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26 Abstract

27 We characterized the parasitism by strain B-22 of Phanerochaete chrysosporium on 

28 the eggs, second stage juveniles (J2), and adult females of the root-knot nematode 

29 （Meloidogyne Incognita）. Strain B-22 had a strong lethal effect against M. incognita J2. 

30 The highest corrected mortality was 71.9% at 3  108 conidia mL-1. The estimated LC50 

31 value was 0.96  108 conidia mL-1. Strain B-22 parasitized M. incognita eggs 2 days after 

32 treatment, causing the depression and dissolution of egg shells. The fungal spores 

33 parasitized J2 by gathering in the body wall, germinating to develop hyphae, and crossing 

34 the juvenile cuticle to dissolve it, thereby causing the shrinkage and deformation of the 

35 juvenile body wall. The spores and hyphae also attacked adult females, causing the 

36 shrinkage and dissolution of their bodies and leakage of contents in 5 days. Results of 

37 greenhouse experiments showed that different concentrations of P. chrysosporium 

38 effectively controlled different life stages of M. incognita and root knot symptoms in 

39 tomato plants. Moreover, the control efficacy increased with increasing conidial 

40 concentration; the best results were achieved with 3  108 cfu mL-1. In the roots, the 

41 highest inhibition rate was 84.61% for adult females, 78.91% for juveniles, 84.25% for the 

42 egg mass, and 79.48% for the gall index. The highest juvenile inhibition rate was 89.18% 

43 in the soil. Meanwhile, strain B-22 improved the plant growth. Thus, P. chrysosporium 

44 strain B-22 is safe for tomato plants while effectively parasitizing M. incognita, making it a 

45 promising biocontrol agent against M. incognita.

46

47 Keywords: Phanerochaete chrysosporium, Meloidogyne incognita, parasitism, 

48 nematophagous fungus, pathogenicity, biocontrol agent
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50 Introduction

51 Plant-parasitic nematodes are very common in controlled-environment agriculture and 

52 cause economic losses via reduction in greens quality and quantity. Global agricultural 

53 losses caused by plant-parasitic nematodes have been estimated at more than $157 billion 

54 [1]. Root-knot nematodes (Meloidogyne spp.), which comprise 98 species and parasitize 

55 almost every species of vascular plants [2], are the most economically important 

56 destructive obligate plant-parasitic nematodes. They occur globally, especially in tropical 

57 and subtropical agricultural areas, and cause significant yield losses annually (at least $77 

58 billion) to world crops [3]. Meloidogyne incognita is one of the most important species in 

59 the genus Meloidogyne, and it causes dramatic yield losses in many cash crops (such as 

60 tomato) in controlled-environment agriculture, which is the main approach to produce 

61 vegetables and an important stepping stone to modern agriculture in China. The intensive 

62 production, rich soil fertility, suitable soil temperature and moisture, and lack of effective 

63 crop rotation in controlled-environment agriculture provide highly favorable conditions for 

64 the growth and propagation of M. incognita. After 3~5 years of cultivation under 

65 controlled conditions with M. incognita infection, the crop yield loss is 20–40% or 

66 sometimes even up to 60% [4]. M. incognita infects the roots of almost all cultivated plants 

67 in controlled-environment agriculture, impedes plants’ uptake of water and nutrients due to 

68 the formation of giant cells in the roots, and facilitates infection by soil pathogenic 

69 microorganisms. Moreover, M. incognita is difficult to control because of its wide host 

70 range, short generation time, and high reproductive rate [5]. For example, M. incognita can 

71 infect 1,700 plant species [6]. In China, most greenhouse-grown vegetables are infected 

72 with M. incognita, causing annual losses of more than $400 million [7]. For these reasons, 

73 M.incognita has become a prominent problem in controlled-environment agriculture in 

74 China. 
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75 At present, prevention and control measures against root-knot nematodes include 

76 sanitation, crop rotation, the use of organic soil amendments, trap crops, grafting, 

77 fertilization, heat-based methods, cultivation of resistant cultivars, transgenic varieties, 

78 chemical control, etc. [8,9]. The application of chemical nematicides is the most 

79 extensively used and efficient method for the control of M. incognita. However, chemical 

80 nematicides pose serious threats to the environment and human health and are costly for 

81 growers; therefore, the use of chemical nematicides is increasingly being limited or banned 

82 [10]. Thus, developing safe, environmentally friendly, and non-toxic alternative methods 

83 effective in controlling M. incognita are urgently needed. Biocontrol agents provide an 

84 alternative strategy for sustainable M. incognita management [11,12]. 

