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Abstract 

Aims: Clonostach y s rosea is a w ell-kno wn m y coparasite that has recently been in v estigated as a bio-based alternativ e 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. Ho w e v er, 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 f allo w 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 gro w ers 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. 
Ke yw or ds: Nematophagous fungi; Biocontrol; Clonostachys rosea ; Meloidogyne incognita . 
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Introduction 

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 
nematode Meloidogyne incognita (Kofoid and White 1919 ) 
Chitwood 1949 is one of the most damaging plant-parasitic 
nematodes worldwide (Subedi et al. 2020 ). 

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- 
Received 12 February 2024; revised 24 April 2024; accepted 30 April 2024 
© The Author(s) 2024. Published by Oxford University Press on behalf of Applie
under the terms of the Creative Commons Attribution License ( https:// creativecom
and reproduction in any medium, provided the original work is properly cited. 
ode infection and root galling lead to poor plant growth and
educed plant resistance to other biotic and abiotic stresses 
Jones et al. 2013 , Siddique and Grundler 2018 ). After the
hird nematode molt in the plant, only males become motile
nd leave the host. The sedentary females produce eggs, which
re mainly deposited outside the root surface in a gelatinous
atrix (Papadopoulou and Triantaphyllou 1982 , Jones et al.
013 ). Males are thought to play a minor role in reproduction,
s females can reproduce asexually (Jones et al. 2013 ). 

The main pillar of integrated nematode management in an- 
ual crops is the use of different crops implemented in a crop
otation system (Sikora et al. 2023 ). Nonetheless, nematicidal 
roducts have to be applied to control polyphagous nema- 
odes. 

With the phase-out of “older” chemical nematicides, which 

re harmful to human health and the environment, there is a
rowing global demand for bio-based alternatives to control 
lant-parasitic nematodes. In Switzerland, only one bio-based 

ematicide is commercially available without strict regulation.
his biological nematicide is a nematode egg parasitic fungus,
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amed Purpureocillium lilacinum strain 251 (formerly Pae-
ilomyces lilacinus strain 251) (Sikora and Roberts 2018 ). 

Soil-borne microorganisms such as fungi are promising
lant-parasitic nematode antagonists that should be further

nvestigated (Pires et al. 2022 ). In addition to the already
nown nematophagous fungal families with the ability to cap-
ure and/or parasitize nematodes or secrete metabolites that
ontrol nematodes (Pires et al. 2022 ), there are new fungal
amilies that have been less studied as plant-parasitic nema-
ode antagonists. For example, the saprophytic filamentous
ungus Clonostachys rosea (Link) Schroers, Samuels, Seifert,
nd W. Gams 1999 , which is used as an active ingredient
n biological crop protection products against various plant
athogens such as fungi and insects, shows promise in the con-
rol of plant-parasitic nematodes (Dong et al. 2005 , Zou et al.
010 , Iqbal et al. 2018b , Sun et al. 2020 ). To date, C. rosea
as been reported to be active against the nematodes Helicoty-

enchus spp., Heterodera spp., Pratylenchus spp., Trichodorus
pp. (Iqbal et al. 2018b ), and Meloidogyne spp. (Migunova
t al. 2018 , Cristóbal-Alejo et al. 2021 ), as well as the model
ematode Caenorhabditis elegans (Dong et al. 2005 ). 
Clonostachys rosea , first described by Bainier ( 1907 ) and

ormerly known as Gliocladium roseum , relies on multiple
echanisms to control plant-parasitic nematodes. However,
reliminary control mechanisms employ cell wall degrading
nzymes (mainly chitinases, glucanases, and proteases) and
econdary metabolites (Dong et al. 2005 , Chatterton and
unja 2009 , Fatema et al. 2018 , Iqbal et al. 2018a , 2020 ).
or example, an extracellular serine protease in C. rosea was
ound to degrade the cuticle of the free-living nematode Pana-
rellus redi vi vus (Li et al. 2006 ), and deletion of a gene en-
oding a subtilisin-like protease from C. rosea reduced its vir-
lence against nematodes (Zou et al. 2010 ). 
Studies by Dong et al. ( 2005 ) showed that a class of sec-

ndary metabolites belonging to the verticillin-type epipoly-
ulfanyldioxopiperazine from C. rosea strain 1A had nemati-
idal activity against the model nematode C. elegans and the
ematode P. redi vi vus . However, nematode mortality in C.
osea culture filtrates against Heterodera glycines and Praty-
enchus penetrans varied widely between strains (Iqbal et al.
020 ), suggesting that C. rosea lacks host specificity and that
ematode control can vary widely between selected strains.
t has also been reported that some strains of C. rosea were
hown to have a parasitic lifestyle against Helicotylenchus sp.,
eteroder a sp., Par atylenchus sp., Pr atylenchus sp., and Tri-

hodorus sp. (Iqbal et al. 2018b , 2019 ). 
Therefore, in this study, we selected the promising C. rosea

train PHP1701 from an in vitro test for further testing, in soil,
n small pot experiments, and in large greenhouse conditions,
or its ability to control the root-knot nematode M. incognita .

