrans varied widely between strains (Igbal et al.
2020), suggesting that C. rosea lacks host specificity and that
nematode control can vary widely between selected strains.
It has also been reported that some strains of C. rosea were
shown to have a parasitic lifestyle against Helicotylenchus sp.,
Heterodera sp., Paratylenchus sp., Pratylenchus sp., and Tri-
chodorus sp. (Igbal et al. 2018b, 2019).

Therefore, in this study, we selected the promising C. rosea
strain PHP1701 from an in vitro test for further testing, in soil,
in small pot experiments, and in large greenhouse conditions,
for its ability to control the root-knot nematode M. incognita.

Materials and methods

Meloidogyne incognita rearing and collection of
second-stage juveniles

Three-week-old tomato (Solanum lycopersicum) cv. Oskar
plants were used to propagate a Mi-virulent M. incognita
population described by Hallmann and Kiewnick (2018) un-
der greenhouse conditions (25°C/19°C, 60% humidity, 15/9 h
light/dark cycle). Heavily galled root systems were used to ex-
tract J2 using a mist chamber or eggs by cutting roots into
1 cm pieces and shaking vigorously for 3 min in 1% NaOCI
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water solution, and collecting the eggs in a 20 ;um mesh sieve.
Nematode densities (eggs or J2 ml ~!') were counted under
an inverted light microscope (Zeiss, at 5 x magnification) us-
ing a counting chamber, and nematode suspensions were kept
refrigerated at 4°C until further use. Nematode suspensions
were adjusted accordingly for each experimental setup. Peri-
odically, total DNA was extracted from M. incognita for bar-
coding analyses to ensure the identity of M. incognita accord-
ing to Kiewnick et al. (2013).

Clonostachys rosea isolate and culture preparation

The C. rosea strains tested were of two different origins.
A Swiss strain of C. rosea, designated F20, was isolated
from individually selected free-living nematodes observed to
be infected by fungi during diagnostic analysis. The selected
fungus-infected nematode was placed on a Petri dish (100
x 15 mm) containing potato dextrose agar (PDA) medium
supplemented with antibiotics (ampicillin and erythromycin)
(Oxo0id) at 22°C in the dark. The fungal isolate was then prop-
agated on new PDA plates for maintenance and identified as
C. rosea by the amplification of the internal transcribed spacer
(ITS) region of its ribosomal DNA using the primers ITS1f
(Gardes and Bruns 1993) and ITS4 (White et al. 1990).

Clonostachys rosea strain PHP1701 was obtained as a for-
mulated powder from Andermatt Biocontrol Suisse (Gross-
dietwil, Switzerland). For in vitro analysis, C. rosea strain
PHP1701 was grown on PDA plates as described for the Swiss
C. rosea strain.

In vitro comparison of two C. rosea strains against
M. incognita second-stage juveniles

To compare the efficacy of the Swiss C. rosea strain F20 with
C. rosea strain PHP1701 in controlling root-knot nematodes,
the selected C. rosea were tested in vitro against M. incog-
nita J2 using six-well plates. In each well, 1% water—agar
medium was added just enough to cover the bottom of the
plate. Conidia were suspended in MiliQ water from the PDA
plates and counted under a light microscope using an im-
proved Neubauer counting chamber. The conidium concen-
tration was adjusted to 1 x 107 conidia ml~" and individ-
ual plates were inoculated with either strain F20 or PHP1701
(1 x 107 conidia ml~!). One plate was used as a control (no
fungi). After 7 days, surface-sterilized nematodes (EPPO Stan-
dard Diagnostics, PM 7/148) were added (150 J2 per well)
and J2 viability was scored under an inverted light micro-
scope (Zeiss, 10x magnification) as active, inhibited nonin-
fected, and inhibited fungus infected after 1, 3, and 6 days
(n=6).