85 Fungi are an important group of microorganisms that are abundant in soil, and some of 

86 these microbes have been characterized for the biocontrol of plant-parasitic nematodes. 

87 Nematophagous fungi reduce nematode density by parasitism, predation, or antagonism. 

88 Several species of nematophagous fungi have been isolated from around the world. These 

89 fungi include Acremonium strictum, Arthrobotrys robusta, Catenaria auxiliaris, Dactylella 

90 oviparasitica, Hirsutella rhossiliensis, Nematophthora gynophila, Paecilomyces lilacinus, 

91 Pochonia chlamydosporium, and Trichoderma harzianum [13-19]. Many 

92 nematode-parasitic fungi have been extensively reported. On the basis of the mechanism of 

93 attack on nematodes, nematophagous fungi can be categorized into four major groups: 

94 nematode-trapping, endoparasitic, egg-parasitic, and toxin-producing fungi. 

95 Nematode-trapping fungi produce trapping devices or specialized structures, which include 

96 adhesive networks, adhesive knobs, constricting rings, and adhesive branches, to capture 

97 nematodes. Endoparasitic fungi use their adhesive conidia to infect nematodes. These 

98 conidia rapidly germinate into hyphae, which can grow, digest, and penetrate the nematode 

99 body wall. Egg-parasitic fungi infect nematode eggshells by specialized pegs or 
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100 appressoria. Simultaneously, these fungi usually produce extracellular hydrolytic enzymes 

101 such as proteases and chitinases that play important roles in disintegrating nematode 

102 eggshell layers. Toxin-producing fungi produce toxins to paralyze nematodes, and they 

103 produce hyphae that can penetrate through and dissolve nematode cuticles [20]. 

104 White-rot fungi are used for the removal of toxic pollutants from wastewater [21] and 

105 for the improvement of the environment. They can also decompose organic matter such as 

106 grass seeds and pathogens from agricultural soils by composting [22]. White-rot fungi 

107 commonly inhabit forest litter and fallen trees; they have a strong degradation potential for 

108 organic compounds owing to their extracellular oxidative enzymes such as oxidases and 

109 peroxidases. These microbes have been demonstrated to efficiently depolymerize, degrade, 

110 and mineralize all components of plant cell walls, including cellulose, hemicellulose, and 

111 the more recalcitrant lignin [23]. Pleurotus ostreatus, a white-rot basidiomycete, can 

112 produce toxin droplets to attack and consume nematodes [24,25]. The gene sequences 

113 encoding fruiting body lectins of Pleurotus cornucopiae are similar with the lectin of a 

114 nematode-trapping fungus [26]. Phanerochaete chrysosporium is also a white-rot 

115 basidiomycete, which can produce diverse extracellular enzymes in the growing hyphal 

116 mass [27]. Moreover, the use of P. chrysosporium in soil has been shown to be effective in 

117 controlling cut chrysanthemum wilt disease by Fusarium oxysporum and in improving 

118 plant physiological status [28]. The inoculation of P. chrysosporium in greenhouse soil has 

119 been shown to help overcome the problems of continuous cropping of cucumber by greatly 

120 reducing the occurrence of root wilt and root-knot nematode diseases and reducing the 

121 relative disease index of root-knot nematodes [29].

122 The aims of this study were to evaluate the efficacy of P. chrysosporium strain B-22 

123 isolated from soil samples from tomato greenhouses in Taigu, Shanxi Province, China, for 

124 the biocontrol of the Southern root-knot nematode M. incognita under in vitro and field 
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125 conditions, and to assess the safety of this strain for plant growth. Our results might 

126 provide the basis for the development of P. chrysosporium as a bio-pesticide for the 

127 control of M. incognita in greenhouse-grown vegetables. The results will provide new 

128 strategies for the theoretical and practical management of M. incognita.

129

130 Materials and methods

131 Nematode Inoculum Preparation

132 Infected tomato roots were collected from a tomato under greenhouse field on Taigu 

133 (Shanxi province, China) and single egg mass was cultured on tomato as inoculum to 

134 establish nematode population for experiment. The species of nematode was identified as 

135 M.incognita on the basis of the morphological and morphometrical characters[30]. Egg 

136 masses were directly extracted from infected root galls using 1% sodium hypochlorite 

137 (NaClO), and separated eggs was gently washed with sterile water to remove the NaClO 

138 [31]. Egg masses were kept in distilled water in dark at 25°C for 48h. Then the hatched 

139 juveniles were counted for survival under stereoscopic microscope (Nikon Instruments Inc., 

140 Tokyo, Japan). The suspensions of M. incognita were diluted to approximately 200 

141 juveniles per milliliter with distilled water. After surface sterilized, the eggs, juveniles and 

142 females were stored at 4 °C for subsequent trials.