aterials and methods 

eloidogyne incognita rearing and collection of 
econd-stage juveniles 

hree-week-old tomato ( Solanum lycopersicum ) cv. Oskar
lants were used to propagate a Mi -virulent M. incognita
opulation described by Hallmann and Kiewnick ( 2018 ) un-
er greenhouse conditions (25 

◦C/19 

◦C, 60% humidity, 15/9 h
ight/dark cycle). Heavily galled root systems were used to ex-
ract J2 using a mist chamber or eggs by cutting roots into
 cm pieces and shaking vigorously for 3 min in 1% NaOCl
ater solution, and collecting the eggs in a 20 μm mesh sieve.
ematode densities (eggs or J2 ml −1 ) were counted under

n inverted light microscope (Zeiss, at 5 × magnification) us-
ng a counting chamber, and nematode suspensions were kept
efrigerated at 4 

◦C until further use. Nematode suspensions
ere adjusted accordingly for each experimental setup. Peri-
dically, total DNA was extracted from M. incognita for bar-
oding analyses to ensure the identity of M. incognita accord-
ng to Kiewnick et al. ( 2013 ). 

lonostachys rosea isolate and culture preparation 

he C. rosea strains tested were of two different origins.
 Swiss strain of C. rosea , designated F20, was isolated

rom individually selected free-living nematodes observed to
e infected by fungi during diagnostic analysis. The selected
ungus-infected nematode was placed on a Petri dish (100

15 mm) containing potato dextrose agar (PDA) medium
upplemented with antibiotics (ampicillin and erythromycin)
Oxoid) at 22 

◦C in the dark. The fungal isolate was then prop-
gated on new PDA plates for maintenance and identified as
. 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-
ulated powder from Andermatt Biocontrol Suisse (Gross-
ietwil, Switzerland). For in vitro analysis, C. rosea strain
HP1701 was grown on PDA plates as described for the Swiss
. rosea strain. 

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

o compare the efficacy of the Swiss C. rosea strain F20 with
. rosea strain PHP1701 in controlling root-knot nematodes,

he selected C. rosea were tested in vitro against M. incog-
ita J2 using six-well plates. In each well, 1% water–agar
edium was added just enough to cover the bottom of the
late. Conidia were suspended in MiliQ water from the PDA
lates and counted under a light microscope using an im-
roved Neubauer counting chamber. The conidium concen-
ration was adjusted to 1 × 10 

7 conidia ml −1 and individ-
al plates were inoculated with either strain F20 or PHP1701
1 × 10 

7 conidia ml −1 ). One plate was used as a control (no
ungi). After 7 days, surface-sterilized nematodes ( EPPO Stan-
ard Diagnostics, PM 7/148 ) were added (150 J2 per well)
nd J2 viability was scored under an inverted light micro-
cope (Zeiss, 10 × magnification) as active, inhibited nonin-
ected, and inhibited fungus infected after 1, 3, and 6 days
 n = 6). 

esting of C. rosea strain PHP1701 against M. 
ncognita under soil conditions 

s C. rosea strain PHP1701 against M. incognita showed most
romising results in vitro , its biocontrol activity under differ-
nt application concentrations was tested in pots filled with
00 ml of steamed soil: sand mixture (1:3) inoculated with
50 J2 (as referred to in the “Meloidogyne incognita rearing
nd collection of J2” section). Three days after J2 inocula-
ion, a dilution of the recommended concentration per plant
f 0.2, 0.02 (one- tenth of the recommended concentration per
lant), 0.01, or 0.005 g of C. rosea pot was applied as a 15 ml
olution ( n = 6). For the negative control, 25 ml of water was
sed. Pots were covered with a plastic foil and kept moist at
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◦C with 60% humidity for 14 days in the dark. J2 was ex- 
tracted from the entire 100 ml of soil from each treatment,
using the Oostenbrink dish method described by Hallmann 

and Subbotin ( 2018 ). Nematodes were counted under an in- 
verted light microscope (Zeiss, 5 × 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 l 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 ( n = 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 l 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 ( n = 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). 
ntibiosis assay 

o test whether the biocontrol activity was due to direct par-
sitism or due to the indirect effect of secondary metabolites
roduced by C. rosea , strain PHP1701 was cultured in Erlen-
eyer flasks (100 ml) containing liquid (50 ml) potato dex-

rose broth) inoculated with 1 × 10 

6 conidia ml −1 (as de-
cribed in the “In vitro comparison of two C. rosea strains
gainst M. incognita second-stage juveniles” section) and in- 
ubated at 25 

◦C on a rotating shaker (120 rpm) for 18 days
nder dark conditions. The fungal biomass was separated 

rom the broth by filtration through a milk cloth. The culture
ltrate was further filtered through a 0.22 μm polyethersul- 
one (PES) filter (Sartolab 

® BT Vacuum Filtration) to remove 
esidual conidia. 