Testing of C. rosea strain PHP1701 against M.
incognita under soil conditions

As C. rosea strain PHP1701 against M. incognita showed most
promising results in vitro, its biocontrol activity under differ-
ent application concentrations was tested in pots filled with
100 ml of steamed soil: sand mixture (1:3) inoculated with
150 J2 (as referred to in the “Meloidogyne incognita rearing
and collection of J2” section). Three days after J2 inocula-
tion, a dilution of the recommended concentration per plant
0f 0.2,0.02 (one- tenth of the recommended concentration per
plant), 0.01, or 0.005 g of C. rosea pot was applied as a 15 ml
solution (7 = 6). For the negative control, 25 ml of water was
used. Pots were covered with a plastic foil and kept moist at
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23°C with 60% humidity for 14 days in the dark. ]2 was ex-
tracted from the entire 100 ml of soil from each treatment,
using the Qostenbrink dish method described by Hallmann
and Subbotin (2018). Nematodes were counted under an in-
verted light microscope (Zeiss, 5 x magnification) in a count-
ing chamber.

Test of C. rosea strain PHP1701 against M. incognita
in a small greenhouse trial

To test the efficacy of C. rosea strain PHP1701 in a small
greenhouse trial, 40 pots filled with 1 | of steamed soil:silver
sand (1:3, v/v) were inoculated with 6000 J2/pot and allowed
to settle for 3 days before applying C. rosea PHP1701 at
the recommended concentration of 0.2 g/pot. Subsequently,
3-week-old tomato plants cv. Moneymaker were planted in
the pots as indicator plants.

The treated and untreated control pots were arranged in a
randomized block design and maintained at 25°C/19°C, 60%
humidity, and a 15 h/9 h light/dark cycle in the greenhouse.
After 4 and 9 weeks (7 = 10; replicates), tomato roots were
washed free of soil and roots were scored according to Zeck
(1971), where 0 represented no root galling and 10 repre-
sented dead galled roots caused by root-knot nematodes.

Performance of C. rosea strain PHP1701 against M.
incognita under a large greenhouse setting

In the greenhouse, eighty 15 1 pots were filled with heat-
sterilized field soil and arranged in four rows, to test the per-
formance of the biocontrol agent on a large scale. Nematode-
positive pots were inoculated with a M. incognita suspension
containing 5000 J2/egg (52% eggs and 48% J2). Nematode-
free control pots and those inoculated with M. incognita were
paired as untreated and treated with 0.2 g C. rosea strain
PHP1701/plant. Treatments with C. rosea strain PHP1701
were repeated every month or every second month with
0.2 g/plant. Each treatment was replicated eight times (7 = 8).
Three days after nematode inoculation, the first treatments
were applied directly to tomato rootstocks ‘Ubari’ [containing
Mi resistance and grafted with tomato variety ‘Cristal’ (The
Rootstock Company)| and plants were planted the next day.
The plants were watered and fertilized as needed with solu-
ble NPK fertilizer (Kristalon Red Acid, Yara, UK) using a drip
irrigation system. Red tomato fruits were harvested, counted,
and weighed for yield estimation. At the beginning, middle,
and end of the growing season, root galling by M. incognita
was indexed on a scale of 0-10 according to Zeck (1971) by
harvesting one row at the beginning and middle of the season
and two rows at the end of the season.

On-farm trial to evaluate the performance of C.
rosea PHP1701 against Meloidogyne sp.

To evaluate the efficacy of the biocontrol agent in the field,
a small on-farm trial was conducted as a block of four 50 m
rows, divided in half, and used as C. rosea PHP1701 treated
or untreated blocks. At planting in late March, the grower
applied 0.2 g C. rosea PHP1701/plant to half of the planted
area and repeated the applications on a monthly basis. Root
galling was indexed according to Zeck (1971) on 2 May and
5 July 2023 (n = 10).

