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25 ABSTRACT

26 Biocontrol traits of arbuscular mycorrhizal fungi (AMF) against root pathogens are well known, but 

27 information on biocontrol mode of action and biocontrol efficiency of AMF species are limited.    

28 In this study,Here we investigated the influence of three AMF on root rot in Cucumis sativus caused 

29 by Pythium ultimum. Plants were grown in symbiosis with the AMF Funelliformis mosseae, 

30 Rhizophagus irregularis, Claroideoglomus claroideum or left uninoculated, and 14 days after sowing 

31 half of the plants were inoculated with P. ultimum. Plants were harvested 14, 21 and 28 days after 

32 sowing and analyzed for dry weights, AMF colonization and P. ultimum infection. The results showed 

33 three scenarios of biological control by the AM symbioses: AM with F. mosseae fully counteracted 

34 the plant growth depression caused by the pathogen; R. irregularis AM resulted in plant growth 

35 depression, but counteracted plant growth depression by the pathogen; AM symbiosis with C. 

36 claroideum caused plant growth depression and had no biological control effect against P. ultimum.

37 Overall, the study showed biocontrol features of AMF in terms of tolerance induction though 

38 depending on species of AMF. Such differential traits of AMF should be considered when developing 

39 biocontrol strategies against root rot in cucumber.  

40

41 Key words: Biocontrol; Cucumber; Functional compatibility in arbuscular mycorrhiza symbiosis; Soil 

42 borne pathogens; Oomycetes; Disease tolerance

43

44 1. Introduction

45 Root rot is caused by a complex of several soil-borne plant pathogens, andpathogens and is are a 

46 major problem in plant production leading to serious economic loss for farmers (Lamichhane et al. 

47 2017). The arbuscular mycorrhizal (AM) symbiosis is known to improve root health with biocontrol 

48 features against a broad range of abiotic (Birhane et al. 2018) and biotic agentssoil borne pathogens 

49 (Whipps 2004; Harrier and Watson, 2004), including fungi (Saldajeno et al. 2012), bacteria (Chave et 

50 al. 2017) and oomycetes (Larsen et al. 2003). Confirmedly, research has shown that AM can increase 
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51 Cucumis sativus root health when infected by Fusarium oxysporum (Wang et al. 2012), Rhizoctonia 

52 solani (Chandanie et al. 2009) and Pythium ultimum (Larsen et al. 2003). Also, AM has shown 

53 biological control efficiency against P. aphanidermatumultimum in Lycopersicon esculentum (Larsen 

54 et al. 2012) and P. ultimum in Trifolium repens (Carlsen et al. 2008). However, Carlsen et al. (2008) 

55 showed that the level of biological control by AM against P. ultimum in T. repens depended on the 

56 genotype combination in the AM symbiosis. Similarly, Wang et al. (2012) revealed that the increased 

57 tolerance of C. sativus to the root pathogen F. oxysporum depended on the AM fungal (AMF) species 

58 in the symbiosis, and they concluded that the different effect of AM on disease tolerance may be 

59 due to different effect of the AM symbioses on plant nutrient uptake. These results were supported 

60 by Ravnskov and Larsen (2016), who investigated functional compatibility in the AM symbiosis of six 

61 cultivars of C. sativus grown in symbiosis with three species of AMF, respectively, as they found that 

62 plant nutrient composition in AM C. sativus plants depends on the combination of C. sativus cultivar 

63 and AMF species in the symbiosis.  This difference in functional compatibility of the AM symbiosis 

64 with respect to nutrient composition in C. sativus plants may also influence plant tolerance to 

65 infection by P. ultimum.

66 The objective of this study was to investigate the influence of three different AM symbioses on 

67 growth of C. sativus infected with P. ultimum as well as the pathogen root infection level testing the  

68 hypothesis that AM biocontrol efficacy depends on the AM fungal (AMF) genotype in the symbiosis. 

69
70 2. Materials and methods

71 2.1 Experimental design

72 Cucumis sativus cv Tiffany was either inoculated with the AMF: Funelliformis mosseae (isolate 

73 BEG83), Rhizophagus irregularis (isolate BEG87), Claroideoglomus claroideum (isolate BEG14) or left 

74 uninoculated. These three AM symbioses haveas in a previous earlier study shown to have different 

75 effect on plant nutrient uptake and  growth (Ravnskov and Larsen, 2016). Fourteen days after 

76 sowing (DAS) half of the plants were inoculated with Pythium ultimum (HB2); . in total eight 
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77 treatments. Four replicates plants of each treatment were harvested 14, 21 and 28 DAS, 

78 respectively. The experiment was repeated.

79

80 2.2 AMF inoculum

81 The AMF inoculum consisted of AMF colonized roots, spores and soil from a dried pot culture with 

82 maize. This inoculum was uniformly mixed into the soil in the AMF treatments. In soil of plants not 

83 inoculated with AMF, the AMF inoculum was replaced by soil, maize roots etc. from similar maize 

84 culture without AMF. In order to reintroduce soil microorganisms accompanying the AMF inoculum 

85 all pots received a 10-ml filtrate prepared by sieving a suspension of 100 g of each AMF inoculum in 

86 distilled water through a nylon mesh (20 m) after 24 h mixing at room temperature.

87

88 2.3 Experimental setup

89 The growth substrate consisted of a 1:1 mixture of clay soil and quartz sand containing 12 mg P kg-1 

90 soil, determined after NaHCO3-extraction (Olsen et al., 1954). The growth substrate was partially 

91 sterilized by irradiation (10 kGy, 10 MeV electron beam) in order to irradiate the native AMF from 

92 the soil.