The antibiosis effect of strain PHP1701 was evaluated in 

itro on the developmental stage of M. incognita eggs (Cabi-
nca et al. 2022 ) and J2 motility (Oldani et al. 2023 ). A nema-
ode suspension in water (700 ml) containing 150 eggs or 100
2 was added to 24-well plates, followed by the addition of the
ulture filtrate and water to achieve dilutions of 0.5%, 1.0%,
.0%, 10%, or 25% of the culture filtrate, up to a final volume
f 1.5 ml per well. Water was used as a control (1.5 ml), each
reatment was replicated five times ( n = 5), and plates were
ncubated at 20 

◦C in the dark. Egg development (egg, pretzel,
nd J2) and J2 motility were evaluated under an inverted light
icroscope (Zeiss, 10 × magnification) after 1, 3, 6, and 9 days
f incubation or after 1, 2, 3, and 7 days of incubation, respec-
ively. To confirm whether or not immotile J2 could induce
oot galling, the in vitro assay was followed by an in planta
io assay. After the seventh day of J2 incubation with dif-
erent concentrations of PHP1701 culture filtrate, treatment 
uspensions were collected from their respective wells and ap- 
lied to pregerminated cucumber seedlings ( Cucumis sativus ,
v. Landgurken, Bigler Samen), sown in 10 ml pots contain-
ng potting soil (10 ml). The cucumber plants were grown for
1 days in a climate chamber (at 24 

◦C, and 60% relative hu-
idity). The root systems were then graded according to a
0-point root gall scale as described by Zeck ( 1971 ) (0: no
alls, up to 10: completely galled roots). 

ata analysis 

oot gall index data were log 10 ( x + 1) transformed. Ex-
eriments were analyzed by one-way ANOVA with post-hoc 
ukey’s honestly significant difference test ( P ≤ 0.05). 

esults 

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

he in vitro comparison of the Swiss C. rosea strain F20 with
he C. rosea strain PHP1701 from Andermatt Biocontrol Su- 
sse showed that the strain PHP1701 had the strongest ne-
aticidal effect on J2 after 3 and 6 days (Fig. 1 ). After 3
ays, 22.0% of M. incognita J2 exposed to C. rosea strain
HP1701 were significantly inhibited + immotile (free), com- 
ared to only 11.2% inhibited + immotile (free) when ex-
osed to C. rosea strain F20 and 8.7% in the control. After 6
ays, the natural decline of nematode motility in the control
eached 12.7%, while both C. rosea strains significantly af- 
ected J2 with 40.3% of inhibited + immotile (free) and 6.3%
f inhibited + immotile (infected) J2 under strain PHP1701 
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Figure 1. In vitro nematicidal activity of two C. rosea strains against the root-knot nematode M. incognita after 1, 3, and 6 da y s. Error bars represent 
standard deviations of replicates ( n = 6). ∗Significant differences in % relative to the control, calculated by one-way ANO V A with post-hoc Tukey’s 
Honest Significant Difference (HSD) test, P < 0.05. 
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Figure 2. Concentration-dependent control of M. incognita by C. rosea 
PHP1701 o v er 14 da y s in soil. Error bars represent standard de viations of 
replicates ( n = 6). Statistical significance was calculated using one-way 
ANO V A with the post-hoc Tuk e y–Kramer HSD test, P < 0.05. Means 
f ollo w ed b y the same letter are not significantly different. 
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 Supplementary Fig. S1 ) and 27.9% of inhibited + immotile
free) J2 under isolate F20. 

esting of C. rosea strain PHP1701 against M. 
ncognita under soil conditions 

lonostachys rosea strain PHP1701 was further evaluated for
ts ability to control M. incognita J2 in soil (Fig. 2 ). Of the
50 J2 applied to the soil, 72.7 ± 9.4 J2 were re-extracted
fter 14 days from the control treatment. Significantly fewer
ematodes, 29.8 ± 4.6 J2, were re-extracted from 100 ml
f soil treated with 0.02 g C. rosea strain PHP1701. How-
ver, when the soil was treated with 0.01 or 0.005 g C. rosea
HP1701, fewer nematodes, 40.3 ± 7.0 or 49.0 ± 13.6 J2,
ere re-extracted from 100 ml of soil after 14 days, but not

ignificantly different compared to the control. 

est of C. rosea strain PHP1701 against M. incognita
n a small greenhouse trial 

n the small pot experiment with M. incognita infecting
omato plants, C. rosea PHP1701 showed a significant reduc-
ion in root galling after 4 and 9 weeks compared to the un-
reated control (Fig. 3 ). The root system grown in soil treated
ith C. rosea PHP1701 also exhibited a higher root weight

han the untreated control plants ( Supplementary Fig. S2 ). 

erformance of C. rosea strain PHP1701 against M. 
ncognita under a large greenhouse setting 

n the large greenhouse trial over a 12-week period, reduced
oot galling caused by M. incognita could be observed in early
nd mid-season as a result of C. rosea PHP1701 application
Table 1 ). However, only at mid-season, the monthly applica-
ion significantly reduced root galling compared to the control
lants. At the end of the season, with a difference of ±0.2, no
ignificant differences in root galling were observed between
reated and control plants. With a root galling index of 6.8 for
he monthly C. rosea PHP1701 application, 7.0 for the con-
rol roots, and 7.2 for the bimonthly application, the majority
f the roots were severely affected by M. incognita infection. 
Tomato yield showed the greatest difference between M.