Antibiosis assay

To test whether the biocontrol activity was due to direct par-
asitism or due to the indirect effect of secondary metabolites
produced by C. rosea, strain PHP1701 was cultured in Erlen-
meyer flasks (100 ml) containing liquid (50 ml) potato dex-
trose broth) inoculated with 1 x 10° conidia ml~! (as de-
scribed in the “In vitro comparison of two C. rosea strains
against M. incognita second-stage juveniles” section) and in-
cubated at 25°C on a rotating shaker (120 rpm) for 18 days
under dark conditions. The fungal biomass was separated
from the broth by filtration through a milk cloth. The culture
filtrate was further filtered through a 0.22 pum polyethersul-
fone (PES) filter (Sartolab® BT Vacuum Filtration) to remove
residual conidia.

The antibiosis effect of strain PHP1701 was evaluated in
vitro on the developmental stage of M. incognita eggs (Cabi-
anca et al. 2022) and J2 motility (Oldani et al. 2023). A nema-
tode suspension in water (700 ml) containing 150 eggs or 100
J2 was added to 24-well plates, followed by the addition of the
culture filtrate and water to achieve dilutions of 0.5%, 1.0%,
5.0%,10%, or 25% of the culture filtrate, up to a final volume
of 1.5 ml per well. Water was used as a control (1.5 ml), each
treatment was replicated five times (7 = §), and plates were
incubated at 20°C in the dark. Egg development (egg, pretzel,
and J2) and J2 motility were evaluated under an inverted light
microscope (Zeiss, 10x magnification) after 1, 3, 6, and 9 days
of incubation or after 1,2, 3, and 7 days of incubation, respec-
tively. To confirm whether or not immotile J2 could induce
root galling, the in vitro assay was followed by an in planta
bio assay. After the seventh day of ]2 incubation with dif-
ferent concentrations of PHP1701 culture filtrate, treatment
suspensions were collected from their respective wells and ap-
plied to pregerminated cucumber seedlings (Cucumis sativus,
cv. Landgurken, Bigler Samen), sown in 10 ml pots contain-
ing potting soil (10 ml). The cucumber plants were grown for
21 days in a climate chamber (at 24°C, and 60% relative hu-
midity). The root systems were then graded according to a
10-point root gall scale as described by Zeck (1971) (0: no
galls, up to 10: completely galled roots).

Data analysis

Root gall index data were logio(x + 1) transformed. Ex-
periments were analyzed by one-way ANOVA with post-hoc
Tukey’s honestly significant difference test (P < 0.05).

Results

In vitro comparison of two C. rosea strains against
M. incognit a second-stage juveniles

The in vitro comparison of the Swiss C. rosea strain F20 with
the C. rosea strain PHP1701 from Andermatt Biocontrol Su-
isse showed that the strain PHP1701 had the strongest ne-
maticidal effect on ]2 after 3 and 6 days (Fig. 1). After 3
days, 22.0% of M. incognita J2 exposed to C. rosea strain
PHP1701 were significantly inhibited + immotile (free), com-
pared to only 11.2% inhibited + immotile (free) when ex-
posed to C. rosea strain F20 and 8.7% in the control. After 6
days, the natural decline of nematode motility in the control
reached 12.7%, while both C. rosea strains significantly af-
fected J2 with 40.3% of inhibited + immotile (free) and 6.3%
of inhibited + immotile (infected) J2 under strain PHP1701
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Figure 1. /n vitro nematicidal activity of two C. rosea strains against the root-knot nematode M. incognita after 1, 3, and 6 days. Error bars represent
standard deviations of replicates (n = 6). xSignificant differences in % relative to the control, calculated by one-way ANOVA with post-hoc Tukey's

Honest Significant Difference (HSD) test, P < 0.05.

(Supplementary Fig. S1) and 27.9% of inhibited + immotile
(free) J2 under isolate F20.

Testing of C. rosea strain PHP1701 against M.
incognita under soil conditions

Clonostachys rosea strain PHP1701 was further evaluated for
its ability to control M. incognita J2 in soil (Fig. 2). Of the
150 ]2 applied to the soil, 72.7 + 9.4 ]2 were re-extracted
after 14 days from the control treatment. Significantly fewer
nematodes, 29.8 + 4.6 J2, were re-extracted from 100 ml
of soil treated with 0.02 g C. rosea strain PHP1701. How-
ever, when the soil was treated with 0.01 or 0.005 g C. rosea
PHP1701, fewer nematodes, 40.3 + 7.0 or 49.0 £+ 13.6 J2,
were re-extracted from 100 ml of soil after 14 days, but not
significantly different compared to the control.