143

144 Phanerochaete Chrysosporium Inoculum Preparation

145 P. chrysosporium B-22 was obtained from Plant pathology department, Shanxi 

146 Agriculture University in China and was cultured with potato-dextrose agar medium. The 

147 P. chrysosporium was morphologically identified as Burdsall [32]. Five days after 

148 incubation at 25 °C, the purified P. chrysosporium B-22 was used to produce spore 

149 suspensions for inoculation, then spore suspensions were adjusted to obtain 3×108 cfu mL-1 
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150 for treatments with autoclaved distilled water and counted using hemocytometer [33]. 

151

152 Parasitic effect of P. chrysosporium strain B-22 on the eggs, J2, and adult females of M. 

153 incognita

154 Root samples infected with M. incognita were collected from greenhouse-grown 

155 tomato plants in Taigu, Shanxi Province, China. The root samples were gently washed with 

156 sterile water and further processed in the Laboratory of Nematology at Shanxi Agricultural 

157 University, Taigu. M. incognita egg masses and adult females were directly collected from 

158 the root samples. Adult females having surface sterilising with 1% NaCOl were suspended 

159 in sterile water and the density adjusted to 100 females mL-1. Egg masses were added into 

160 sterile petri dishes with sterile water and incubated at 25 C ± 1 C for 3 days in the dark to 

161 hatch the M. incognita J2, which having surface sterilising with 1% NaCOl were then 

162 incubated to obtain a 1,000 J2 mL-1 suspension. Egg masses were centrifuged in 1% 

163 NaOCl at 2,000 rpm for 3 min, and free eggs were collected to prepare a 3,000 eggs mL-1 

164 suspension. 

165 The parasitic effects of strain B-22 on the eggs of M. incognita were determined as 

166 described by Zhang et al. [34]. In brief, 100 µL of M. incognita egg suspension (about 300 

167 eggs) was placed in a sterile petri dish containing strain B-22 spore suspension at 3 × 108 

168 cfu mL-1. A blank control was prepared with an equal volume of sterile water instead of the 

169 strain B-22 spore suspension. Petri dishes were incubated at 25 C ± 1 C for 3 days. 

170 Samples were taken for microscopic examination using a Nikon 80i microscope with an 

171 image analysis system (Nikon Instruments Inc.).

172 The parasitic effects of strain B-22 on M. incognita J2 were determined according to 

173 Schwartz [35]. Briefly, 100 μL of M. incognita J2 suspension (about 100 J2) was placed in 

174 a sterile petri dish containing strain B-22 spore suspension at 3 × 108 cfu mL-1; these petri 
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175 dishes were incubated at 25 C ± 1 C for 1 day, after which M. incognita J2 were picked 

176 up and placed on a prepared glass slide with 4% agarose for examination by fluorescence 

177 microscopy with an image analysis system (Nikon 80i microscope). Microscopic 

178 examinations were performed 2 days later.

179 The parasitic effects of strain B-22 on M. incognita adult females were determined 

180 according to Dong et al. [36]. Briefly, strain B-22 was grown on water agar (WA) until the 

181 colony diameter reached near the edge of the dish. Sterile coverslips were placed in the 

182 WA, and adult females (about 10 females) were transferred onto the coverslips and 

183 incubated at 25 C ± 1 C for 5 days. A control group was prepared without strain B-22. 

184 Samples were subjected to microscopic examination using the Nikon 80i microscope with 

185 an image analysis system.

186

187 Lethal effect of P. chrysosporium strain B-22 on the second-stage juveniles of M. 

188 incognita

189 Second-stage juveniles (J2) of M. incognita (about 100 J2 100 L-1) were placed in 

190 sterile petri dishes containing 1.875  107, 3.75  107, 7.5  107, 1.5  108, and 3  108 cfu 

191 mL-1 of a conidial suspension of P. chrysosporium strain B-22, as determined by a 

192 Neubauer hemocytometer. Control contained sterile water and a suspension of M. 

193 incognita J2. Petri dishes were incubated at 25 C ± 1 C for 72 h, and samples were taken 

194 at 24 h intervals to count the number of dead J2 using a Nikon stereomicroscope (Nikon 

195 Instruments Inc., Tokyo, Japan).

196 The mortality of M. incognita J2 was determined by the visual inspection of stiff 

197 individuals that stayed motionless after a gentle probe with a bamboo needle. The results 

198 were used to calculate the mortality and corrected mortality rates (%) of M. incognita J2. 