ncognita -infected and M. incognita -uninfected plants, with
he lowest yield in the infected (positive) control and the high-
st yield in the uninfected (negative) control (Table 2 ). 
Infected plants treated with C. rosea PHP1701 reached
2.41% of the yield potential when applied monthly or
7.07% of the yield potential when applied every second
onth compared to the yield of the negative control plants.
he negative control plants had the highest average fruit

art/lxae111_f1.eps
https://academic.oup.com/jam/article-lookup/doi/10.1093/jam/ixae111#supplementary-data
https://academic.oup.com/jam/article-lookup/doi/10.1093/jam/ixae111#supplementary-data
art/lxae111_f2.eps


Clonostachys rosea as biocontrol of M. incognita 5 

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 
ANO V A with the post-hoc Tuk e y’s HSD test, ∗P < 0.05 and ∗∗P < 0.01. 
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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. 
ntibiosis assay 

lonostachys rosea PHP1701 culture filtrate was shown to af- 
ect M. incognita egg development ( Supplementary Fig. S3A- 
 ). A decrease in the percentage of eggs and a relative increase

n J2 were observed in the control after the sixth day of incuba-
ion compared to the different treatments ( Supplementary Fig.
C ). After 9 days of incubation, at the concentration of 25%
f culture filtrate, most of the eggs developed to the pretzel
tage (J1; 55.2% ± 0.58%), and only 19.3% ± 1.15% devel- 
ped to J2, while in the control 46.2% ± 1.15% of the initial
ggs developed to the J2 stage ( Supplementary Fig. 3D ). 

When evaluating the effect of C. rosea PHP1701 culture 
ltrate on J2 motility, a statistically significant increase in af-
ected and immotile J2 and a consequent decrease in normal
otile J2 was observed, as early as the first day of incuba-

ion ( Supplementary Fig. 3E ). This trend was also observed on
he second and third day of incubation ( Supplementary Fig.
F and G ). However, after day 7, the amount of affected J2
56.6% ± 0.52% and 61.0% ± 1.15%) is significantly higher 
han normal (34.7% ± 1.73% and 30.0% ± 1.73%) or im- 
otile (8.7% ± 1.15% and 9.0% ± 0.89%) J2 at 10% and
5% culture filtrate treatments ( Supplementary Fig. 3H ). 
To verify whether the culture filtrate treatment could affect 
. incognita J2 infectivity capacity, cucumber seedlings were 

rown for 21 days after application of treated J2. Only the
5% culture filtrate treatment showed to have a significant im-
act on the capacity of M. incognita J2 to induce root gall for-
ation ( Supplementary Fig. 4 ). While the control plants had
 gall index of 7.0 ± 0.00, plants treated with 25% PHP1701
ulture filtrate had a gall index of 5.5 ± 0.42. 

iscussion 

ur study showed that the C. rosea strain PHP1701 has
romising application potential for agronomic root-knot ne- 
atode control in small and large greenhouse trials. As the

wiss C. rosea strain F20 appeared to be less effective in
itro , we refrained from further investigations. Nonetheless,
he search for more potent strains should continue as differ-
nt C. rosea strains were able to control nematodes in vari-
us crops and countries, including Czech Republic (Hussain 

t al. 2017 and 2018 ), Iraq (Lafta and Kasim 2019 ), Japan
Toju and Tanaka 2019 ), Russia (Migunova et al. 2018 ), South
frica (Pambuka 2014 ), and Sweden (Iqbal 2019 ). 
Based on the results of the in vitro assay, we concluded

hat the inhibited + immotile (free) J2 were affected by ne-
aticidal compounds secreted by the C. rosea strains rather 

han directly parasitizing the nematodes as seen later in the
xperiment, after 6 days, shown as inhibited + immotile (in-
ected), confirming that the two C. rosea strains tested, F20
nd PHP1701, do not appear to have the same nematicidal
ctivity/intensity in vitro . The differences in nematicidal activ- 
ty were also previously observed by Iqbal et al. ( 2020 ), who
ested a large number of culture filtrates of 53 C. rosea strains
gainst the root lesion nematode Pratylenchus penetrans . 

The significant control effect on M. incognita J2 in vitro
as replicated in soil, meaning that C. rosea strain PHP1701

an be used to reduce the M. incognita J2 population in soil.
ontrol of plant-parasitic nematodes in soil by C. rosea has
lso been previously described for M. incognita in greenhouse 
omato plants (Cristóbal-Alejo et al. 2021 ), Trichodorus sp.
n wheat, and Paratylenchus sp. in carrot (Iqbal et al. 2018b ).
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Table 1. Temporal e v aluation 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 
root gall rating 

Early 2.00 ± 0.70 1.75 ± 0.40 2.50 ± 0.50 0 0 

Mid 3.25 ± 0.80 ∗ 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 < 0.05. 

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 o v er time from 14 June to 21 August 2023. 

Treatments 
Av erage w eight 

g/harvest 
Average tomato 

fruit/harvest 
Total fruit weight 

g/plant 
Average tomato 

fruit/plant 
Average fruit weight 

(g) 
Yield 

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 
Control + C. rosea 

810.44 ± 417.52 7.20 ± 3.47 8609.96 ± 1629.51 77.13 ± 13.23 111.48 ± 7.84 93.91 

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 (%). 