93 Plants were grown in poly vinyl carbon tubes (diameter 50 mm, depth 180 mm), which contained 

94 300 g growth substrate with a mixture of 210 g growth substrate and 40 g AMF inoculum in the 

95 bottom layer and 50 g growth substrate in the top layer. After filling the pots, the growth substrate 

96 was irrigated to water holding capacity with a modified Hoagland’s nutrient solution (Hoagland and 

97 Arnold, 1939) without P and three pre-germinated C. sativus seeds were sown in each pot. After 

98 emergence, plants were thinned to two plants per pot for the first harvest and one plant per pot for 

99 second and third harvest. 

100 Pots were placed in a randomized design in a growth chamber. The position of the plants on the 

101 bench was changed every second day to minimize effects of variation in growth chamber. After 

102 sowing, the temperature was 18°C for four days with low light intensity. After four days, day/night 
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103 (16h/8h) temperatures were increased to 24°C/18°C, and light intensity was set to 500 µ Einstein. 

104 During growth, plants were watered as previously described (Graham et al., 1996) with a modified 

105 Hoagland’s nutrient solution (Hoagland and Arnold, 1939) without P.

106

107 2.4 Inoculation with Pythium ultimum

108 After the first harvest 14 DAS, half of the plants were inoculated with P. ultimum by burrowing a 

109 cucumber slice (1cm diameter and 0.5 cm high) preinoculated covered with P. ultimum in the 1 cm 

110 top soil surface 2.5 cm from plant stems. Control treatments were added uninfected cucumber 

111 slices. The P. ultimum inoculum was prepared by transferring an agar plug of a four days old P. 

112 ultimum culture on corn meal agar to a cucumber slice that incubated 24 h before inoculation to 

113 ensure the cucumber slice was fully covered with the pathogen at time of inoculation.. The 

114 cucumber slices were prepared the following way; cucumber peel was rinsed with 70 % alcohol,  and 

115 then the cucumber was cut open in the middle. Ccut in 0.5 mm cucumber slices and the agar plugs 

116 with P. ultimum placed on the cucumber slices. After 24 h incubation, the cucumber plugs used for 

117 inoculation  were obtained by inserting a sterile cork borer (1cm diameter) into the the cucumber 

118 slice covered with the pathogen and. uUsed for inoculation of plants.  The cucumber peel was rinsed 

119 with 70 % alcohol and then the cucumber was cut open in the middle. Hereafter the corkborer was 

120 inserted in cucumber tissue without seeds and sliced in 0.5 mm slices under sterile conditions. For 

121 pots with plants without P. ultimum inoculation, cucumber slices were similarly prepared, but with 

122 agar without P. ultimum.  

123

124 2.5 Harvest and biomass of plants

125 Plants were harvested 14, 21 and 28 DAS, respectively. Shoots were cut of at soil surface and dried. 

126 Roots were washed free of soil, weighed and cut into 1 cm pieces. Root samples were mixed and 

127 divided into random subsamples used for quantification of AMF root colonization after staining by 

128 microscopy, quantification of AMF root colonization by whole cell fatty acid analysis, quantification 
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129 of P. ultimum root infection and root dry weight, respectively. Dry weights of shoots and roots were 

130 determined after drying at 80° C for 24 hours (Ravnskov and Larsen, 2016). At harvest, total fresh 

131 weight of roots was recorded, and samples divided into subsamples for estimation of P. ultimum 

132 biomass in roots, root dry weight and detection of AMF root colonization by microscopy and 

133 signature fatty acid, respectively.

134

135 2.6 AMF root colonization

136 Fresh root subsamples were cleared and stained as described by Kormanik and McGraw (1982) 

137 except that trypan blue was used instead of acid fuchsin. Percent AMF root colonization were 

138 measured by microscopy according to Giovannetti and Mosse (1980). 

139 In order to quantify the amount of the signature fatty acid for AMF (16:1ω5) in roots, samples were 

140 ground in a steel ball mill, and whole cell fatty acids (WCFA) were extracted from the roots by a four-

141 step fatty acid extraction procedure (Sasser 1990): (1) saponification, (2) methylation,(3) extraction, 

142 and (4) base wash. To enable quantification of the extracted fatty acid methyl esters an internal 

143 standard of nonadeconoate fatty acid methyl ester 19:0, was added to each sample.

144 Analysis of fatty acid were performed using the software package Sherlock Version 6.0 (MIDI Inc, 

145 Newark, Delaware) with the HP Chemstation and a HP5890 gas chromatograph fitted with a 25 m 

146 fused silica capillary column and hydrogen as carrier gas. The injector temperature was 250°C and 

147 the flame ionization detector temperature was 300°C.  The MIDI software automatically controlled 

148 all gas chromatography operations including calibration, subsequent sample sequencing, peak 

149 integration and identification of the fatty acid signature 16:1ω5c, the indicator of AMF. Calibration 

150 standards contained a mixture of straight chain saturated and hydroxy fatty acid methyl esters with 

151 a length of nine to 20 carbon (MIDI Part No. 1200A).