199 The median lethal dose (LC50) of strain B-22 conidia for M. incognita J2 was determined 
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200 by simple linear regression analysis of the conidial concentration of strain B-22 and 

201 corrected mortality rate among J2 of M. incognita: y = ax + b, where “y” is the corrected 

202 mortality rate among J2 of M. incognita and “x” is the conidial concentration of strain 

203 B-22. Mortality (%) = (number of dead J2 in each treatment/total number of test J2)  

204 100%. Corrected mortality rates (%) = (number of dead J2 in each treatment  number of 

205 dead J2 in the control treatment)(1 number of dead J2 in the control treatment)  100%.

206

207 Greenhouse evaluation of the control efficacy of P. chrysosporium strain B-22 

208 P. chrysosporium strain B-22 was incubated in potato dextrose agar plates at 25 C ± 

209 1 C for 10 days, after which 5 mL of sterile water was pipetted onto the surface of the 

210 plates, and the spores were scraped off from the plates [37]. The spore suspension was then 

211 filtered through a fine-mesh screen (diameter 0.15 mm) to separate the spores from the 

212 hyphae. The concentration of the spore suspension was determined by a Neubauer 

213 hemocytometer and then adjusted to 1.875  107, 3.75  107, 7.5  107, 1.5  108, and 3  

214 108 cfu mL-1 and stored at 4 C until use. 

215 A greenhouse experiment was laid in a completely randomized design with six 

216 replications (pots) using autoclaved soil sterilized at 121 C for 2 h. Soil was individually 

217 transferred into plastic pots (4kg soil pot-1), and three seeds of the M. incognita-susceptible 

218 F1-hybrid tomato cultivar JG9002 were planted in each pot. When tomato seedlings were 

219 growing, each pot was treated with the above spore suspension at the following 

220 concentrations: 1.875  107, 3.75  107, 7.5  107, 1.5  108, and 3  108 cfu mL-1. After 15 

221 days, every pot was artificially inoculated with 1,000 M. incognita J2. All pots were 

222 maintained in a greenhouse at 25 C, 16 h sunlight, and 65% relative humidity. Pots were 

223 fertilized weekly with about 3 g L-1 of Poly Fertisol (N:P:K = 14:10:14) and watered daily 
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224 as needed. Pots inoculated with M. incognita J2 but not with the P. chrysosporium strain 

225 B-22 spore suspension served as controls, while pots that were not inoculated with M. 

226 incognita J2 or the P. chrysosporium strain B-22 spore suspension served as blanks.

227 After 10 weeks, plant and soil samples from all treatments were randomly collected and 

228 brought to the laboratory for counting the nematodes in the roots and the soil for the 

229 calculation of the root knot index. The count of nematodes in the soil was determined as 

230 per Castillo et al. [38]. Briefly, nematodes were extracted from 100 cm3 samples of soil by 

231 centrifugal flotation. Sterilized water was used to wash the soil; then, the filtered water, 

232 which was passed through a 710 μm mesh sieve, was collected in a beaker in which it was 

233 mixed with 4% kaolin (v/v). This mixture was centrifuged at 1,100 ×g for 4 min, after 

234 which the supernatants were discarded, while pellets were resuspended in 250 mL MgSO4, 

235 and the new suspensions were centrifuged at 1,100 ×g for 3 min. Supernatants were sieved 

236 through a 5 μm mesh, and nematodes collected on the sieve were washed with sterilized 

237 water, transferred to petri dishes, and counted under a stereomicroscope. The nematode 

238 count in the roots was determined as in Sharon et al. [39]. Egg masses were dissected from 

239 the roots and treated with 0.5% NaOCl. Free eggs were collected and examined. Egg 

240 samples (about 100 eggs) were incubated in 1 mL of water for 2 days, and the hatched J2 

241 were counted. The extent of root galling damage was determined [40,41] in treatment and 

242 control pots after 10 weeks. According to root gall damage, the severity of tomato root 

243 galling was assessed on a scale from 0 to 10, where 0 = no knots on roots and 10 = all roots 

244 severely knotted or no root system. Root knot index = Σ(number of diseased plants in each 

245 rating × score/total number of plants investigated × highest rating) × 100%. Six 

246 replications of each treatment were included.

247

248 Safety of P. chrysosporium strain B-22 on tomato plant growth
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249 Plant height, root length, aboveground fresh mass, and root fresh mass were measured 

250 independently in each treatment and control after 10 weeks of growth. Plant height and 

251 root length were measured with a graduated ruler, while plant fresh mass was weighed on 

252 an electronic balance. 