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-w a y ANO V A with the post-hoc Tuk e y’s HSD test, ∗P < 0.05 
and ∗∗P < 0.01. 
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lthough there are other C. rosea strains active against M.
ncognita in soil [strain ACM908 (Wang et al. 2011 )], our
esults support previous findings that the selected C. rosea
train PHP1701 can control M. incognita in a concentration-
ependent manner. This finding is of great importance as this
ntagonist is not crop dependent and can be applied weeks
efore planting. 
In the large greenhouse trial and in the on-farm trial, we

an see that the effect of C. rosea PHP1701 decreases over
ime. As biological control is a population density-dependent
rocess, where it is expected that the biological control prod-
cts will keep the nematode population below an economic
hreshold (Abd-Elgawad 2021 ), often, as in our trial, the M.
ncognita populations increase during the middle and end of
he season. There are several reasons why the biocontrol agent
ffectiveness declines over time. In particular, biological and
nvironmental factors have a major impact on their success.
oil moisture, soil temperature and texture, pH, salinity, and
re-existing microorganisms can have a great impact on the
ematode biocontrol agent (Abd-Elgawad 2021 ). However,
ach organism has its own biocontrol limitations. For exam-
le, the nematode egg parasitic fungus, Verticillium chlamy-
osporium , decreases in efficacy as the nematode population
ncreases (De Leij et al. 1992 ). The reduction in efficacy is at-
ributed to the ability of V. chlamydosporium to reach only a
imited number of nematode eggs. Similar studies with the egg
arasitic fungus P. lilacinum found that only 50% of nema-
ode eggs were parasitized (Carneiro and Cayrol 1991 ). Egg
evelopment studies on Meloidogyne spp. using C. rosea cul-
ure filtrate in Petri dishes showed a maximum reduction in
gg hatching of ∼60% (Lafta and Kasim 2019 ). Based on the
revious investigations and the population development in the
reenhouse trials, we assume that C. rosea PHP1701 controls
. incognita with a similar intensity to that of P. lilacinum

train 251, as similar experiments in the same greenhouse re-
ulted in a similar control with a “population plateau” of a
alling index of 6.94–8.00 at the end of the season (Dahlin et
l. 2019 ). 

Antibiosis, rather than parasitism, has previously been hy-
othesized as the mode of action due to the secretion of ne-
aticidal compounds (Iqbal et al. 2018b ). We decided to ad-
itionally test the antibiosis potential of C. rosea PHP1701.
ulture filtrate from C. rosea PHP1701 was shown to af-

ect M. incognita egg development by delaying or inhibiting
he maturation of J1 into J2, and also affected M. incognita
2 motility and consequently its ability to induce root gall
ormation. Given that C. rosea PHP1701 was shown to be
apable of infecting M. incognita J2 in the initial in vitro
ssay, we cannot confirm whether nematodes were directly
illed or nematode mortality was inhibited and fungal hy-
hae subsequently infected the inhibited nematodes. How-
ver, similar in vitro studies have shown that the C. rosea se-
retome has nematicidal properties and does not require live

art/lxae111_f4.eps
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hyphae to parasitize the nematodes for control (Iqbal 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- 
ition, C. rosea PHP1701 showed an increase in root biomass
n small pot experiments, but no increase in yield was mea-
ured in the larger experiment. 

Finally, we recommend the use of C. rosea strain PHP1701
or short-season crops and to reduce M. incognita populations 
ithout a host crop, such as on fallow land before planting the
ext crop in an integrated pest management program. Overall,
. rosea strain PHP1701 is a promising new biocontrol agent.

 c kno wledg ements 

he authors would like to acknowledge Andermatt Biocontrol 
uisse for providing us with fresh Clonostachys rosea strain 

HP1701. Marco Eigenmann and Miro Nützi are acknowl- 
dged for their help with greenhouse experiments and tomato 

arvesting and Patrik Kehrli for proofreading the manuscript 
nd for his insightful comments. 

upplementary data 

upplementary data is available at JAMBIO Journal online. 

onflict of interest : None declared. 

unding 

his research has not received funding from any source. 

uthor contributions 

obias Stucky (Data curation, Investigation, Methodology),
liana Thyda Sy (Data curation, Investigation, Methodology),
akob Egger (Investigation, Methodology), Enis Mathlouthi 
Investigation, Methodology), Jürgen Krauss (Conceptualiza- 
ion, Investigation, Methodology, Supervision), Lara De Gi- 
nni (Investigation, Methodology), Andrea Caroline Ruthes 
Conceptualization, Data curation, Investigation, Methodol- 
gy, Supervision, Writing – original draft, Writing – review 

 editing), and Paul Dahlin (Conceptualization, Data cura- 
ion, Investigation, Methodology, Supervision, Writing – orig- 
nal draft, Writing – review & editing) 

ata availability 

he data underlying this article are available in the article and
n its online supplementary material. 

eferences 

bd-Elgawad MMM . Optimizing safe approaches to manage plant- 
parasitic nematodes. Plants 2021; 10 :1911. https:// doi.org/ 10.3390/ 
plants10091911 .

ainier G . Gliocladium roseum sp. nov. et Cephalosporium acremonium
(Corda). Bull Soc Mycol Fr 1907; 23 :111–4.