152

153 2.7 Quantification of P. ultimum biomass in roots

This work is licensed under CC BY-NC-ND 4.0 
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154 Pythium ultimum infection in roots was quantified by quantitative polymerase-chain reaction (qPCR), 

155 using the standard curve method based on cultured P. ultimum samples. DNA was extracted from 

156 root samples using a NucleoMag Plant extraction kit (Macherey-Nagel 744400.4), following 

157 manufacturer’s instructions. Primers for P.ultimum detection in roots were chosen from the 

158 literature (Cullen et al., 2007). The qPCR reactions were carried out using 1µl (10 mM) of the specific 

159 primer pair, 2 µl of the DNA template, 6 µl of the SYBR green master mix (Quanti Tech SYBR Green 

160 kit, Qiagen, GmbH Hilden, Germany), diluted to a final volume of 12µl with RNase-free water. In the 

161 negative control, the DNA template was replaced by RNase free water. The qPCR reactions were 

162 carried out on an Applied Byosystems ViiATM 7 Real-Time PCR System, and the program was as 

163 follows: heating step of 2 min at 50ºC, 10 min of initial denaturation for 15s at 95ºC and annealing 

164 for 1 min at 60ºC. The fluorescence signal was immediately measured after incubation for 1 min at 

165 60ºC following the annealing step. After 40 cycles, melting temperatures of the PCR products were 

166 determined between 60ºC and 95ºC, confirming identity by melt curve analysis. A standard curve 

167 with known P. ultimum DNA quantities was established from the cultured fungi. The analysis was 

168 carried out on no less than 3 biological replicates and 2 technical replicates per reaction.  

169

170 2.8 Statistical analysis

171 Statistical analyses were performed using Statgraphics Centurion XVII. Variance homogeneity of 

172 results from the different treatments was tested by Barlett´s test (n=4), before levels of significance 

173 of AMF inoculation and P. ultimum infection, and of their interactions were calculated by one- or 

174 two-way analysis of variance (ANOVA). Post-ANOVA multiple range test based on LSD0.05 was used to 

175 compare means. 

176

177 3. Results

178 Results from second identical experiment supported results from the first experiment presented in 

179 this result section. 
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180 3.1 Biomass of plants

181 Dry weight of C. sativus shoots was not influenced by AMF inoculation at 14 DAS, but at 21 DAS 

182 there was a tendency to lower shoot dry weight of plants inoculated with R. irregularis and this 

183 developed to a significant growth depression 28 DAS as compared to not AMF inoculated plants 

184 without AMF colonization and plants inoculated with F. mosseae (Fig. 1). Shoot dry weight of plants 

185 inoculated with C. claroideum was significant lower both 21 and 28 DAS as compared with shoot dry 

186 weights of plants not inoculated with AMF and plants inoculated with F. mosseae.

187 Infestation with P. ultimum decreased dry weight of shoots of plants without AMF inoculation both 

188 21 and 28 DAS, whereas shoot biomass of plants inoculated with F. mosseae or R. irregularis was not 

189 significantly influenced by P. ultimum infection (Fig. 1).  There was a tendency of decreased shoot 

190 dry weight of plants inoculated with C. claroideum by P. ultimum 21 DAS and this effect was 

191 significant 28 DAS.

192 Dry weight of roots colonized with C. claroideum was significantly higher at all three harvest times 

193 than of roots without AMF colonization (Table 1). Colonization by  F. mosseae or R. irregularis did 

194 not influence root dry weights at 14 and 21 DAS as compared to dry weights of roots without AMF 

195 colonization, whereas this AMF colonization increased root dry weights 28 DAS. 

196 Biomass of roots without AMF colonization or colonized by C. claroideum was significantly decreased 

197 by P. ultimum infection. In contrast, dry weight of roots colonized with F. mosseae or R. irregularis 

198 was unaffected by P. ultimum infection (Table 1).

199 Two-way analyses of variance on shoot- and root dry weights showed significant interactions effects 

200 of inoculation with AMF and infestation by P. ultimum (Table 2).

201

202 3.2 AMF colonization of plants

203 Colonization of plants by AMF was estimated both by microscopy and by detection of relative 

204 amount of the signature fatty acid 16:1ω5 in roots. Colonization by C. claroideum as measured by 

205 both methods was higher than of F. mosseae or R. irregularis in roots 14 DAS. At 21 and 28 DAS, 

This work is licensed under CC BY-NC-ND 4.0 
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206 AMF root colonization by C. claroideum or R. irregularis was also significantly (P≤0.05) higher than in 

207 roots colonized by F. mosseae when measured by microscopy (Table 3), but not when measured by 

208 the signature fatty acid 16:1ω5 28 DAS (Table 4). Infection by P. ultimum did not affect root 

209 colonization by AMF as measured by microscopy (Table 3) and by signature fatty acid 28 DAS, but 

210 detection of 16:1ω5 21 DAS, showed an increased biomass of R. irregularis and a decreased C. 

211 claroideum colonization in roots infected by P. ultimum (Table 4). No AMF biomass was detected in 

212 roots not inoculated with AMF.

213

214 3.4 Biomass of P. ultimum in roots

215 In general, roots inoculated with AMF had significantly higher amount of P. ultimum in roots 28 DAS 

216 as compared to roots without AMF colonization. P. ultimum was not detected in non-infected roots 

217 (Table 5). 

218

219 4. Discussion

220 Our hypothesis that AM biocontrol efficacy depends on the AM fungal (AMF) genotype in the 

221 symbiosis was confirmed. The three scenarios of biological control by AM symbioses identified were 

222 with unique phenotypic host plant response to AMF. AM symbiosis with F. mosseae fully 

223 counteracted the plant growth depression caused by the pathogen, whereas the R. irregularis 

224 symbiosis resulted on one hand in plant growth depression, but on the other hand counteracted 

225 plant growth depression by the pathogen. Finally, symbiosis with C. claroideum caused plant growth 

226 depression and had no biological control effect against P. ultimum.