Test of C. rosea strain PHP1701 against M. incognita
in a small greenhouse trial

In the small pot experiment with M. incognita infecting
tomato plants, C. rosea PHP1701 showed a significant reduc-
tion in root galling after 4 and 9 weeks compared to the un-
treated control (Fig. 3). The root system grown in soil treated
with C. rosea PHP1701 also exhibited a higher root weight
than the untreated control plants (Supplementary Fig. S2).

Performance of C. rosea strain PHP1701 against M.
incognita under a large greenhouse setting

In the large greenhouse trial over a 12-week period, reduced
root galling caused by M. incognita could be observed in early
and mid-season as a result of C. rosea PHP1701 application
(Table 1). However, only at mid-season, the monthly applica-
tion significantly reduced root galling compared to the control
plants. At the end of the season, with a difference of £0.2, no
significant differences in root galling were observed between
treated and control plants. With a root galling index of 6.8 for
the monthly C. rosea PHP1701 application, 7.0 for the con-
trol roots, and 7.2 for the bimonthly application, the majority
of the roots were severely affected by M. incognita infection.

Tomato yield showed the greatest difference between M.
incognita-infected and M. incognita-uninfected plants, with
the lowest yield in the infected (positive) control and the high-
est yield in the uninfected (negative) control (Table 2).
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Figure 2. Concentration-dependent control of M. incognita by C. rosea
PHP1701 over 14 days in soil. Error bars represent standard deviations of
replicates (n = 6). Statistical significance was calculated using one-way
ANOVA with the post-hoc Tukey-Kramer HSD test, P < 0.05. Means
followed by the same letter are not significantly different.

Infected plants treated with C. rosea PHP1701 reached
92.41% of the yield potential when applied monthly or
97.07% of the yield potential when applied every second
month compared to the yield of the negative control plants.
The negative control plants had the highest average fruit
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Figure 3. Protection of tomato cv. Moneymaker against the root-knot
nematode M. incognita by C. rosea PHP1701 after 4 (a) and 9 (b) weeks of
exposure. Error bars represent standard deviations of replicates (n = 10).
Significant differences compared to control, calculated by one-way
ANOVA with the post-hoc Tukey's HSD test, xP < 0.05 and *xP < 0.01.

weight of 118.65 g, followed by the plants treated with C.
rosea PHP1701 every second month, 111.89 g. While the
plants treated with C. rosea PHP1701 but not infected with
M. incognita had an average fruit weight of 111.48 g, the in-
fected plants treated monthly had an average fruit weight of
108.89 g, and the infected untreated (positive) control plants
had the lowest fruit weight, 108.00 g (Table 2).

However, for all yield data, including average weight
(g)/harvest, average tomato fruit/harvest, total fruit
weight/plant, average tomato fruit/plant, and average fruit
weight, no statistically significant differences were observed
between and among C. rosea PHP1701 treated and untreated
control plants.

On-farm trial to evaluate the performance of C.
rosea PHP1701 against Meloidogyne spp.

Application of C. rosea PHP1701 in the greenhouse on-
farm trials showed a significant reduction in root galling
compared to the untreated control, at both evaluation dates
(Fig. 4).

Early root galling was assessed at the beginning of
the trial and the differences were highly significant. In
July, the root galling of C. rosea PHP1701 treated plants
showed a high standard deviation but still resulted in sig-
nificantly lower root galling index compared to the control
plants.