abianca A , Ruthes AC, Pawlowski K et al . Tomato sterol 22-desaturase
gene CYP710A11 : its roles in Meloidogyne incognita infection and
plant stigmasterol alteration. Int J Mol Sci 2022; 23 :15111. https:
// doi.org/ 10.3390/ ijms232315111 .

arneiro RMDG , Cayrol JC. Relationship between inoculum density 
of the nematophagous fungus Paecilomyces lilacinus and control of 
Meloidogyne arenaria on tomato. Rev Nematol 1991; 14 :629–34.

hatterton S , Punja ZK. Chitinase and β-1,3-glucanase enzyme produc-
tion by the mycoparasite Clonostachys rosea f. catenulata against 
fungal plant pathogens. Can J Microbiol 2009; 55 :356–67. https:
// doi.org/ 10.1139/ W08-156 .

https://academic.oup.com/jambio/article-lookup/doi/10.1093/jambio/lxae111#supplementary-data
https://doi.org/10.3390/plants10091911
https://doi.org/10.3390/ijms232315111
https://doi.org/10.1139/W08-156


8 Stucky et al. 

C  

C  

 

 

 

D  

 

 

D  

 

 

D  

E  

 

 

F  

 

G  

 

 

G  

 

 

 

H  

 

 

H  

 

 

H  

 

 

H  

 

 

I  

I  

 

 

 

I  

 

 

I  

 

 

I  

 

 

J  

K  

 

 

K  

 

L  

 

L  

 

 

L  

 

 

M  

 

 

O  

 

P  

 

 

P  

 

P  

 

 

S  

 

 

 

S  

 

S  

 

 

S  

 

 

 

S  

 

S  

 

T  

 

 

T  

 

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/135/5/lxae111/7660992 by Bibliothek am
 G

uisanplatz user on 09 O
ctober 2024
hitwood BG . Root-knot nematodes. Part 1. A revision of the genus
Meloidogyne Goeldi, 1887. Proc Helminthol Soc Wash 1949; 16 :90–
114.

ristóbal-Alejo J , Diaz-Braga A, Herrera-Parra E et al . Clonostachys
rosea selected by nematicidal screening and its efficacy against
Meloidogyne incognita in a greenhouse. Biocontrol Sci Tech-
nol 2021; 31 :1283–97. https:// doi.org/ 10.1080/ 09583157.2021.19
44607 .

ahlin P , Eder R, Consoli E et al . Integrated control of Meloidogyne
incognita in tomatoes using fluopyram and Purpureocillium lilac-
inum strain 251. Crop Prot 2019; 124 :104874. https:// doi.org/ 10.1
016/j.cropro.2019.104874 .

e Leij FAAM , Dennehy JA, Kerry BR.. The effect of temperature
and nematode species on interactions between the nematophagous
fungus Verticillium chlamydosporium and root-knot nematodes
( Meloidogyne spp.). Nematologica 1992; 38 :65–79.

ong JY , He HP, Shen YM et al . Nematicidal epipolysulfanyldiox-
opiperazines from Gliocladium roseum . J Nat Prod 2005; 68 :1510–
3. https:// doi.org/ 10.1021/ np0502241 .

PPO Standard Diagnostics . PM 7/148 (1) Guidelines for the manage-
ment of nematode collections used for the production and main-
tenance of reference material. EPPO Bull 2021; 51 :351–679. https:
// doi.org/ 10.1111/ epp.12798 .

atema U , Broberg A, Jensen DF et al . Functional analysis of polyketide
synthase genes in the biocontrol fungus Clonostachys rosea . Sci Rep
2018; 8 :15009. https:// doi.org/ 10.1038/ s41598- 018- 33391- 1 .

ardes M , Bruns TD. ITS primers with enhanced specificity for
basidiomycetes—application to the identification of mycorrhizae
and rusts. Mol Ecol 1993; 2 :113–8. https:// doi.org/ 10.1111/ j.1365
-294X.1993.tb00005.x .

oh YK , Marzuki NF, Tuan Pa TNF et al . Biocontrol and plant-growth-
promoting traits of Talaromyces apiculatus and Clonostachys rosea
consortium against Ganoderma basal stem rot disease of oil palm.
Microorganisms 2020; 8 :1138. https:// doi.org/ 10.3390/ microorgan
isms8081138 .

allmann J , Kiewnick S. Virulence of Meloidogyne incognita popula-
tions and Meloidogyne enterolobii on resistant cucurbitaceous and
solanaceous plant genotypes. J Plant Dis Prot 2018; 125 :415–24.
https:// doi.org/ 10.1007/ s41348- 018- 0165- 5 .

allmann J , Subbotin SA. Methods for extraction, processing and de-
tection of plant and soil nematodes. In: Sikora RA, Coyne D, Hall-
mann J, et al . Plant-Parasitic Nematodes in Subtropical and Tropi-
cal Agriculture (3rd edn). Wallingford: CAB International, 2018, 87–
119. https:// doi.org/ 10.1079/ 9781786391247.0087 .

ussain M , Zouhar M, Ryšánek P. Potential of some nematophagous
fungi against Meloidogyne hapla infection in Czech Republic. Pak-
istan J Zool 2017; 49 :35–43. https:// doi.org/ 10.17582/journal.pjz/2
017.49.1.35.43 .