253

254 Statistical analysis

255 All experiments were repeated six times. Data were processed using Microsoft Excel 

256 2007 and expressed as means ± standard deviation (n = 6). The significance of differences 

257 in the counts of females, egg masses, and juveniles in the roots; tomato root gall index; and 

258 measurements of plant height, root length, aboveground fresh mass, and root fresh mass 

259 were examined using the t-test and one-way analysis of variance using SPSS 17.0 (SPSS 

260 Inc., Chicago, IL, USA). Statistical significance was considered at p-values of less than 

261 0.05.

262

263 Results

264 Lethal effect of strain B-22 on M. incognita J2

265 Strain B-22 conidial concentration and treatment timing significantly influenced the 

266 mortality of M. incognita J2 (Table 1). Compared with the control, the mortality of J2 in 

267 these experiments was significantly (p < 0.05) greater in all treatments the strain B-22 

268 suspension at the different conidial concentrations, from 1.875  107 to 3  108 cfu mL-1. 

269 Mortality increased linearly with the conidial concentration of strain B-22 and time of 

270 treatment. The result was similar for all three treatments (24 h, 48 h, and 72 h). In general, 

271 the corrected mortality rate of M. incognita J2 24 h after treatment was 42.8%. Moreover, 

272 corrected mortality rates of M. incognita J2 with the conidial concentration of 1.875  107 

273 cfu mL-1 was 21.6%. The highest corrected mortality (71.9%) was observed 72 h after 
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274 treatment with the conidial concentration of 3  108 cfu mL-1. LC50 values decreased with 

275 time of treatment (Table 1). Estimated LC50 values were 3.6, 2.4, and 0.96  108 cfu mL-1 

276 after 24, 48, and 72 h of incubation, respectively. 

277

278 Parasitic effect of strain B-22 on M. incognita at different life stages

279 P. chrysosporium strain B-22 quickly parasitized the eggs of M. incognita after 2 days 

280 of treatment. In the initial period of parasitism, the spores of strain B-22 were in contact 

281 and conglutinated with the eggs, and they geminated and produced short hyphae around 

282 them (Fig. 1a). Strain B-22 grew rapidly, causing the aggregation of the inner contents of 

283 the eggs. The hyphae of strain B-22 ran through the eggs, causing shrinking of the egg 

284 shell. More hyphae grew from the egg (Fig. 1b). Over the following 2 days, the egg shell 

285 was deformed and shrunk further. This continued until the egg shell was completely 

286 dissolved by strain B-22. The eggs were broken by the hyphae. At last, the dense mycelia 

287 of strain B-22 enveloped the egg, which at the time looked abnormal and misshapen (Fig. 

288 1c). In the controls that were not inoculated with the conidia of strain B-22, the eggs of M. 

289 incognita were intact; microscopic examination confirmed that they had a smooth surface 

290 and uniform contents (Fig. 1d).

291 Strain B-22 also parasitized M. incognita J2. After 3 days of incubation, the spores of 

292 strain B-22 were seen on the cuticle of J2 upon microscopic examination, as observed in 

293 the case of parasitism on eggs. Strain B-22 conidia gathered in the body wall of the J2 (Fig. 

294 2a). Spores geminated and produced hyphae from the body of J2. Thus, strain B-22 grew 

295 on the surface of the cuticle of J2 of M. incognita (Fig. 2b). With time, strain B-22 

296 produced more mycelium on J2 and dissolved their cuticles, causing shrinkage and 

297 deformation of their body wall (Fig. 2c). After 5 days of incubation, microscopic 

298 examination showed that the J2 cuticles were dissolved or severely deformed. Dissolved 
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299 residues of the bodies of J2 were seen clearly. The J2 cuticle line was bent and shrunken 

300 (Fig. 2d). Eventually, strain B-22 produced massive spores to develop a dense mycelium, 

301 and parasitized the body surface of the J2. The color of the cuticle was extensively altered 

302 (Fig. 2e). In untreated controls that were not inoculated with the conidia of strain B-22, the 

303 M. incognita J2 showed an intact body wall and slow movement (Fig. 2f).

304 Strain B-22 also parasitized M. incognita adult females. Upon 4 days of incubation, the 

305 spores of strain B-22 surrounded the adult females and stuck to their surface. The contents 

306 of the bodies of the females leaked out, and short hyphae grew out from their bodies (Fig. 

307 3a). After 7 days of treatment, strain B-22 formed dense hyphae crossing the body walls of 

308 adult females. Moreover, the adult female body looked severely atrophied and was partly 

309 dissolved due to leakage (Fig. 3b). In the untreated controls that were not inoculated with 

310 the conidia of strain B-22, M. incognita adult females showed complete and healthy bodies 

311 with a smooth surface and obvious boundary. Inside, the contents of the adult female body 

312 were intact (Fig. 3c).

