
Vol.:(0123456789)

Applied Microbiology and Biotechnology (2024) 108:525 
https://doi.org/10.1007/s00253-024-13365-2

APPLIED MICROBIAL AND CELL PHYSIOLOGY

Bacillus thuringiensis Cry5, Cry21, App6 and Xpp55 proteins to control 
Meloidogyne javanica and M. incognita

Yolanda Bel1   · Magda Galeano2   · Mireya Baños‑Salmeron2 · Miguel Andrés‑Antón1 · Baltasar Escriche1 

Received: 1 July 2024 / Revised: 20 November 2024 / Accepted: 22 November 2024 / Published online: 3 December 2024 
© The Author(s) 2024

Abstract 
The global imperative to enhance crop protection while preserving the environment has increased interest in the applica-
tion of biological pesticides. Bacillus thuringiensis (Bt) is a Gram-positive bacterium that can produce nematicidal proteins 
and accumulate them in parasporal crystals. Root-knot nematodes are obligate root plant parasitic which are distributed 
worldwide, causing severe damages to the infested plants and, consequently, large yield reductions. In this work, we have 
evaluated the toxicity of the Bt crystal proteins Cry5, Cry21, App6, and Xpp55 against two root-knot nematodes belonging 
to the Meloidogyne genus (M. incognita and M. javanica). The results show that all four proteins, when solubilized, were 
highly toxic for both nematode species. To check the potential of using Bt strains producing nematicidal crystal proteins as 
biopesticides to control root-knot nematodes in the field, in planta assays were conducted, using two wild Bt strains which 
produced Cry5 or a combination of App6 and Cry5 proteins. The tests were carried out with cucumber or with tomato plants 
infested with M. javanica J2, irrigated with spore + cristal mixtures of the respective strains. The results showed that the 
effectiveness of the nematicidal activity was plant-dependent, as Bt was able to reduce emerged J2 in tomato plants but not 
in cucumber plants. In addition, the toxicity observed in the in planta assays was much lower than expected, highlighting 
the difficulty of the proteins supplied as crystals to exert their toxicity. This emphasizes the delivery of the Bt proteins as 
crucial for its use to control root-knot nematodes.

Key points
• Solubilized Cry5, Cry21, App6 and Xpp55 Bt proteins are toxic to M. javanica.
• Cry21 toxicity to M. incognita is similar to that of Cry5, App6, and Xpp55 proteins.
• The Cry5 and App6 toxicities on M. javanica after Bt irrigation is crop dependent.
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Introduction

Plant parasitic nematodes (PPN) are one of the most detri-
mental plant parasites, causing yield losses in the agricul-
tural sector of up to 12.3% (157 billion dollars) worldwide 
(Singh et al. 2015). PPNs feed on the cytoplasm of live 
plant cells triggering symptoms in the plant above-ground 

(similar to those caused by water or nutrient deficiencies in 
the soil) and below-ground (unhealthy roots, and root gall-
ing or swelling) (Bridge and Starr 2007). One of the most 
prevalent plant parasitic nematodes are root-knot nematodes 
(Meloidogyne spp.), which cause the majority of nematode 
damage to crops worldwide, mainly due to their broad host 
range and global distribution (Atkinson et al. 2012). They 
infect more than 3000 plant species including vegetables, 
fruit trees, cereals, and ornamental flowers (Abad et al. 
2003). As an example, in the Mediterranean basin, produc-
tion losses caused by Meloidogyne species in horticultural 
crops are estimated between 15 and 60% (Andres and Ver-
dejo-Lucas 2011).

Currently, nearly 100 species of Meloidogyne have been 
identified but the four most common species are M. incog-
nita, M. javanica, M. arenaria, and M. hapla (Bridge and 
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Starr 2007; Jones et al. 2013), which often share habitats. 
They are present in almost all world regions. Indeed, the 
optimal temperature for the development of M. arenaria 
and M. javanica is 28°C, whereas for M. hapla is 24°C; 
although, it is able to survive at field temperatures below 
0°C (Bridge and Starr 2007). M. incognita is probably the 
most widely distributed nematode in tropical and subtropical 
regions, particularly in the warmer areas (Eisenback 2022), 
and M. javanica is widely distributed in warm and tropi-
cal climates in the Americas, Asia, Australia, Africa, and 
Europe. It is often the dominant root-knot species, affect-
ing more than 750 plant species, some of them with high 
economic relevance. Indeed, M. javanica is considered 
a major agricultural pest in many countries (CABI Head 
Office 2021).

Effectively combating nematodes is a formidable chal-
lenge, given their ability to persist for many years in infested 
agricultural soils, making their eradication extremely dif-
ficult in practice. Traditional control methods have been 
applied, including chemical treatments, cultural practices 
(such as soil resting and tillage or crop rotation), as well 
as the use of plant varieties with reduced susceptibility to 
nematode attacks (Andres and Verdejo-Lucas 2011; Khan 
2023). Chemical control has been historically the preva-
lent method due to its rapid action and high effectiveness. 
However, legislative restrictions and the growing concerns 
related to health and environmental problems have shifted 
the focus towards exploring genetic, agronomic, physical 
interventions, and biological methods (Andres and Verdejo-
Lucas 2011; Atkinson et al. 2012; Chitwood 2003; Dutta 
and Phani 2023; Engelbrecht et al. 2018; Khan et al. 2023; 
Siddique and Akker 2021).