Antibiosis assay

Clonostachys rosea PHP1701 culture filtrate was shown to af-
fect M. incognita egg development (Supplementary Fig. S3A-
D). A decrease in the percentage of eggs and a relative increase
in J2 were observed in the control after the sixth day of incuba-
tion compared to the different treatments (Supplementary Fig.
3C). After 9 days of incubation, at the concentration of 25%
of culture filtrate, most of the eggs developed to the pretzel
stage (J15 55.2% =+ 0.58%), and only 19.3% =+ 1.15% devel-
oped to J2, while in the control 46.2% =+ 1.15% of the initial
eggs developed to the J2 stage (Supplementary Fig. 3D).

When evaluating the effect of C. rosea PHP1701 culture
filtrate on ]2 motility, a statistically significant increase in af-
fected and immotile J2 and a consequent decrease in normal
motile J2 was observed, as early as the first day of incuba-
tion (Supplementary Fig. 3E). This trend was also observed on
the second and third day of incubation (Supplementary Fig.
3F and G). However, after day 7, the amount of affected ]2
(56.6% £ 0.52% and 61.0% =+ 1.15%) is significantly higher
than normal (34.7% =+ 1.73% and 30.0% =+ 1.73%) or im-
motile (8.7% =+ 1.15% and 9.0% =+ 0.89%) J2 at 10% and
25% culture filtrate treatments (Supplementary Fig. 3H).

To verify whether the culture filtrate treatment could affect
M. incognita ]2 infectivity capacity, cucumber seedlings were
grown for 21 days after application of treated J2. Only the
25% culture filtrate treatment showed to have a significant im-
pact on the capacity of M. incognita ]2 to induce root gall for-
mation (Supplementary Fig. 4). While the control plants had
a gall index of 7.0 £ 0.00, plants treated with 25% PHP1701
culture filtrate had a gall index of 5.5 + 0.42.

Discussion

Our study showed that the C. rosea strain PHP1701 has
promising application potential for agronomic root-knot ne-
matode control in small and large greenhouse trials. As the
Swiss C. rosea strain F20 appeared to be less effective in
vitro, we refrained from further investigations. Nonetheless,
the search for more potent strains should continue as differ-
ent C. rosea strains were able to control nematodes in vari-
ous crops and countries, including Czech Republic (Hussain
et al. 2017 and 2018), Iraq (Lafta and Kasim 2019), Japan
(Toju and Tanaka 2019), Russia (Migunova et al. 2018), South
Africa (Pambuka 2014), and Sweden (Igbal 2019).

Based on the results of the in vitro assay, we concluded
that the inhibited + immotile (free) J2 were affected by ne-
maticidal compounds secreted by the C. rosea strains rather
than directly parasitizing the nematodes as seen later in the
experiment, after 6 days, shown as inhibited + immotile (in-
fected), confirming that the two C. rosea strains tested, F20
and PHP1701, do not appear to have the same nematicidal
activity/intensity iz vitro. The differences in nematicidal activ-
ity were also previously observed by Igbal et al. (2020), who
tested a large number of culture filtrates of 53 C. rosea strains
against the root lesion nematode Pratylenchus penetrans.

The significant control effect on M. incognita J2 in vitro
was replicated in soil, meaning that C. rosea strain PHP1701
can be used to reduce the M. incognita ]2 population in soil.
Control of plant-parasitic nematodes in soil by C. rosea has
also been previously described for M. incognita in greenhouse
tomato plants (Cristobal-Alejo et al. 2021), Trichodorus sp.
in wheat, and Paratylenchus sp. in carrot (Igbal et al. 2018b).
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Table 1. Temporal evaluation of the fungus C. rosea as M. incognita control in greenhouse tomato production.

Treatment

M. incognita infected

Nematode free control

C. rosea application Every month

Every second month

Positive control Every month Negative control

Time points of Early 2.00 £0.70 1.75 £ 0.40 2.50 £0.50 0 0
root gall rating
Mid 3.25 + 0.80x 4.00 £ 0.70 4.75 £ 0.40 0 0
Late 6.80 £ 0.60 7.25 +0.70 7.00 &+ 0.80 0 0

Values are means of eight replicates. Significant differences are indicated by an asterisk, calculated by one-way ANOVA with the post-hoc Tukey’s HSD test,

P < 0.0S.