227 These results are in accordance with the study of Wang et al. (2012), who found that the level of 

228 biological control of F. oxysporum in C. sativus by AM depended on AMF genotype. Similarly, Carlsen 

229 et al. (2008) demonstrated that biological control by AM against P. ultimum in T. repens depended 

230 on the functional compatibility of the genotypes in the AM symbiosis. However, in their study the 

231 biological control efficiency of AM in T. repens seemed to be related to AM control of the pathogen 
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232 in the root as the AMF, F. mosseae, prevented P. ultimum to infect the roots. This is in contrast to 

233 present results, where C. sativus AM symbiosis with F. mosseae also fully counteracted plant growth 

234 depression caused by P. ultimum, but where the pathogen actually infected the roots, indicating 

235 another biological control mechanism in present experiment. Wang et al. (2012) suggested that 

236 different biological control efficiency by AM symbioses including different AMF species, may be 

237 related to the differential influence of the AM symbioses on plant nutrient uptake as they found an 

238 increased plant uptake of nitrogen, phosphorus and potassium in C. sativus plants with the most 

239 efficient AMF biological control of damping-off caused by F. oxysporum. Ravnskov and Larsen (2016) 

240 investigated nutrient composition in C. sativus cv Tiffany grown in similar AM symbioses as in 

241 present experiment and found that the three AM symbioses influenced nutrient composition in the 

242 plants differently. However, in contrast to Wang et al. (2012), the AM symbioses similar to present 

243 study did not influence on nitrogen uptake of the plants, potassium content decreased in plants 

244 colonized with R. irregularis, but all AM symbioses increased plant content of phosphorus and 

245 magnesium and copper. Also, in symbioses with R. irregularis and C. claroideum plant content of 

246 calcium was increased, whereas R. irregularis increased plant content of manganese and C. 

247 claroideum increased sodium content. Despite the different pattern of AM symbioses on plant 

248 nutrient uptake and biological control efficiency in the study of Wang et al (2012) and in present 

249 work, the differential influence of the AM symbioses on overall nutrient composition in the plant 

250 may be one of the mechanisms responsible for differential biological control pattern. 

251 Chandanie et al. (2009) found that inoculation of C. sativus with F. mosseae before infection by 

252 Rhizoctonia solani, could decrease incidence of damping-off in cucumber. This was confirmed by 

253 investigations by Saldajeno and Hyakumachi (2011), who also showed, that this C. sativus/F. 

254 mosseae symbiosis not only had potential to control damping-off caused by R. solani, but also 

255 anthracnose in leaves of the cucumber plants. As the AM symbiosis with F. mosseae damping-off 

256 caused by P. ultimum in this work, it may be relevant to consider this symbiosis as biological control 

257 tool in cucumber production. However, even Wang et al. (2012) found the biological control 
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258 efficiency against F. oxysporum wilt in C. sativus of both AM symbioses, the disease index was lower 

259 in plants with the AM symbiosis C. sativus/Glomus versiforme as compared to C. sativus/F. mosseae. 

260 So, a broader approach in the use of AM in biological control of several diseases in cucumber 

261 production should rely on a mixture of AMF species. Lamichhane et al. (2017) highlight the need of 

262 non-chemical tools to control damping-off diseases, and the exploitation of AM might be a 

263 possibility. However, inoculation with the optimal AMF species for control of damping-off diseases 

264 may mostly be relevant for crops grown in the greenhouse in growth media, where natural occurring 

265 AMF is absent. For crops grown in the field it might be more relevant to focus on breeding cultivars 

266 capable of recruiting and exploiting the AMF present in the soil (Hohmann & Messmer, 2017).

267
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366 Fig. 1. Shoot dry weight (g) of Cucumis sativus plants inoculated or not with Funneliformis mosseae, 

367 Rhizophagus irregularis or Claroideoglomus claroideum, infested or not with Pythium ultimum, and 

368 harvested 14, 21 and 28 days after sowing (DAS). Different letters within above columns indicate 

369 significant differences between treatments LSD0.05. Error bars indicate standard error of mean (n=4).
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379

380

381 Table 1. Root dry weight (g) of Cucumis sativus plants inoculated or not with Funneliformis mosseae, 

382 Rhizophagus irregularis or Claroideoglomus claroideum, infested or not with Pythium ultimum, and 

383 harvested 14, 21 and 28 days after sowing (DAS). 

AMF inoculation Pythium ultimum 14 DAS 21 DAS 28 DAS

None - 0.08 a 0.11 a 0.26 b

None + - 0.12 a

F. mosseae - 0.11 ab 0.09 a 0.33 c

F. mosseae + 0.12 a 0.32 bc

R. irregularis - 0.07 a 0.16 ab 0.34 c

R. irregularis + 0.13 a 0.34 c

C. claroideum - 0.12 b 0.20 b 0.44 d

C. claroideum + 0.16 ab 0.33 c

384 Different letters within same column indicate significant differences between treatments LSD0.05 

385 (n=4).

386

387
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396

397 Table 2. Overview of analyses of variance (ANOVA) tests of effects on 14, 21 and 28 days old Cucumis 

398 sativus plants by inoculation with the arbuscular mycorrhizal fungi (AMF); Funneliformis mosseae, 

399 Rhizophagus irregularis or Claroideoglomus claroideum (A) and/or infestation with Pythium ultimum 

400 (Pu). Data were tested for variance homogeneity with Bartletts test before the two-way analyses of 

401 variance (P = 0.05). P values of a two-ways analysis of variance *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. 