The biopesticides predominantly used today are those 
derived from the Gram-positive bacterium Bacillus thur-
ingiensis (Bt) (Olson 2015; Sanahuja et al. 2011). The Bt-
based products are highly specific against a wide range of 
invertebrates (Jurat-Fuentes and Crickmore 2017; Palma 
et al. 2014) and do not pose risks to the environment or 
human health (Koch et al. 2015; Raymond and Federici 
2017). Some Bt proteins belonging to the App6, Cry5, 
Cry12, Cry13, Cry14, Cry21, Cry31, and Xpp55 families 
have shown to be active against nematodes (Bel et al. 2022; 
Jouzani et al. 2017; Liang et al. 2022; Palma et al. 2014; 
Wei et al. 2003).

Regarding Meloidogyne spp., some in vitro studies have 
evidenced the toxicity of Cry5, App6, and Xpp55 against 
M. hapla (Guo et al. 2008; Yu et al. 2008, 2015; Zhang 
et al. 2012) or M. incognita (Peng et al. 2011). And when 
expressed in transgenic plants, Cry5 (Li et al. 2008; Wang 
et al. 2024) and App6 (Li et al. 2007) have shown a high 
protection against M. incognita infestation.

In this work, we have conducted the first assessment 
of Cry 21 toxicity against M. incognita and determined 

its toxicity parameters. In addition, we have evaluated the 
nematicidal activities of Cry5, Cry21, App6, and Xpp55 
proteins against M. javanica. The results reveal that each 
solubilized protein is highly toxic for the tested nematode 
species pointing them as promising candidates to con-
trol these pests. However, the challenge lies in delivering 
effectively Bt proteins to achieve Meloydogyne control, 
as its toxicity decreases largely when they are supplied 
to the plants by traditional irrigation methods (using 
spore + crystal suspensions). This decline in efficacy is 
likely attributed to the biology and feeding behavior of 
the targeted nematode species.

Materials and methods

Nematode rearing

M. javanica and M. incognita were obtained from Spanish 
field populations, usually tomato fields, located in differ-
ent geographical regions at different times. The root-knot 
nematode populations were adapted to laboratory condi-
tions in the Research Koppert facilities in Almeria and 
maintained by infesting nematode susceptible tomato 
plants (Roma and Boludo varieties) in greenhouse-con-
trolled conditions.

To amplify the nematode populations for the in vitro and 
in planta assays, tomato plants grown in pots containing 
sterile sand were inoculated with three egg masses. The 
plants were kept for 3–6 months. After that time, the root-
knot nematode-infected roots were used to obtain second-
stage juveniles (J2) for the tests, by digging up, washing, 
and cutting the roots into small sections. The sections were 
immersed in 10% NaClO and blended at high speed for 
two successive 10-s periods with an interval of 5 s between 
them. After a 5-min maceration, the suspension was passed 
through a 74-µm sieve to remove root debris. The dispersed 
eggs retained in the sieve were concentrated by using 20-µm 
sieves. The eggs were further purified using the sugar flota-
tion technique, mixing the eggs with saccharose 1 M and 
centrifuging the suspension 10 min at 1300 rpm in 50-ml 
round bottom tubes. Then, the magnesium sulfate differ-
ential centrifugation method was applied, pipetting 0.9 M 
magnesium sulfate solution underneath the egg suspension 
to form a density gradient, and centrifuging the tubes at 
1500 rpm for 3 min. The upper aqueous fraction containing 
the eggs was drawn off with a pipette, placed over a 20-µm 
sieve, and rinsed repeatedly with tap water to remove the 
residual magnesium sulfate. The egg suspension was then 
placed on small modified Baermann trays which were kept 
at 24–25 °C. The hatched J2 were collected after 3–5 days 
and used for the toxicity tests or plant infestations.
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Bacterial strains

Two recombinant Bt strains were used to produce the Cry5 
and Cry21 proteins. The recombinant Bt strain BMB0215 
expressing cry5B (Guo et al. 2008) was kindly supplied by 
Dr. Sun (State Key Laboratory of Agricultural Microbiology, 
Huazhong Agricultural University, Wuhan, People’s Republic 
of China). The Bt strain DB27 (which contains cry21 genes) 
(Iatsenko et al. 2014) was kindly provided by Dr. Sommer 
(Max Planck Institute for Developmental Biology, Department 
of Evolutionary Biology, Tübingen, Germany).

To produce the nematicidal proteins App6 and Xpp55, 
the App6Aa2 (NCBI Acc. No. AF499736) and Xpp55Aa1 
(NCBI Acc. No EU121522) sequences were chosen to design 
the genes to be cloned and expressed in E. coli. The synthetic 
gene sequences obtained after codon optimization (see Online 
Resource1) were synthesized by GenScript (New Jersey, 
USA). Plasmids containing the respective genes were cloned 
in BL21 E. coli cells, and the proteins were expressed in 
Luria–Bertani (LB) broth supplemented with kanamycin, after 
induction with isopropyl-β-D-thiogalactopyranoside (IPTG).

The V-CO3.3 and V-AB8.18 wild Bt strains (deposited 
in the Spanish Type Culture Collection, Accession numbers 
CECT 31068 and CECT 31067, respectively) were selected 
as wild-type Bt strains with potential nematicidal activity 
after an exhaustive screening of wild strains belonging to 
several Bt collections kept at the University of Valencia (Bel 
et al. 2023). The PCR screening to check the presence of the 
cry1, cry2, cry3, cry5, app6, cry12, cry13, cry14, cry21, and 
xpp55 genes was performed as described previously (Bel 
et al. 2023).