313

314 Greenhouse evaluation of the control efficacy against root galling by strain B-22

315 The conidial concentration of strain B-22 significantly influenced the different stages 

316 of M. incognita (Table 2). The antagonistic effect of different conidial concentrations on 

317 the nematodes was significantly (p < 0.05) greater in the treatments than in the blanks and 

318 controls. P. chrysosporium strain B-22 significantly decreased the quantities of J2, females, 

319 and egg masses of M. incognita, as well as the root gall index. The number of J2 in the soil 

320 also decreased due to treatment with strain B-22. In general, the control efficiency of M. 

321 incognita significantly increased with increasing conidial concentration of P. 

322 chrysosporium strain B-22. The inhibition ratio of the females ranged between 46.15% and 

323 84.61% in the roots, while that of the juveniles ranged from 45.57% to 78.91%, and that of 

.CC-BY 4.0 International licenseavailable under a
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (which wasthis version posted April 29, 2019. ; https://doi.org/10.1101/622472doi: bioRxiv preprint 

https://doi.org/10.1101/622472
http://creativecommons.org/licenses/by/4.0/


14

324 the egg mass was from 50.39% to 84.25%. Furthermore, the inhibition ratio of the root gall 

325 index was 33.33–79.48%; and in the soil, the inhibition ratio of the juveniles reached 

326 68.51–89.18% (Table 2).

327

328 Safety of strain B-22 for tomato plant growth

329 The use of P. chrysosporium strain B-22 in soil was found to be safe for tomato plant 

330 growth, and in fact, it had a growth-promoting effect. The conidial concentration of strain 

331 B-22 significantly influenced the promotion of plant growth in tomato (Table 3). Plant 

332 height, root length, aboveground fresh mass, and root fresh mass were significantly (p < 

333 0.05) greater upon treatment with P. chrysosporium at different conidial concentrations 

334 compared with the blanks and controls. The growth-promoting effect on tomato plants 

335 increased with increasing conidial concentration. The highest promotion was achieved by a 

336 conidial concentration of 3  108 cfu mL-1. In this case, plant height was 29.5 cm; root 

337 length was 30 cm; aboveground fresh mass was 9 g; and root fresh mass was 1.5 g, while 

338 the corresponding values in the controls were 9.7 cm, 9.1 cm, 1.5 g, and 0.28 g, 

339 respectively. The highest increase rates for plant height, root length, aboveground fresh 

340 mass, and root fresh mass were 202.06%, 185.71%, 426.66%, and 292.85%, respectively 

341 (Table 3).

342

343 Discussion

344 P. chrysosporium is a white rot fungus. Some other such fungal genera include 

345 Trametes, Bjerkandera, Pleurotus, Fomes, Polyporus, Poria, and Coriolus. Pleurotus 

346 ostreatus has been identified as a nematophagous fungus [42]. From this species, Kwok et 

347 al. [43] isolated the toxin trans-2-decenedioic acid, which is toxic to nematodes. Here, P. 

348 chrysosporium proved to be just as lethal to root-knot nematodes as P. ostreatus. We 
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349 isolated P. chrysosporium strain B-22 as a nematophagous fungus lethal to the Southern 

350 root-knot nematode M. incognita. Previous studies on P. chrysosporium have focused on 

351 removing toxic environmental pollutants [44]. P. chrysosporium can produce lignin 

352 peroxidase, manganese peroxidase, and laccase [45], among others. Inoculation with P. 

353 chrysosporium can greatly reduce the disease index of wilt and root-knot nematode; thus, it 

354 might be promising to use it to overcome continuous cropping limitations, e.g., in 

355 cucumber[29]. Isolated P. chrysosporium has been used in the biodegradation of lignin and 

356 nicotine in tobacco stalk [46], as well as polycyclic aromatic hydrocarbons [45] and other 

357 pollutants [47,48]. Meanwhile, Xu et al. [29] used P. chrysosporium for the control of 

358 damping-off root wilt disease caused by the continuous cropping of cucumber. The present 

359 study identified P. chrysosporium as a parasitic fungus infecting M. incognita. The assay of 

360 the lethal effect by P. chrysosporium strain B-22 on the M. incognita J2 demonstrated that 

361 strain B-22 can control these nematodes. This assay provides the first evidence of 

362 parasitism of P. chrysosporium on M. incognita. To further confirm this case of parasitism, 

363 our study demonstrated that strain B-22 was parasitic on M. incognita at different life 

364 stages. This provided further strong evidence of the parasitism of P. chrysosporium on M. 

365 incognita.