402 (n=4).

Days after sowing 14 21 28

Plant parameter AMF AMF Pu (P) AxP AMF Pu (P) AxP

Shoot dry weight 0.56 ** ** 0.64 *** *** ***

Root dry weight 0.06 ** * - *** *** *

AMF root 

colonization

** *** 0.16 0.32 *** 0.51 0.50

WCFA 16:1 ω5 * *** 0.89 ** * 0.33 0.39

P. ultimum roots - - - - *** - -

403
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411
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414 Table 3 Percent arbuscular mycorrhiza fungal colonization (%) of Cucumis sativus roots inoculated 

415 with Funneliformis mosseae, Rhizophagus irregularis or Claroideoglomus claroideum, infested or not 

416 with Pythium ultimum, and harvested 14, 21 and 28 days after sowing (DAS). 

AMF inoculation Pythium ultimum 14 DAS 21 DAS 28 DAS

F. mosseae - 41.7 a 71.7 a 86.8 a

F. mosseae + - 77.6 a 85.7 a

R. irregularis - 41.8 a 94.1 b 95.6 bc

R. irregularis + - 94.0 b 93.9 b

C. claroideum - 70.6 b 96.3 b 97.9 cd

C. claroideum + - 97.7 b 98.7 d

417 Different letters within same column indicate significant differences between treatments LSD0.05 

418 (n=4).

419
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428

429

430

431
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432 Table 4. Relative amount to internal standard (19:0) of signature fatty acid for arbuscular 

433 mycorrhizal fungi (16:1ω5) in of Cucumis sativus roots inoculated with Funneliformis mosseae, 

434 Rhizophagus irregularis or Claroideoglomus claroideum, infested or not with Pythium ultimum, and 

435 harvested 14, 21 and 28 days after sowing (DAS). 

AMF inoculation Pythium ultimum 14 DAS 21 DAS 28 DAS

F. mosseae - 0.11 a 1.28 a 2.51 a

F. mosseae + - 1.19 a 2.43 a

R. irregularis - 0.24 ab 1.79 ab 2.78 ab

R. irregularis + - 3.58 cd 3.22 b

C. claroideum - 0.48 b 4.35 d 2.69 ab

C. claroideum + - 2.53 bc 2.80 ab

436 Different letters within same column indicate significant differences between treatments LSD0.05 

437 (n=4).

438
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448
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450 Table 5. Ct (Cycle threshold values) referent to the quantification of Pythium ultimumin roots of 

451 Cucumis sativus 28 days after sowing (DAS). Roots were inoculated with Funneliformis mosseae, 

452 Rhizophagus irregularis or Claroideoglomus claroideum or not. Ct values are outputs of the qPCR 

453 reaction, and therefore inversely proportional.

AMF inoculation Pythium ultimum 

Not inoculated 28.5 b

F. mosseae 21.5 a

R. irregularis 22.5 a

C. claroideum 22.4 a

454 Different letters within same column indicate significant differences between treatments LSD0.05 

455 (n=4).

456
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2

25 ABSTRACT

26 Biocontrol traits of arbuscular mycorrhizal fungi (AMF) against root pathogens are well known, but 

27 information on biocontrol mode of action and biocontrol efficiency of AMF species are limited.    

28 In this study, we investigated the influence of three AMF on root rot in Cucumis sativus caused by 

29 Pythium ultimum. Plants were grown in symbiosis with the AMF Funelliformis mosseae, Rhizophagus 

30 irregularis, Claroideoglomus claroideum or left uninoculated, and 14 days after sowing half of the 

31 plants were inoculated with P. ultimum. Plants were harvested 14, 21 and 28 days after sowing and 

32 analyzed for dry weights, AMF colonization and P. ultimum infection. The results showed three 

33 scenarios of biological control by the AM symbioses: AM with F. mosseae fully counteracted the 

34 plant growth depression caused by the pathogen; R. irregularis AM resulted in plant growth 

35 depression, but counteracted plant growth depression by the pathogen; AM symbiosis with C. 

36 claroideum caused plant growth depression and had no biological control effect against P. ultimum.

37 Overall, the study showed biocontrol features of AMF in terms of tolerance induction though 

38 depending on species of AMF. Such differential traits of AMF should be considered when developing 

39 biocontrol strategies against root rot in cucumber.  

40

41 Key words: Biocontrol; Cucumber; Functional compatibility in arbuscular mycorrhiza symbiosis; Soil 

42 borne pathogens; Oomycetes; Disease tolerance

43

44 1. Introduction

45 Root rot is caused by a complex of several soil-borne plant pathogens and is a major problem in 

46 plant production leading to serious economic loss for farmers (Lamichhane et al. 2017). The 

47 arbuscular mycorrhizal (AM) symbiosis is known to improve root health with biocontrol features 

48 against a broad range of abiotic (Birhane et al. 2018) and biotic agents (Whipps 2004; Harrier and 

49 Watson, 2004), including fungi (Saldajeno et al. 2012), bacteria (Chave et al. 2017) and oomycetes 

50 (Larsen et al. 2003). Confirmedly, research has shown that AM can increase Cucumis sativus root 
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51 health when infected by Fusarium oxysporum (Wang et al. 2012), Rhizoctonia solani (Chandanie et 

52 al. 2009) and Pythium ultimum (Larsen et al. 2003). Also, AM has shown biological control efficiency 

53 against P. aphanidermatum in Lycopersicon esculentum (Larsen et al. 2012) and P. ultimum in 