The microscopic observation of the V-CO3.3 and 
V-AB8.18 strains by scanning electron microscopy (SEM) 
was performed as reported by Bel et al. (Bel et al. 2023).

Type I β‑exotoxin analyses

The ability of the wild Bt strains to produce type I β-exotoxin 
was determined by LC–MS/MS at the SCSIE (University of 
Valencia, Spain) with a mass spectrometer nanoESI Q-TOF 
(TripleTOFTM 5600, ABSciex) as described elsewhere 
(Khorramnejad et al. 2018). The Bt strain HD2, kindly sup-
plied by I. Thiéry (Institute Pasteur, France), was used as 
positive control (Hernández et al. 2001), and the β-exotoxin 
type I toxin produced by this strain was used to generate 
the calibration curve. Bt HD1 strain was used as negative 
control (Hernández et al. 2001).

Production of the spore/crystal mixtures 
and obtaining the solubilized crystal proteins

The Bt crystal proteins were produced and isolated from the 
Bt strains following the protocol described by Estela et al. 

(Estela et al. 2004) with some modifications. In short, the Bt 
strains were grown in CCY media (Stewart et al. 1981) for 
48 h. Spores and crystals were collected by centrifugation 
(10 min, 16,000 xg, 4 °C) and washed three times with 1 M 
NaCl supplemented with 10 mM ethylenediaminetetraacetic 
acid (EDTA) and twice with 10 mM KCl. The proteins pre-
sent in the crystals were solubilized after adding 50 mM 
carbonate buffer pH 10.5, 10 mM dithiothreitol (DTT) to the 
spore + crystal mixture, and incubating the suspension o/n 
at 4 °C. Then, the sample was centrifuged at 24,000 xg for 
15 min. The purity of the solubilized proteins in the super-
natant was checked by 12% sodium dodecyl sulphate poly-
acrylamide gel electrophoresis (SDS-PAGE). For in vitro 
bioassay purposes, the solubilized proteins were dialyzed 
in 20 mM HEPES buffer, pH 8 (o/n, 4 °C, slight stirring). 
After a 5-min centrifugation at 21,130 xg, the proteins were 
checked by SDS-PAGE and quantified by Bradford (Brad-
ford 1976).

For the in planta experiments, the spore + crystal samples 
were lyophilized after the washing steps. For quantification 
purposes, 1 mg of the lyophilized sample was suspended 
in 0.1 ml of 20 mM HEPES buffer pH 8, and the number 
of spores in the sample was assessed under the microscope 
using a Neubauer chamber. The sample was then diluted in 
20 mM HEPES buffer pH 8 to the appropriate concentration 
for plant irrigation.

The App6Aa2 and Xpp55Aa1 proteins were obtained 
from the transformed E. coli cells as inclusion bodies which 
were isolated after cell precipitation, lysis, and six washing 
steps (three times with 20 mM Tris–HCl, 1 M NaCl, 1% Tri-
ton X100, pH7.5 and three times with a phosphate-buffered 
saline buffer (PBS, Fisher Bioreagents, Geel, Belgium)) 
as described elsewhere (Sayyed et al. 2005). The proteins 
expressed by the respective E. coli cultures were checked by 
12% SDS-PAGE. The Xpp55A protein was detected in the 
inclusion bodies, unlike App6A protein that was detected 
in both inclusion bodies and supernatants. The App6 and 
Xpp55 proteins from inclusion bodies were solubilized and 
quantified as has been described above for Cry5 and Cry21 
proteins.

Crystal protein identification by LC–MS/MS

The identity of the proteins present in the crystals was deter-
mined by LC–MS/MS, following the procedure described 
in Bel et al. (Bel et al. 2023). The protein samples were 
analyzed at the Proteomics Unit of Servei Central de Suport 
a la Investigació Experimental (SCSIE, University of Valen-
cia, Spain). The analyses were performed with a LC–MS/
MS system composed of an Ekspert nanoLC 425 (Eksi-
gent Technologies LLC, CA, USA) and a mass spectrom-
eter nanoESI qQTOF (6600plus TripleTOF, ABSCIEX, 
MA, USA) as described elsewhere (Barranco et al. 2023; 
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Khorramnejad et al. 2020). The identification of the pro-
teins in the samples was done by the Parangon algorithm 
(Shilov et al. 2007) via the Protein Pilot V 5.0 (ABSciex, 
Madrid, Spain) for a generation of the list of peptides and the 
search in the Uniprot databases. Only identification hits with 
a minimum of 95% confidence were considered significant. 
The mass spectrometry proteomics data have been deposited 
to the ProteomeXchange Consortium via the PRIDE (Perez-
Riverol et al. 2022) partner repository with the dataset iden-
tifier PXD053413.

In vitro bioassays

The nematicidal activity of the solubilized Bt proteins was 
determined by performing in vitro bioassay tests in sterile 
conditions using 96-microwell flat-bottom sterile polysty-
rene plates.