ussain M , Zouhar M, Ryšánek P. Attraction of root-knot nematodes,
Meloidogyne incognita , to living mycelium of nematophagous fungi.
Pakistan J Zool 2018; 50 :2073–8. https:// doi.org/ 10.17582/journal
.pjz/2018.50.6.2073.2078 .

qbal M . Biological control of plant-parasitic nematodes by the fungus
Clonostachys rosea . Acta Uni Agric Suec 2019; 2019 :72.

qbal M , Broberg M, Haarith D et al . Natural variation of root lesion
nematode antagonism in the biocontrol fungus Clonostachys rosea
and identification of biocontrol factors through genome-wide asso-
ciation mapping. Evol Appl 2020; 13 :2264–83. https:// doi.org/ 10.1
111/eva.13001 .

qbal M , Dubey M, Broberg A et al . Deletion of the non-ribosomal pep-
tide synthetase gene nps1 in the fungus Clonostachys rosea attenu-
ates antagonism and biocontrol of plant pathogenic Fusarium and
nematodes. Phytopathology ® 2019; 109 :1698–709. https://doi.org/ 
10.1094/PHYTO- 02- 19- 0042- R .

qbal M , Dubey M, Gudmundsson M et al . Comparative evolutionary
histories of fungal proteases reveal gene gains in the mycoparasitic
and nematode-parasitic fungus Clonostachys rosea . BMC Evol Biol
2018a; 18 :171. https:// doi.org/ 10.1186/ s12862- 018- 1291- 1 .

qbal M , Dubey M, McEwan K et al . Evaluation of Clonostachys rosea
for control of plant-parasitic nematodes in soil and in roots of carrot
and wheat. Phytopathology ® 2018b; 108 :52–59. https:// doi.org/ 10
.1094/PHYTO- 03- 17- 0091- R .

ones JT , Haegeman A, Danchin EG et al . Top 10 plant-parasitic nema-
todes in molecular plant pathology. Mol Plant Pathol 2013; 14 :946–
61. https:// doi.org/ 10.1111/ mpp.12057 .

iewnick S , Wolf S, Willareth M et al . Identification of the tropical root-
knot nematode species Meloidogyne incognita , M. javanica and M.
arenaria using a multiplex PCR assay. Nematol 2013; 15 :891–4. ht
tps:// doi.org/ 10.1163/ 15685411-00002751 .

ofoid CA , White AW. A new nematode infection of man.
JAMA 1919; 72 :567–9. https:// doi.org/ 10.1001/ jama.1919.026100
80033010 .

afta AA , Kasim AA. Effect of nematode-trapping fungi, Trichoderma
harzianum and Pseudomonas fluorescens in controlling Meloidog-
yne spp. Plant Arch 2019; 19 :1163–8.

i F , Ghanizadeh H, Song W et al . Combined use of Trichoderma
harzianum and Clonostachys rosea to manage Botrytis cinerea in-
fection in tomato plants. Eur J Plant Pathol 2023; 167 :1–14. https:
// doi.org/ 10.1007/ s10658- 023- 02732- w .

i J , Yang JK, Huang XW et al . Purification and characterization of
an extracellular serine protease from Clonostachys rosea and its
potential as a pathogenic factor. Process Biochem 2006; 41 :925–9.
https:// doi.org/ 10.1016/ j.procbio.2005.10.006 .

igunova V , Sasanelli N, Kurakov A. Effect of microscopic fungi
on larval mortality of the root-knot nematodes Meloidogyne
incognita and Meloidogyne javanica . IOBC-WPRS Bull 2018; 133 :
27–31.

ldani E , Cabianca A, Dahlin P et al . Biogas digestate as potential
source for nematicides. Environ Technol Innov 2023; 29 : 103025
https:// doi.org/ 10.1016/ j.eti.2023.103025 .

ambuka GT Biological control of root knot nematodes ( Meloidogyne
spp.) using bacterial and fungal antagonists. Master’s thesis, 2014.
College of Agriculture, Engineering and Science (CAES), University
of KwaZulu-Natal, Pietermaritzburg, South Africa.

apadopoulou J , Triantaphyllou AC. Sex differentiation in Meloidog-
yne incognita and anatomical evidence of sex reversal. J Nematol
1982; 14 :549–66.

ires D , Vicente CS, Menéndez E et al . The fight against plant-parasitic
nematodes: current status of bacterial and fungal biocontrol agents.
Pathogens 2022; 11 :1178. https:// doi.org/ 10.3390/ pathogens11101
178 .

chroers HJ , Samuels GJ, Seifert KA et al . Classification of the mycopar-
asite Gliocladium roseum in Clonostachys as C. rosea , its relation-
ship to Bionectria ochroleuca , and notes on other Gliocladium -like
fungi. Mycologia 1999; 91 :365–85. https:// doi.org/ 10.1080/ 002755
14.1999.12061028 .

iddique S , Grundler FM. Parasitic nematodes manipulate plant
development to establish feeding sites. Curr Opin Microbiol
2018; 46 :102–8. https:// doi.org/ 10.1016/ j.mib.2018.09.004 .