366 In this study, P. chrysosporium strain B-22 parasitized the eggs of M. incognita by 

367 producing hyphae, which first surrounded the egg shell and then destroyed the eggs. Some 

368 studies have shown that the egg-parasitic fungi Verticillium suchlasporium, P. lilacinus, 

369 Pochonia spp., and T. harzianum can secrete protease and chitinase, which degrade certain 

370 cyst nematode proteins to effectively destroy the nematode egg shell and later parasitize 

371 and kill the eggs [49]. We speculated that the infection of M. incognita eggs by strain B-22 

372 might also be involved in egg shell decomposition through the production of protease and 

373 chitinase. 
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374 P. chrysosporium strain B-22 parasitized the J2 of M. incognita by producing sticky 

375 conidia that enveloped them. These J2 were completely destroyed after 5 days of 

376 incubation. In general, the fungal conidia first stuck to the nematode cuticle or made some 

377 structures to adhere to. Then, massive hyphae grew and crossed and invaded the nematode 

378 cuticle, causing the deformation and death of J2 by leakage. Nematode cuticle 

379 decomposition indicates that P. chrysosporium strain B-22 might be able to produce 

380 proteases that degrade the nematode cuticle, as reported for Lecanicillium psalliotae, 

381 which produces an extracellular protease to degrade the nematode body [50]. Parasitic P. 

382 ostreatus, which is another white-rot fungus that attacks nematodes, was reported to 

383 produce toxin droplets to attack nematode J2, thereby killing them in 2h [24,42,51]. It is 

384 likely that P. chrysosporium strain B-22 employed a similar mechanism, i.e., produced 

385 toxin droplets to attack and kill the nematode. 

386 Strain B-22 produced mycelial masses on the surface of the adult females of M. 

387 incognita; thus, the females were killed by the parasitizing mycelia. Our results indicate 

388 that P. chrysosporium strain B-22 can parasitize M. incognita and thus function as a 

389 biocontrol agent. 

390 Results from our greenhouse experiments clearly demonstrated that different 

391 concentrations of P. chrysosporium strain B-22 could control different life stages of M. 

392 incognita and root knot in tomato. Moreover, the control efficacy increased with the 

393 conidial concentration of the B-22 suspension. In contrast, P. chrysosporium strain B-22 

394 significantly increased plant height, root length, and aboveground and root fresh mass of 

395 tomato plants inoculated with M. incognita. Thus, P. chrysosporium strain B-22 effectively 

396 controlled M. incognita, while significantly improving the growth of tomato plants. These 

397 results indicate that P. chrysosporium strain B-22 is safe for greenhouse-grown tomato 

398 seedlings. 
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399 In conclusion, this study characterized the parasitism of P. chrysosporium strain B-22 

400 on the eggs, J2, and adult females of the M. incognita. We also evaluated this strain’s 

401 control efficacy and safety when applied in tomato plant culture in a greenhouse. The 

402 results demonstrated the potential of P. chrysosporium strain B-22 as a promising 

403 biocontrol agent for the control of M. incognita. However, additional studies are needed to 

404 identify and characterize the molecules responsible for the toxic effect of this parasitic 

405 fungal strain on the nematode and the mechanism associated with the parasitic infection of 

406 M. incognita. In addition, this strain’s control efficacy under field conditions and against 

407 other root-knot nematodes needs to be investigated.
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555 Table 1 Effects of treatment timing and conidial concentration of the Phanerochaete 

556 chrysosporium strain B-22 suspension on the mortality of second stage juveniles (J2) of 

557 Meloidogyne incognita. Values within columns followed by different lowercase letters are 

558 significantly different at 0.05 level.

Time 

(h)

Conidial 

concentration 

( 107 conidia 

mL-1)

Mortality (%)

Corrected 

mortality 

rates (%)

Linear 

regression 

equation

Correlation 

coefficient

LC50

( 108 

conidia 

mL-1)

30 50.1 ± 1.0d 42.8
15 46.7 ± 1.3f 38.9
7.5 40.2 ± 1.0g 31.5
3.75 33.2 ± 1.4h 23.4
1.875 31.6 ± 0.5h 21.6

24

Control 12.7 ± 1.179i --

Y = 0.7511 × X 

+ 22.91
0.8539 3.6

30 62.0 ± 1.17bc 54.5
15 53.6 ± 1.2de 44.4
7.5 47.6 ± 0.83ef 37.3
3.75 41.7 ± 0.65g 30.2
1.875 40.1 ± 0.95g 28.3

48

Control 16.4 ± 0.4i --

Y = 0.9246 × X

 + 28.19
0.9681 2.4

30 76.6 ± 1.1a 71.9
15 65.4 ± 2.4b 58.4
7.5 60.2 ± 0.92c 52.2
3.75 50.6 ± 0.9def 40.6
1.875 48.9 ± 0.6f 38.6

72

Control 16.7 ± 0.35i --

Y = 1.16 × X

 + 38.85
0.944 0.96
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560

561 Table 2 Controlling effects of Phanerochaete chrysosporium strain B-22 at different concentrations against Meloidogyne incognita.