The buffer 20 mM HEPES pH 8 was chosen as carrier 
buffer for the bioassays as it was tested as harmless for 
the nematodes (the Bt crystal protein solubilization buffer 
50 mM carbonate buffer pH 10.5, 10 mM DTT resulted 
toxic for nematodes although DDT was innocuous). The 
solubilized Bt crystal proteins dialyzed were diluted to the 
different bioassay concentrations in 20 mM HEPES buffer 
pH 8. Buffer without Bt proteins was used as a control. In 
each bioassay, ten replicates per concentration were done. 
The controls and protein solutions were distributed in the 
96-microwells in a final volume of 90 µl. Then, 10-µl ali-
quots of a J2 suspension containing 30–40 individuals were 
added to each well reaching a final volume of 100 µl. The 
plates were incubated at 25°C in darkness, for 24 h. The 
number of moving (alive) and immobilized J2 nematodes 
(considered dead) in each well were recorded with the help 
of a stereomicroscope Olympus SZ51. Each Bt protein was 
bioassayed three to eight times. The toxicity parameters 
were obtained using the POLO-PC probit analysis program 
(LeOra Software, Berkeley, CA, USA). The LC50 values 
were considered significantly different when 95% fiducial 
limits did not overlap.

In planta assays

The in planta assays to test the nematicidal activity of the 
crystal + spore suspensions of the wild Bt strains were per-
formed with plants of cucumber (variety Jungla) or tomato 
(variety Roma), infested with M. javanica. The plant seeds 
were first deposited in a humidity chamber for 2 to 3 days 
at 25°C to allow germination. Then, seedlings were trans-
planted into 200-cc pots containing an autoclaved mixture 
of sand and vermiculite (2:1, v:v) and allowed to grow for 7 
days in a climate chamber with controlled conditions (25°C, 
75% humidity, 16:8 day:night photoperiod). At day 7, the 
plants were inoculated with 350 M. javanica J2 nematodes. 

A minimum of four plants were used in each assay, and at 
least three replicates of each assay were performed.

The lyophilized Bt spore + crystal productions were 
resuspended in 10 ml 20 mM HEPES buffer pH 8 at room 
temperature to a concentration of 1 × 109 spores/ml. After 
a vigorous stirring with vortex, the suspension was applied 
to the plant. The control plants consisted of plants non-
inoculated with nematodes. The positive control (nematode 
killing control) consisted of infested plants irrigated with 
0.8 cc of DuPont™ Vydate® C-LV insecticide/nematicide, 
whose active ingredient is oxamyl, a carbamate molecule 
used as nematicide on many field crops, vegetables, fruits, 
and ornamentals.

The treatment consisted of irrigating the plants with Bt 
spores + crystals twice: firstly, 3 days before the nematode 
infestation and then at day 7 just before the plant infestation 
with 350 M. javanica J2. The plants were analysed indi-
vidually 8 weeks later. The parameters recorded were the 
number of egg masses in roots (evidenced using the vital 
dye erioglaucine, Sigma-Aldrich Merck KGaA, Darmstadt, 
Germany), the J2 that emerged from them, and the dry foliar 
weight (evaluated after removing the aerial part of the plant). 
The Grubb test (extreme studentized deviant (ESD) method) 
with a significance level of α = 0.05 was used to detect outli-
ers. The one sample t-test with α = 0.5 was applied to detect 
differences in the means of treated plants regarding their 
respective controls, after setting the hypothetical value to 
100.

Results

Toxicity of Cry5, App6, Cry21, and Xpp55 proteins 
against M. javanica and M. incognita

The Bt Cry5, Cry21, App6, and Xpp55 proteins were pro-
duced, purified, solubilized, and dialyzed in 20 mM HEPES 
pH 8. In vitro bioassays were performed using M. javanica 
and M. incognita captured from two or more different locali-
ties that had been reared for at least one generation in green-
houses before being used for the toxicity assays.

The results showed no significant variability in toxicity 
between bioassays from different locations, whether using 
M. incognita or M. javanica populations. Therefore, the tox-
icity data analyses were performed by pooling data from all 
localities in both Meloidogyne species. The toxicological 
parameters obtained are summarized in Table 1.

The results indicated that M. incognita showed a 
slightly higher susceptibility (lower LC50 values) to the 
tested Cry proteins than M. javanica (Table 1). Within 
each nematode species, all four Bt toxins produced similar 
toxicity levels, but App6 was the most effective protein for 
both species (Table 1). This trend is particularly evident 
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for M. javanica, as the FL95 range did not overlap with any 
of the rest of the proteins studied. Cry 21 was the lowest 
toxic protein in both species while the toxicities levels of 
Cry5 and Xpp55 were very similar and close to Cry21 
ones, with overlapping FL95 ranges.

The high slope values obtained from the intoxication 
curves indicated a quick increase in toxicity within a nar-
row range of concentrations. This fact is especially notable 
for M. javanica.

V‑CO3.3 and V‑AB8.18 strains’ characterization 
and toxicity experiments

To test the possibility of using Bt strains to control root-
knot nematodes in the fields, the wild Bt strains V-CO3.3 
and V-AB8.18 were selected after an exhaustive screening 
of 850 strains. The screening was based in the gene content 
(assessed by PCR screening looking for genes that code for 
nematicidal proteins) and in the analyses of the protein con-
tents in their parasporal crystals (Bel et al. 2023).

The microscopic analysis of V-CO3.3 showed that the 
strain produced big bipyramidal crystals (Fig. 1a) while 
V-AB8.18 strain produced elongated bar–shaped ones 
(Fig. 1b).