ikora RA , Helder J, Molendijk LP et al . Integrated nematode man-
agement in a world in transition: constraints, policy, processes, and
technologies for the future. Annu Rev Phytopathol 2023; 61 :209–30.
https:// doi.org/ 10.1146/ annurev- phyto- 021622- 113058 .

ikora RA , Roberts PA Management practices: an overview of inte-
grated nematode management technologie. In: Sikora RA, Coyne
D, Hallmann J, et al. (eds), Plant-Parasitic Nematodes in Subtrop-
ical and Tropical Agriculture (3rd edn). Wallingford: CABI, 2018,
795–839.

ubedi S , Thapa B, Shrestha J. Root-knot nematode ( Meloidog-
yne incognita ) and its management: a review. J Agric Nat Res
2020; 3 :21–31. https:// doi.org/ 10.3126/ janr.v3i2.32298 .

un Z-B , Li S-D, Ren Q et al . Biology and applications of Clonostachys
rosea . J Appl Microbiol 2020; 129 :486–95. https:// doi.org/ 10.1111/
jam.14625 .

ian BY , Cao Y, Zhang KQ. Metagenomic insights into communi-
ties, functions of endophytes and their associates with infection by
root-knot nematode, Meloidogyne incognita , in tomato roots. Sci
Rep 2015; 5 :17087. https:// doi.org/ 10.1038/ srep17087 .

oju H , Tanaka Y. Consortia of anti-nematode fungi and bacte-
ria in the rhizosphere of soybean plants attacked by root-knot

https://doi.org/10.1080/09583157.2021.1944607
https://doi.org/10.1016/j.cropro.2019.104874
https://doi.org/10.1021/np0502241
https://doi.org/10.1111/epp.12798
https://doi.org/10.1038/s41598-018-33391-1
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.3390/microorganisms8081138
https://doi.org/10.1007/s41348-018-0165-5
https://doi.org/10.1079/9781786391247.0087
https://doi.org/10.17582/journal.pjz/2017.49.1.35.43
https://doi.org/10.17582/journal.pjz/2018.50.6.2073.2078
https://doi.org/10.1111/eva.13001
https://doi.org/10.1094/PHYTO-02-19-0042-R
https://doi.org/10.1186/s12862-018-1291-1
https://doi.org/10.1094/PHYTO-03-17-0091-R
https://doi.org/10.1111/mpp.12057
https://doi.org/10.1163/15685411-00002751
https://doi.org/10.1001/jama.1919.02610080033010
https://doi.org/10.1007/s10658-023-02732-w
https://doi.org/10.1016/j.procbio.2005.10.006
https://doi.org/10.1016/j.eti.2023.103025
https://doi.org/10.3390/pathogens11101178
https://doi.org/10.1080/00275514.1999.12061028
https://doi.org/10.1016/j.mib.2018.09.004
https://doi.org/10.1146/annurev-phyto-021622-113058
https://doi.org/10.3126/janr.v3i2.32298
https://doi.org/10.1111/jam.14625
https://doi.org/10.1038/srep17087


Clonostachys rosea as biocontrol of M. incognita 9 

 

 

Z  

Z  

D
ow

nloaded from
 https://academ

ic.oup.com
/jam

bio/article/135/5/lxae111/7660992 by Bibliothek am
 G

uisanplatz user on 09 O
ctober 2024
nematodes. R Soc Open Sci 2019; 6 :181693. https:// doi.org/ 10.109 
8/rsos.181693 .

Wang L , Xu Y, Li S et al . Effects of metabolites of Gliocladium roseum 

on egg hatch and juvenile mortality of Meloidog yne incognita . So y- 
bean Sci 2011; 30 :818–22.

White TJ , Bruns TD, Lees S et al . Amplification and direct sequenc- 
ing of fungal ribosomal RNA genes for phylogenetics. In: Innis MA,
Gelfand DH, Sninsky JJ, et al. (eds), PCR Protocols: A Guide to 

Received 12 February 2024; revised 24 April 2024; accepted 30 April 2024 

© The Author(s) 2024. Published by Oxford University Press on behalf of Applied Mic
terms of the Creative Commons Attribution License ( https:// creativecommons.org/ licen
any medium, provided the original work is properly cited.
Methods and Applications . San Diego, CA: Academic Press, 1990,
315–22.

eck WM . Rating scheme for field evaluation of root-knot nematode
infestations. Pflanzensc hutz-Nac hr Bay er 1971; 24 :141–4.

ou CG , Tao N, Liu WJ et al . Regulation of subtilisin-like protease
prC expression by nematode cuticle in the nematophagous fungus 
Clonostachys rosea . Environ Microbiol 2010; 12 :3243–52. https:// 
doi.org/ 10.1111/ j.1462-2920.2010.02296.x .
robiology International. This is an Open Access article distributed under the 
ses/by/ 4.0/ ), which permits unrestricted reuse, distribution, and reproduction in 

https://doi.org/10.1098/rsos.181693
https://doi.org/10.1111/j.1462-2920.2010.02296.x
https://creativecommons.org/licenses/by/4.0/

	Introduction
	Materials and methods
	Results
	Discussion
	Conclusion
	Acknowledgements
	Supplementary data
	Funding
	Author contributions
	Data availability
	References