54 Trifolium repens (Carlsen et al. 2008). However, Carlsen et al. (2008) showed that the level of 

55 biological control by AM against P. ultimum in T. repens depended on the genotype combination in 

56 the AM symbiosis. Similarly, Wang et al. (2012) revealed that the increased tolerance of C. sativus to 

57 the root pathogen F. oxysporum depended on the AM fungal (AMF) species in the symbiosis, and 

58 they concluded that the different effect of AM on disease tolerance may be due to different effect of 

59 the AM symbioses on plant nutrient uptake. These results were supported by Ravnskov and Larsen 

60 (2016), who investigated functional compatibility in the AM symbiosis of six cultivars of C. sativus 

61 grown in symbiosis with three species of AMF, respectively, as they found that plant nutrient 

62 composition in AM C. sativus plants depends on the combination of C. sativus cultivar and AMF 

63 species in the symbiosis.  This difference in functional compatibility of the AM symbiosis with respect 

64 to nutrient composition in C. sativus plants may also influence plant tolerance to infection by P. 

65 ultimum.

66 The objective of this study was to investigate the influence of three different AM symbioses on 

67 growth of C. sativus infected with P. ultimum as well as the pathogen root infection level testing the 

68 hypothesis that AM biocontrol efficacy depends on the AM fungal (AMF) genotype in the symbiosis. 

69
70 2. Materials and methods

71 2.1 Experimental design

72 Cucumis sativus cv Tiffany was either inoculated with the AMF: Funelliformis mosseae (isolate 

73 BEG83), Rhizophagus irregularis (isolate BEG87), Claroideoglomus claroideum (isolate BEG14) or left 

74 uninoculated. These three AM symbioses have in a previous study shown to have different effect on 

75 plant nutrient uptake and  growth (Ravnskov and Larsen, 2016). Fourteen days after sowing (DAS) 

76 half of the plants were inoculated with Pythium ultimum (HB2); in total eight treatments. Four 
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77 replicate plants of each treatment were harvested 14, 21 and 28 DAS, respectively. The experiment 

78 was repeated.

79

80 2.2 AMF inoculum

81 The AMF inoculum consisted of AMF colonized roots, spores and soil from a dried pot culture with 

82 maize. This inoculum was uniformly mixed into the soil in the AMF treatments. In soil of plants not 

83 inoculated with AMF, the AMF inoculum was replaced by soil, maize roots etc. from similar maize 

84 culture without AMF. In order to reintroduce soil microorganisms accompanying the AMF inoculum 

85 all pots received a 10-ml filtrate prepared by sieving a suspension of 100 g of each AMF inoculum in 

86 distilled water through a nylon mesh (20 m) after 24 h mixing at room temperature.

87

88 2.3 Experimental setup

89 The growth substrate consisted of a 1:1 mixture of clay soil and quartz sand containing 12 mg P kg-1 

90 soil, determined after NaHCO3-extraction (Olsen et al., 1954). The growth substrate was partially 

91 sterilized by irradiation (10 kGy, 10 MeV electron beam) in order to irradiate the native AMF from 

92 the soil.

93 Plants were grown in poly vinyl carbon tubes (diameter 50 mm, depth 180 mm), which contained 

94 300 g growth substrate with a mixture of 210 g growth substrate and 40 g AMF inoculum in the 

95 bottom layer and 50 g growth substrate in the top layer. After filling the pots, the growth substrate 

96 was irrigated to water holding capacity with a modified Hoagland’s nutrient solution (Hoagland and 

97 Arnold, 1939) without P and three pre-germinated C. sativus seeds were sown in each pot. After 

98 emergence, plants were thinned to two plants per pot for the first harvest and one plant per pot for 

99 second and third harvest. 

100 Pots were placed in a randomized design in a growth chamber. The position of the plants on the 

101 bench was changed every second day to minimize effects of variation in growth chamber. After 

102 sowing, the temperature was 18°C for four days with low light intensity. After four days, day/night 

This work is licensed under CC BY-NC-ND 4.0 



5

103 (16h/8h) temperatures were increased to 24°C/18°C, and light intensity was set to 500 µ Einstein. 

104 During growth, plants were watered as previously described (Graham et al., 1996) with a modified 

105 Hoagland’s nutrient solution (Hoagland and Arnold, 1939) without P.

106

107 2.4 Inoculation with Pythium ultimum

108 After the first harvest 14 DAS, half of the plants were inoculated with P. ultimum by burrowing a 

109 cucumber slice (1cm diameter and 0.5 cm high) preinoculated  with P. ultimum in the 1 cm top soil 

110 surface 2.5 cm from plant stems. Control treatments were added uninfected cucumber slices. The P. 

111 ultimum inoculum was prepared by transferring an agar plug of a four days old P. ultimum culture on 

112 corn meal agar to a cucumber slice that incubated 24 h before inoculation to ensure the cucumber 

113 slice was fully covered with the pathogen at time of inoculation. The cucumber slices were prepared 

114 the following way; cucumber peel was rinsed with 70 % alcohol, cut in 0.5 mm cucumber slices and 

115 the agar plugs with P. ultimum placed on the cucumber slices. After 24 h incubation, the cucumber 

116 plugs used for inoculation  were obtained by inserting a sterile cork borer (1cm diameter) into the 

117 the cucumber slice covered with the pathogen and used for inoculation of plants. For pots with 

118 plants without P. ultimum inoculation, cucumber slices were similarly prepared, but with agar 

119 without P. ultimum.  