The results of the PCR screening looking for the genes 
coding for the Cry1, Cry2, Cry3, Cry5, Cry12, Cry13, 
Cry14, Cry21, App6, and Xpp55 nematicidal proteins 
showed that V-CO3.3 amplified only with the specific prim-
ers designed to detect the cry5 gene while V-AB8.18 did use 
the specific primers for cry5 and app6 genes. The identity 
of the genes was confirmed by sequencing the PCR prod-
ucts obtained (Online Resource2). Subsequently, the gene 
sequences were obtained, deposited in GenBank, and their 
names assigned by BPPRC (Crickmore et al. 2021). As a 
result, the cry5 gene of V-CO3.3 codes for Cry5Ba4 (Gen-
bank acc. No. OM424717) and the app6 gene of V-AB8.18 
codes for App6Aa4 (GenBank Acc No. OM424718).

The proteomic analysis showed that the V-CO3.3 crys-
tals were mainly composed of Cry5B protein and that 
V-AB8.18 crystals were made up mostly of App6A but 

Table 1   In vitro analysis of the susceptibility of M. javanica and M. 
incognita to four solubilized Bt nematicidal proteins. The toxicity 
parameters were obtained using POLO-PC probit analysis program 
(LeOra Software, Berkeley, CA, USA) and correspond to the 50% 
lethal concentration (LC50) with its 95% fiducial limits (FL95) and 
the slope of the dose-mortality curve with the error represented by 
the standard deviation. The toxicity curves obtained for Cry5, App6, 
Cry21, and Xpp55 in each of the nematode species were not parallel 
and therefore, the calculation of relative potencies was not applicable. 
The only exception occurred with Cry5 and Cry21 toxicity curves 
obtained with M. javanica (relative potency = 0.92, FL95 = 0.84–
1.02). The relative potencies shown in the table were calculated by 
dividing the LC50 value of the Cry5 by that of the other proteins

*LC50 ratios in relation to Cry5 LC50 value

Bt protein M. javanica

LC50 (µg/ml) FL95 (µg/ml) Slope Relative 
potency 
(LC50 ratio)*

Cry5 529 467–594 3.9 ± 0.2 1
App6 234 176–289 3.0 ± 0.1 2.3
Cry21 574 431–711 4.0 ± 0.1 0.9
Xpp55 483 421–551 5.0 ± 0.2 1.1

M. incognita

Cry5 250 149–356 1.9 ± 0.1 1
App6 181 144–220 3.9 ± 0.1 1.4
Cry21 377 262–543 1.2 ± 0.1 0.7
Xpp55 246 134–348 3.1 ± 0.1 1.0

Fig. 1   Scanning electron microscopy of V-CO3.3 and V-AB8.18 wild 
strains showing spores and parasporal crystal inclusions. a V-CO3.3 
strain showing bipiramidal crystals. b V-AB8.18 strain, showing 

elongated bar–shaped crystals. In the images, white arrows point to 
crystals and empty arrows point to spores
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also contained Cry5B based on the number of peptides 
detected and its protein coverage (Table 2). In addition, 
several peptides of Cry1 proteins were identified in both 
strains, covering a small part of the protein (probably 
belonging to the sequences conserved in all the Bt Cry 
proteins) and with a low number of unused peptides, indi-
cating that most probably these proteins were not present 
in the crystal of these strains as it has been confirmed 
after whole-genome sequencing of the strains (Palma et al. 
2024a, b).

The ability of V-CO3.3 and V-AB8.18 wild strains to 
produce type I β-exotoxin (an adenine nucleotide analog 
metabolite with nematicidal activity (Sánchez-Soto et al. 
2015) that would prevent the possible use of the strains as 
bioinsecticides) was checked by LC–MS/MS, resulting neg-
ative in both of them (Online Resource3). Additionally, the 
non-detection of the thuE gene (the thuE gene is involved 
in the synthesis of type I β-exotoxin and the detection of 
this gene by PCR is used to predict the production of type I 
β-exotoxin (Sauka et al. 2014)) in none of the strains (Palma 
et al. 2024a, b) confirmed the LC–MS/MS results.

The toxicity experiments with the crystal proteins of 
V-CO3.3 and V-AB8.18 was performed in vitro (using 
the crystal proteins solubilized) and in planta (using 
spore + crystal suspensions) using M. javanica J2 juve-
niles. The in vitro results showed that the crystal pro-
teins of both strains had significant nematicidal activities 
(Table 3). For V-CO3.3, the LC50 value found (422.5 µg/
ml) was slightly lower than the one obtained for Cry5 
against this pest (529.2 µg/ml, Table 1). On the other hand, 
the toxicity value of the V-AB8.18 crystal-solubilized 
proteins (102.6 µg/ml, Table 2) was about a half lower 
than the one found for App6 (233.5 µg/ml, Table 1), prob-
ably attributable to the simultaneous presence of Cry5 in 
the crystals. The high slopes observed point to a strong 

toxic effect of the Cry proteins, leading to nematode death 
within a narrow range of concentrations.

In planta experiments

The in planta experiments were performed to test the 
potential of Bt strains producing nematicidal proteins in 
controlling Meloidogyne species in the field. Cucumber 
and tomato plants were watered with spore + crystal sus-
pensions twice: the first treatment was applied on day 3 
after seedling planting, and the second on day 7, immedi-
ately before plant infestation with 350 M. javanica J2. The 
number of egg masses in roots, the emerged J2, and the dry 
foliar weight were recorded 8 weeks later.