Table 2. Tomato yield of plants infected (positive control) and not infected (negative control) with the root-knot nematode M. incognita and of plants treated
monthly and bimonthly and untreated with C. rosea PHP1701 over time from 14 June to 21 August 2023.

Average weight Average tomato Total fruit weight Average tomato  Average fruit weight Yield
Treatments g/harvest fruit/harvest g/plant fruit/plant (g) potential %
Negative control 851.50 + 384.42 7.21 +£3.20 9168.29 £+ 740.29 77.75 £ 4.41 118.65 +£9.84 100.00
Negative 810.44 + 417.52 7.20 £ 3.47 8609.96 £ 1629.51 77.13 £13.23 111.48 £ 7.84 93.91
Control + C. rosea
Every month 774.11 £ 378.32 7.08 £ 3.33 8472.25 £ 1271.64 77.88 £ 11.06 108.89 £ 7.02 92.41
Every second month ~ 803.01 & 354.67 7.10 £2.98 8900.00 £ 1262.53 79.75 £ 9.79 111.89 £ 12.20 97.07
Positive control 771.28 £ 315.11 7.08 £2.84 8345.25 £ 1173.73 77.63 £ 11.61 108.00 £ 8.34 91.02

Values are means of eight replicates. One-way ANOVA with the post-hoc Tukey’s HSD test, P < 0.05. Yield potential relative to the nematode-free control

plants expressed in percentage (%).

10

N
1

=~
1

Galling index

*%

May July

m Clonostachys rosea  m Control

Figure 4. Tomato root galling in early (May) and mid-season (July) during
an on-farm trial using C. rosea PHP1701 to control Meloidogyne spp.

(n = 10). One-way ANOVA with the post-hoc Tukey's HSD test, P < 0.05
and *xP < 0.01.

Although there are other C. rosea strains active against M.
incognita in soil [strain ACM908 (Wang et al. 2011)], our
results support previous findings that the selected C. rosea
strain PHP1701 can control M. incognita in a concentration-
dependent manner. This finding is of great importance as this
antagonist is not crop dependent and can be applied weeks
before planting.

In the large greenhouse trial and in the on-farm trial, we
can see that the effect of C. rosea PHP1701 decreases over
time. As biological control is a population density-dependent
process, where it is expected that the biological control prod-
ucts will keep the nematode population below an economic
threshold (Abd-Elgawad 2021), often, as in our trial, the M.
incognita populations increase during the middle and end of
the season. There are several reasons why the biocontrol agent

effectiveness declines over time. In particular, biological and
environmental factors have a major impact on their success.
Soil moisture, soil temperature and texture, pH, salinity, and
pre-existing microorganisms can have a great impact on the
nematode biocontrol agent (Abd-Elgawad 2021). However,
each organism has its own biocontrol limitations. For exam-
ple, the nematode egg parasitic fungus, Verticillium chlamy-
dosporium, decreases in efficacy as the nematode population
increases (De Leij et al. 1992). The reduction in efficacy is at-
tributed to the ability of V. chlamydosporium to reach only a
limited number of nematode eggs. Similar studies with the egg
parasitic fungus P. lilacinum found that only 50% of nema-
tode eggs were parasitized (Carneiro and Cayrol 1991). Egg
development studies on Meloidogyne spp. using C. rosea cul-
ture filtrate in Petri dishes showed a maximum reduction in
egg hatching of ~60% (Lafta and Kasim 2019). Based on the
previous investigations and the population development in the
greenhouse trials, we assume that C. rosea PHP1701 controls
M. incognita with a similar intensity to that of P. lilacinum
strain 251, as similar experiments in the same greenhouse re-
sulted in a similar control with a “population plateau” of a
galling index of 6.94-8.00 at the end of the season (Dahlin et
al. 2019).