562 Values within columns followed by different lowercase letters are significantly different at 0.05 level.

Treatment

(cfu mL-1)

Females in 

root (ind 2 

g-1)

Inhibition 

ratio (%)

Egg mass in 

root

(ind 2 g-1)

Inhibition ratio 

(%)

Juveniles in 

root

(ind 2 g-1)

Inhibition 

ratio (%)

Juveniles in 

soil

(ind 2 g-1)

Inhibition 

ratio (%)

Gall index 

in root

Inhibition 

ratio (%)

3  108 10  1d 84.46 20  1d 84.25 31  3e 78.91 113  3e 89.18 0.8  0.3e 79.48

1.5  108 19  1c 70.76 39  1c 69.29 49  2d 66.66 144  3de 86.22 1.2  0.2d 69.23

7.5  107 25  2c 61.53 42  2c 66.92 56  2d 61.90 199  7d 80.95 1.6  0.3c 58.97

3.75  107 33  1bc 49.23 59  2b 53.54 67  2c 54.42 236  7c 77.41 2.4  0.3bc 38.46

1.875  

107
35  2b 46.15 63  3b 50.39 80  4b 45.57 329  9b 68.51 2.6  0.2b 33.33

Control 65  1a - 127  2a - 147  4a - 1045  12a - 3.9  0.7a -

Normal 0e - 0e - 0f - 0f - 0f -
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564 Table 3 Effects of Phanerochaete chrysosporium strain B-22 at different concentrations on tomato plant growth.

565 Values within columns followed by different lowercase letters are significantly different at 0.05 level.

566

Conidial 

concentration

(cfu mL-1)

Plant height

(cm)
Increase (%)

Root length

(cm plant-1)
Increase (%)

Aboveground 

fresh mass

(g plant-1)

Increase (%)

Root fresh 

mass

(g plant-1)

Increase (%)

3  108 29.3  2.3a 202.06 26.0  4.2a 185.71 7.9  1.2a 426.66 1.1  0.40a 292.85

1.5  108 24.9  3.1b 156.70 20.8  3.3b 128.57 4.6  0.9b 206.66 0.77  0.21b 175

7.5  107 16.4  2.7c 69.07 18.0  5.2c 97.80 3.9  0.8c 160 0.65  0.33c 132.14

3.75  107 11.9  4.5d 22.68 14.1  3.7d 54.94 3.3  1.1d 120 0.64  0.21c 128.57

1.875  107 11.6  4.8de 19.58 13.3  4.1de 46.15 3.1  0.5d 106.66 0.55  0.34cd 96.42

Normal 11.3  3.7e 16.49 12.8  3.7e 40.65 3.0  1.3d 100 0.50  0.30d 78.57

Control 9.7  2.1f - 9.1  3.4f - 1.5  0.5e - 0.28  0.27e -
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568 Figure legends

569

570 Fig. 1 Parasitism by Phanerochaete chrysosporium strain B-22 on the eggs of 

571 Meloidogyne incognita. (a) Spores germinated, and short hyphae developed around the egg; 

572 (b) hyphae penetrated across the egg shell; (c) the egg shell was dissolved. (e) Control: 

573 healthy, intact eggs. All observations were under 40x magnification.

574

575 Fig. 2 Parasitism of Phanerochaete chrysosporium strain B-22 on the second stage 

576 juveniles (J2) of Meloidogyne incognita. (a) Spores were in contact with J2 (20x 

577 magnification); (b) spores geminated, and hyphae grew out from the bodies of J2 (40x 

578 magnification); (c) more mycelium was produced from the bodies of J2 (20x 

579 magnification); (d) the cuticle of J2 was bent and shrunken (40x magnification); (e) J2 

580 were parasitized by strain B-22 hyphae (20x magnification). (f) Control: healthy J2 (20x 

581 magnification).

582

583 Fig. 3 Parasitism of Phanerochaete chrysosporium strain B-22 on adult females of 

584 Meloidogyne incognita. (a) Spores geminated, and the contents of the adult female bodies 

585 leaked out; (b) dense hyphae crossed the adult female body, which was partly dissolved. (c) 

586 Control: healthy adult female. All observations were under 10x magnification.

587
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