Each treatment was replicated three to seven times. 
In both cucumber and tomato, the control plants (not 
inoculated with nematodes) showed no egg masses. And 
there were no statistically significant differences between 
watering plants with water or with 20 mM HEPES buffer. 
Also, irrigation with the chemical oxamyl produced 100% 
of nematode mortality, evidenced by the absence of egg 
masses in the treated roots.

The first trials using cucumber and V-CO3.3 or 
V-AB8.18 (Fig. 2) did not produce statistically significant 
changes the recorded parameters regarding the respec-
tive controls. The lack of significant changes in egg 
masses and emerged J2 regarding controls pointed to the 

Table 2   Proteomic analyses of 
the proteins in the crystals of 
V-CO3.3 and V-AB8.18 strains

a The rank of the specified protein relative to all other detected proteins
b ProtScore; a measure of the protein confidence for a detected protein, calculated from the peptide confi-
dence for peptides from spectra that are not already completely used by higher scoring winning proteins
c The number of peptides with the contribution value more than zero

Isolate Na Unusedb Coverage % Accession Name Peptides (95%) Nc

V-CO3.3 1 417.93 90.359 gi|862,637 Cry5Ba 1917 460
2 32.79 24.220 gi|40,294 Cry1Ca 241 24
3 19.89 21.259 gi|142,765 Cry1Aa 170 19
4 8.01 15.539 gi|40,280 Cry1Da 136 16
6 3.76 19.28 gi|33,765,730 Cry1Fa 135 15

V-AB8.18 1 220.51 97.049 gi|142,776 App6Aa 2107 370
2 87.14 61.53 gi|862,637 Cry5Ba 187 57
3 38 27.419 gi|40,294 Cry1Ca 213 28
4 18.87 23.549 gi|142,765 Cry1Aa 327 37
5 6.02 15.710 gi|40,280 Cry1Da 137 17

Table 3   In vitro analysis of the susceptibility of M. javanica J2 to the 
solubilized crystal proteins of the V-CO 3.3 and V-AB8.18 strains

LC50 (µg/ml) FL95 (µg/ml) Slope

V-CO3.3 423 373–466 6.4 ± 0.6
V-AB8.18 103 71–121 4.5 ± 0.3
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ineffectiveness of the Bt treatments against M. javanica in 
the tested conditions; although, a slight trend to decrease 
the egg masses was observed when plants were irrigated 
with either strain. In addition, no effects were detected 
regarding plant growth.

To check if the nematicidal effect of spore + crystal sus-
pensions was plant-specific, the same experiments were 
replicated using tomato plants (Fig. 3). In tomato, both 
V-CO3.3 (Fig. 3a) and V-AB8.18 (Fig. 3b) decreased the 
number of J2 per plant. While the result was statistically 
significant for V-AB8.18, it was not for V-CO3.3 due to an 
outlier in the sample set, which, despite of differing greatly 
from the rest of the data, did not meet the criteria for exclu-
sion based on Grubbs’ test. Remarkably, there was only a 
slight decrease in the egg masses in the Bt-treated plants 
regarding the controls, highlighting that the effect of the 
irrigation with V-CO3.3 or V-AB8.18 did not significantly 

impact the number of egg masses but had a negative effect 
on the number of J2 emerged from them. Regarding foliar 
weight, the results indicate that V-CO3.3 worked as a biofer-
tilizer, significantly increasing the tomato foliar weight, 
whereas V-AB8.18 did not elicit a similar effect.

Discussion

The susceptibility of some nematodes to Bt proteins is 
known. Regarding root-knot nematodes, while the suscep-
tibility of some Meloidogyne species such as M. hapla or 
M. incognita to some Bt proteins has been studied in some 
extent in the past years, the susceptibility of M. javanica (a 
major agricultural pest in Mediterranean countries and many 
other temperate areas worldwide (CABI Head Office 2021)) 
to Bt proteins remains unknown.

Fig. 2   Impact of irrigation with V-CO3.3 or V-AB8.18 on cucum-
ber plants infested with M. javanica J2. The parameters recorded 
were a egg masses per plant, b J2 per plant, and c dry foliar weight. 
V-CO3.3: plants treated with V-CO3.3 spore + crystal suspensions. 

V-AB8.18: plants treated with V-AB8.18 spore + crystal suspensions. 
Oxamyl: plants treated with oxamyl. Non-V-CO3.3: negative control 
plants (inoculated and non-treated with V-CO3.3). Non-V-AB8.18: 
negative control plants (inoculated and non-treated with V-AB8.18)

Fig. 3   Impact of irrigation with V-CO3.3 or V-AB8.18 on tomato 
plants infested with M. javanica J2. The parameters recorded were 
a egg masses per plant, b J2 per plant, and c dry foliar weight. 
V-CO3.3: plants treated with V-CO3.3 spore + crystal suspensions. 

V-AB8.18: plants treated with V-AB8.18 spore + crystal suspensions. 
Non-V-CO3.3: negative control plants (inoculated and non-treated 
with V-CO3.3). Non-V-AB8.18: negative control plants (inoculated 
and non-treated with V-AB8.18)
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Root-knot nematodes are plant-parasitic nematodes from 
the genus Meloidogyne, widely distributed in nature which 
when infecting plants impair their development or even 
trigger the death of young plants, causing serious economic 
losses to agricultural and horticultural crops. Meloidogyne 
spp. are very difficult to control owing to their short genera-
tion time, high fecundity, entophytic, and sedentary nature 
(Engelbrecht et al. 2018).