120

121 2.5 Harvest and biomass of plants

122 Plants were harvested 14, 21 and 28 DAS, respectively. Shoots were cut of at soil surface and dried. 

123 Roots were washed free of soil, weighed and cut into 1 cm pieces. Root samples were mixed and 

124 divided into random subsamples used for quantification of AMF root colonization after staining by 

125 microscopy, quantification of AMF root colonization by whole cell fatty acid analysis, quantification 

126 of P. ultimum root infection and root dry weight, respectively. Dry weights of shoots and roots were 

127 determined after drying at 80° C for 24 h (Ravnskov and Larsen, 2016). 

128
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129 2.6 AMF root colonization

130 Fresh root subsamples were cleared and stained as described by Kormanik and McGraw (1982) 

131 except that trypan blue was used instead of acid fuchsin. Percent AMF root colonization were 

132 measured by microscopy according to Giovannetti and Mosse (1980). 

133 In order to quantify the amount of the signature fatty acid for AMF (16:1ω5) in roots, samples were 

134 ground in a steel ball mill, and whole cell fatty acids (WCFA) were extracted from the roots by a four-

135 step fatty acid extraction procedure (Sasser 1990): (1) saponification, (2) methylation,(3) extraction, 

136 and (4) base wash. To enable quantification of the extracted fatty acid methyl esters an internal 

137 standard of nonadeconoate fatty acid methyl ester 19:0, was added to each sample.

138 Analysis of fatty acid were performed using the software package Sherlock Version 6.0 (MIDI Inc, 

139 Newark, Delaware) with the HP Chemstation and a HP5890 gas chromatograph fitted with a 25 m 

140 fused silica capillary column and hydrogen as carrier gas. The injector temperature was 250°C and 

141 the flame ionization detector temperature was 300°C.  The MIDI software automatically controlled 

142 all gas chromatography operations including calibration, subsequent sample sequencing, peak 

143 integration and identification of the fatty acid signature 16:1ω5c, the indicator of AMF. Calibration 

144 standards contained a mixture of straight chain saturated and hydroxy fatty acid methyl esters with 

145 a length of nine to 20 carbon (MIDI Part No. 1200A).

146

147 2.7 Quantification of P. ultimum biomass in roots

148 Pythium ultimum infection in roots was quantified by quantitative polymerase-chain reaction (qPCR), 

149 using the standard curve method based on cultured P. ultimum samples. DNA was extracted from 

150 root samples using a NucleoMag Plant extraction kit (Macherey-Nagel 744400.4), following 

151 manufacturer’s instructions. Primers for P.ultimum detection in roots were chosen from the 

152 literature (Cullen et al., 2007). The qPCR reactions were carried out using 1µl (10 mM) of the specific 

153 primer pair, 2 µl of the DNA template, 6 µl of the SYBR green master mix (Quanti Tech SYBR Green 

154 kit, Qiagen, GmbH Hilden, Germany), diluted to a final volume of 12µl with RNase-free water. In the 
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155 negative control, the DNA template was replaced by RNase free water. The qPCR reactions were 

156 carried out on an Applied Byosystems ViiATM 7 Real-Time PCR System, and the program was as 

157 follows: heating step of 2 min at 50ºC, 10 min of initial denaturation for 15s at 95ºC and annealing 

158 for 1 min at 60ºC. The fluorescence signal was immediately measured after incubation for 1 min at 

159 60ºC following the annealing step. After 40 cycles, melting temperatures of the PCR products were 

160 determined between 60ºC and 95ºC, confirming identity by melt curve analysis. A standard curve 

161 with known P. ultimum DNA quantities was established from the cultured fungi. The analysis was 

162 carried out on no less than 3 biological replicates and 2 technical replicates per reaction.  

163

164 2.8 Statistical analysis

165 Statistical analyses were performed using Statgraphics Centurion XVII. Variance homogeneity of 

166 results from the different treatments was tested by Barlett´s test (n=4), before levels of significance 

167 of AMF inoculation and P. ultimum infection, and of their interactions were calculated by one- or 

168 two-way analysis of variance (ANOVA). Post-ANOVA multiple range test based on LSD0.05 was used to 

169 compare means. 

170

171 3. Results

172 Results from second identical experiment supported results from the first experiment presented in 

173 this result section. 

174 3.1 Biomass of plants

175 Dry weight of C. sativus shoots was not influenced by AMF inoculation at 14 DAS, but at 21 DAS 

176 there was a tendency to lower shoot dry weight of plants inoculated with R. irregularis and this 

177 developed to a significant growth depression 28 DAS as compared to plants without AMF 

178 colonization and plants inoculated with F. mosseae (Fig. 1). Shoot dry weight of plants inoculated 

179 with C. claroideum was significant lower both 21 and 28 DAS as compared with shoot dry weights of 

180 plants not inoculated with AMF and plants inoculated with F. mosseae.
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181 Infestation with P. ultimum decreased dry weight of shoots of plants without AMF inoculation both 

182 21 and 28 DAS, whereas shoot biomass of plants inoculated with F. mosseae or R. irregularis was not 

183 significantly influenced by P. ultimum infection (Fig. 1).  There was a tendency of decreased shoot 

184 dry weight of plants inoculated with C. claroideum by P. ultimum 21 DAS and this effect was 

185 significant 28 DAS.

186 Dry weight of roots colonized with C. claroideum was significantly higher at all three harvest times 

187 than of roots without AMF colonization (Table 1). Colonization by F. mosseae or R. irregularis did not 

188 influence root dry weights at 14 and 21 DAS as compared to dry weights of roots without AMF 

189 colonization, whereas this AMF colonization increased root dry weights 28 DAS. 