Antibiosis, rather than parasitism, has previously been hy-
pothesized as the mode of action due to the secretion of ne-
maticidal compounds (Igbal et al. 2018b). We decided to ad-
ditionally test the antibiosis potential of C. rosea PHP1701.
Culture filtrate from C. rosea PHP1701 was shown to af-
fect M. incognita egg development by delaying or inhibiting
the maturation of J1 into J2, and also affected M. incognita
J2 motility and consequently its ability to induce root gall
formation. Given that C. rosea PHP1701 was shown to be
capable of infecting M. incognita J2 in the initial in vitro
assay, we cannot confirm whether nematodes were directly
killed or nematode mortality was inhibited and fungal hy-
phae subsequently infected the inhibited nematodes. How-
ever, similar i1 vitro studies have shown that the C. rosea se-
cretome has nematicidal properties and does not require live
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hyphae to parasitize the nematodes for control (Igbal et al.
2020).

Since C. rosea strain PHP1701 showed a great capacity
to decrease the nematode population in the soil as described
above, C. rosea PHP1701 could potentially be used by farmers
suffering from a high M. incognita pressure after a long period
of tomato cultivation or other long-standing crops to give the
new crop a better start in a reduced M. incognita infected soil.

Regarding regular application, further studies are needed
to evaluate different crops and their yields. In our experiment,
the bimonthly application resulted in a higher yield than the
monthly application, despite the fact that the monthly appli-
cation resulted in better root-knot nematode control, which
is puzzling. In addition, the nematode-infected control had
the lowest yield and the non-M. incognita-infected plants had
the highest yield. However, since the nematode population
reached similar root gall levels at the end of the season and the
yield differences were not significant, the cost of application
must be considered. We also observed no increase in tomato
yield in the uninfected tomato plants inoculated with C. rosea.
This was despite the increase in root weight in the small pot
experiment and previous studies describing plant growth ben-
efits such as increased leaf area and girth in oil palm seedlings
(Goh et al. 2020).

Further research is needed to evaluate whether an initial
application will have the best economic effect on M. incog-
nita population compared to a monthly application, as no
growth-promoting effects over a tomato season have yet been
described for this C. rosea strain. In particular, crops such
as salad, which have a shorter growing season, may more
strongly benefit from a pre-plant application of C. rosea
PHP1701. In particular, a pre-plant application on black fal-
low could be beneficial for the next planted crop, as the results
showed a significant downregulation of the soil M. incognita
population. In addition, longer standing crops such as tomato
plants may benefit from the use of C. rosea in the control of
multiple plant pathogens, as recent publications have shown
that C. rosea can induce Botrytis cinerea resistance in tomato
plants (Li et al. 2023). However, whether C. rosea PHP1701
also has this ability to control B. cinerea needs to be evaluated.

Although C. rosea PHP1701 successfully controls M. incog-
nita, little is known about its ecology and plant interactions
with the rhizobiome. Based on the stronger control in the field
trial, we can only speculate that C. rosea PHP1701 may have
had a more favorable environment compared to the large pot
trial, which needs to be evaluated in further studies.

It is important to consider that C. rosea PHP1701 should be
used in an integrated pest management program, as M. incog-
nita control alone can currently not match the nematicidal ef-
ficacy of chemical nematicides as a single application, despite
its valuable contribution to a more sustainable crop produc-
tion.

Conclusion

This study showed that C. rosea strain PHP1701 can be used
to control M. incognita under greenhouse conditions. We re-
port a strong nematicidal property in soil in the presence and
absence of plants. However, the nematicidal effect is concen-
tration dependent and limited to the duration of culture. We
hypothesize that with increasing M. incognita population, the
biology of the fungi cannot control enough nematodes, so
there is a tipping point when the fungi reach their limit. In ad-

dition, C. rosea PHP1701 showed an increase in root biomass
in small pot experiments, but no increase in yield was mea-
sured in the larger experiment.

Finally, we recommend the use of C. rosea strain PHP1701
for short-season crops and to reduce M. incognita populations
without a host crop, such as on fallow land before planting the
next crop in an integrated pest management program. Overall,
C. rosea strain PHP1701 is a promising new biocontrol agent.
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