So far, the research performed to disclose the Meloi-
dogyne susceptibility to Bt proteins has been focused on 
characterizing the susceptibility of M. hapla and M. incog-
nita to Cry5, App6, and Xpp55 Bt proteins. The first stud-
ies showed LC50 values of about 7 to 24 μg/ml against M. 
hapla (Guo et al. 2008; Yu et al. 2008), similar to the ones 
obtained for the model nematode Caenorhabditis elegans 
intoxicated with Cry5, App6 (Geng et al. 2017b; Luo et al. 
2013), or with Cry21 (Iatsenko et al. 2014). But these values 
were underestimated as the bioassays had been performed 
using proteins solubilized in carbonate buffer pH 9.5 that can 
result in toxicity for Meloidogyne species. Subsequent bioas-
says with M. hapla using the same proteins but solubilized 
in 20 mM HEPES pH 8 showed LC50 values higher than 
the previous ones (156, 71–302, and 261 µg/ml respectively 
Yu et al. 2015; Zhang et al. 2012)) and similar to that of M. 
incognita intoxicated with Cry5, App6, and Xpp55 (LC50 
of 146 or approx. 350 µg/ml for Cry5, LC50 = 383 µg/ml for 
App6 and LC50 = 102 µg/ml for Xpp55 (Geng et al. 2017b; 
Peng et al. 2011)).

In this work, we have tested the susceptibility of Span-
ish populations of M. incognita to solubilized Cry5, App6, 
Xpp55, and to Cry21. The LC50 values obtained for Cry5, 
App6, and Xpp55 (Table 1) were similar to those previously 
reported (Geng et al. 2017a; Peng et al. 2011). Regarding the 
toxicity of Cry21, the value of LC50 = 377 μg/ml obtained 
was slightly higher than that of the other nematicidal Bt 
proteins although not significantly different from them.

The ability of Cry5, App6, Cry21, and Xpp55 to con-
trol M. javanica has been also studied, using M. javanica 
nematode populations obtained from naturally infested 
tomato plants collected in regions of southwestern Spain. 
The results (Table 1) showed that the four Bt proteins tested 
were toxic for this species, with LC50 values slightly higher 
(but not significantly different) to the ones obtained for M. 
incognita. For both M. incognita and M. javanica, the most 
toxic Bt protein was App6. Moreover, within each species, 
the LC50 values for Cry5, Cry21, and Xpp 55 were found to 
be similar. The results obtained in this work about the toxic-
ity of the four Bt proteins against M incognita, M. javanica, 
and the published results regarding M. hapla (Yu et al. 2015; 
Zhang et al. 2012) point to their potential as nematicidal 
agents for the control Meloidogyne spp.

The mode of action of Cry proteins in nematodes 
remains poorly understood and has yet not been elucidated. 

Three-domain proteins such as Cry5 have been studied in 
more extent, and for them and for App6, it has been pro-
posed that they exert their toxic effects after ingestion, being 
guts the primary target tissue (Griffitts et al. 2005; Peng 
et al. 2018; Shi et al. 2020; Wan et al. 2019). This hypoth-
esis was supported by observations of intestinal injury in 
Cry-intoxicated J2 nematodes (Jouzani et al. 2008). On 
the other hand, PPN, including Meloidogyne species, are 
piercing/sucking pests that feed through a stylet structure 
which acts as a molecular sieve that determines their abil-
ity to ingest proteins based on size, shape, and electrostatic 
charge (Eves-van den Akker et al. 2014). Some authors have 
characterized the molecular exclusion limit of the feeding 
tube of some Meloidogyne species, and have confirmed that, 
e.g., M. hapla J2 could ingest 140 kDa solubilized proteins 
directly through the stylet (Zhang et al. 2012). On the other 
hand, the expression of Cry5B or App6 in tomato or tobacco 
conferred resistance to M. incognita (Li et al. 2008, 2007; 
Wang et al. 2024), or the expression of Cry14 in soybean 
protected the plant against the cys nematode Heterodera 
glycines (Kahn et al. 2021), highlighting that the studied 
proteins could be ingested by the PPNs. In this work, in vitro 
experiments have demonstrated that Cry5, Cry21, App6, and 
Xpp55 proteins once solublized are toxic to M. incognita 
and M. javanica, indicating that they can be ingested when 
are in soluble state.

Several studies have reported the nematicidal action of 
Bt spore + crystal mixtures. Assays using spores + crystals 
against M. incognita in vitro (Ramalakshmi et al. 2020) or 
in greenhouses with tomato plants have produced impair-
ing egg hatching (Jouzani et al. 2008; Ramalakshmi et al. 
2020) or a decrease of the number of egg masses (Moham-
med et al. 2008; Ramalakshmi et al. 2020) and damage the 
digestive tract of hatched J2 (Jouzani et al. 2008). Also, 
in vitro assays with spores + crystals have shown toxicity 
against M. javanica (Ravari and Moghaddam 2015), as well 
as decreases in root galling and egg masses in Bt-treated 
tomatoes (Khyami-Horani and Al-Banna 2006; Osman et al. 
1988) or in soybean plants (Chinheya et al. 2017); although, 
the nature of the toxic action has not been disclosed. Reduc-
tion of the galling index, egg masses, and a decrease in the 
soil nematode population has been observed in tomatoes 
infested with M. hapla and treated repeatedly with a Bt 
strain–producing App6 protein (Yu et al. 2015).

In this study, two Bt strains were selected from the col-
lection of Bt wild strains held by UVEG to test if they were 
able to control Meloidogyne species in the fields. The selec-
tion was based on nematicidal gene screening supported 
by proteomic analyses. The strains selected were V-CO3.3 
(which produced Cry5Ba) and V-AB8.18 (that produced 
App6Aa and Cry5Ba). The toxicities of the proteins solubi-
lized from the crystals of these two strains were evaluated 
in vitro, showing that the proteins produced were toxic for 
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M. javanica to the same extent or more than the standard 
purified proteins.

In planta experiments in greenhouses were performed 
using spore + crystal suspensions to irrigate cucumber 
or tomato plants infested with M. javanica J2 nematodes 
derived from M. javanica populations isolated from infested 
tomato fields. The methodology used in the experiments was 
similar to the one published in similar works which caused 
significant nematicidal activity against Meloidogyne (Ber-
litz et al. 2013; Chinheya et al. 2017; Khyami-Horani and 
Al-Banna 2006; Yu et al. 2015), regarding both the Bt con-
centration and the irrigation methodology (with some excep-
tions of constant drenching (Yu et al. 2015)). The results 
obtained in the present work with cucumbers showed that 
none of the treatments, with any of the strains, was effec-
tive in reducing significantly nor the egg masses nor the 
J2 recovered per plant. But with tomato plants, a trend to 
decrease the number of J2 per plant was obvious and sta-
tistically significant in the case of V-AB8.18, highlighting 
that the Bt spore + crystal suspensions impacted negatively 
egg hatching, in agreement with what has been described by 
other authors (Jouzani et al. 2008; Ramalakshmi et al. 2020).

The toxicity of the solubilized crystal proteins of 
V-CO3.3 and V-AB8.18 to M. javanica J2 was very high 
compared with the toxicity found in the in planta experi-
ments performed with spores + crystal suspensions of 
the same strains. The discrepancy between these results 
highlights challenges in delivering Cry proteins to the 
nematodes within the root system or when they are free 
in the soil. It is likely that the structure of the crystal pro-
teins could prevent their ingestion through the nematode 
stylet. The success in controlling Meloidogyne with Bt 
spore + crystal suspensions observed by other authors in 
bioassays (Jouzani et al. 2008; Mokbel and Alharbi 2014; 
Ravari and Moghaddam 2015) or in the in planta experi-
ments mentioned above may be attributed either to par-
tial solubilization of the crystal proteins in the bioassay 
conditions, or to the presence of secondary metabolites or 
strain-specific nematicidal compounds different from crys-
tal proteins (Engelbrecht et al. 2018; Horak et al. 2019; 
Mohammed et al. 2008) that are produced by the strains 
and that could remain in the final preparations. The first 
hypothesis was supported by our own experiments with 
HEPES buffer, which can partially solubilize the crystals 
after incubation of short periods of time at 35°C (after 30 
min, 95 to 125 µg/ml of Cry5 protein were obtained in the 
supernatants of the spore + crystal preparations of the strain 
BMB0215), and therefore can provide mortalities higher 
than negative controls. Overall, the results seem to indicate 
that Cry proteins delivered as crystals can hardly arrive 
to the intestine of the target root-knot nematode because 
of the feeding behavior of these organisms and the associ-
ated difficulty that offers their feeding tube. Most probably, 

based on nematode morphology and physiology, neither the 
bacteria nor the protein in the crystal form are ingested by 
these organisms.

Bt irrigations with V-CO3.3 produced a statistically sig-
nificant increase in leaf weight in tomato while V-AB8.18 
did not, and neither V-CO3.3 nor V-AB8.18 increased the 
leaf weight of cucumber. These in planta observations sug-
gest that some Bt strains can act as biofertilizers and that this 
capacity is related to their specific metabolic background 
and their ability to interact with the plant. Indeed, some Bt 
strains may be plant growth–promoting bacteria, provid-
ing them fixed nitrogen, iron, soluble phosphate, and other 
nutrients (Raddadi et al. 2007). This effect has also been 
described for other nematicidal Bt strains (Yu et al. 2015) 
but seems specific of the strain and crop plant interaction.

Summarizing, Bt nematicidal proteins Cry5, App6, 
Cry21, and Xpp55, when solubilized, are excellent nemati-
cidal agents to control Meloidogyne species, but their use in 
the form of spore + crystal suspensions in conventional irri-
gations poses significant challenges. Alternative approaches, 
such as incorporating these proteins into transgenic plants or 
using nanoparticles carrying solubilized Bt proteins (Jalali 
et al. 2023) (which could even allow the simultaneous deliv-
ery of two proteins with different modes of action), are nec-
essary. Indeed, as mentioned before, Cry5, App6, and Cry14 
transgenic plants have been successfully produced and tested 
to control PPNs. Therefore, it is crucial to continue investi-
gating the delivery methods as well as the mode of action of 
these nematicidal proteins to develop effective bio-control 
strategies against these devastating pests.
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