190 Biomass of roots without AMF colonization or colonized by C. claroideum was significantly decreased 

191 by P. ultimum infection. In contrast, dry weight of roots colonized with F. mosseae or R. irregularis 

192 was unaffected by P. ultimum infection (Table 1).

193 Two-way analyses of variance on shoot- and root dry weights showed significant interactions effects 

194 of inoculation with AMF and infestation by P. ultimum (Table 2).

195

196 3.2 AMF colonization of plants

197 Colonization of plants by AMF was estimated both by microscopy and by detection of relative 

198 amount of the signature fatty acid 16:1ω5 in roots. Colonization by C. claroideum as measured by 

199 both methods was higher than of F. mosseae or R. irregularis in roots 14 DAS. At 21 and 28 DAS, 

200 AMF root colonization by C. claroideum or R. irregularis was also significantly (P≤0.05) higher than in 

201 roots colonized by F. mosseae when measured by microscopy (Table 3), but not when measured by 

202 the signature fatty acid 16:1ω5 28 DAS (Table 4). Infection by P. ultimum did not affect root 

203 colonization by AMF as measured by microscopy (Table 3) and by signature fatty acid 28 DAS, but 

204 detection of 16:1ω5 21 DAS, showed an increased biomass of R. irregularis and a decreased C. 

205 claroideum colonization in roots infected by P. ultimum (Table 4). No AMF biomass was detected in 

206 roots not inoculated with AMF.
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207

208 3.4 Biomass of P. ultimum in roots

209 In general, roots inoculated with AMF had significantly higher amount of P. ultimum in roots 28 DAS 

210 as compared to roots without AMF colonization. P. ultimum was not detected in non-infected roots 

211 (Table 5). 

212

213 4. Discussion

214 Our hypothesis that AM biocontrol efficacy depends on the AM fungal (AMF) genotype in the 

215 symbiosis was confirmed. The three scenarios of biological control by AM symbioses identified were 

216 with unique phenotypic host plant response to AMF. AM symbiosis with F. mosseae fully 

217 counteracted the plant growth depression caused by the pathogen, whereas the R. irregularis 

218 symbiosis resulted on one hand in plant growth depression, but on the other hand counteracted 

219 plant growth depression by the pathogen. Finally, symbiosis with C. claroideum caused plant growth 

220 depression and had no biological control effect against P. ultimum.

221 These results are in accordance with the study of Wang et al. (2012), who found that the level of 

222 biological control of F. oxysporum in C. sativus by AM depended on AMF genotype. Similarly, Carlsen 

223 et al. (2008) demonstrated that biological control by AM against P. ultimum in T. repens depended 

224 on the functional compatibility of the genotypes in the AM symbiosis. However, in their study the 

225 biological control efficiency of AM in T. repens seemed to be related to AM control of the pathogen 

226 in the root as the AMF, F. mosseae, prevented P. ultimum to infect the roots. This is in contrast to 

227 present results, where C. sativus AM symbiosis with F. mosseae also fully counteracted plant growth 

228 depression caused by P. ultimum, but where the pathogen actually infected the roots, indicating 

229 another biological control mechanism in present experiment. Wang et al. (2012) suggested that 

230 different biological control efficiency by AM symbioses including different AMF species, may be 

231 related to the differential influence of the AM symbioses on plant nutrient uptake as they found an 

232 increased plant uptake of nitrogen, phosphorus and potassium in C. sativus plants with the most 
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233 efficient AMF biological control of damping-off caused by F. oxysporum. Ravnskov and Larsen (2016) 

234 investigated nutrient composition in C. sativus cv Tiffany grown in similar AM symbioses as in 

235 present experiment and found that the three AM symbioses influenced nutrient composition in the 

236 plants differently. However, in contrast to Wang et al. (2012), the AM symbioses similar to present 

237 study did not influence on nitrogen uptake of the plants, potassium content decreased in plants 

238 colonized with R. irregularis, but all AM symbioses increased plant content of phosphorus and 

239 magnesium and copper. Also, in symbioses with R. irregularis and C. claroideum plant content of 

240 calcium was increased, whereas R. irregularis increased plant content of manganese and C. 

241 claroideum increased sodium content. Despite the different pattern of AM symbioses on plant 

242 nutrient uptake and biological control efficiency in the study of Wang et al (2012) and in present 

243 work, the differential influence of the AM symbioses on overall nutrient composition in the plant 

244 may be one of the mechanisms responsible for differential biological control pattern. 

245 Chandanie et al. (2009) found that inoculation of C. sativus with F. mosseae before infection by 

246 Rhizoctonia solani, could decrease incidence of damping-off in cucumber. This was confirmed by 

247 investigations by Saldajeno and Hyakumachi (2011), who also showed, that this C. sativus/F. 

248 mosseae symbiosis not only had potential to control damping-off caused by R. solani, but also 

249 anthracnose in leaves of the cucumber plants. As the AM symbiosis with F. mosseae damping-off 

250 caused by P. ultimum in this work, it may be relevant to consider this symbiosis as biological control 

251 tool in cucumber production. However, even Wang et al. (2012) found the biological control 

252 efficiency against F. oxysporum wilt in C. sativus of both AM symbioses, the disease index was lower 

253 in plants with the AM symbiosis C. sativus/Glomus versiforme as compared to C. sativus/F. mosseae. 

254 So, a broader approach in the use of AM in biological control of several diseases in cucumber 

255 production should rely on a mixture of AMF species. Lamichhane et al. (2017) highlight the need of 

256 non-chemical tools to control damping-off diseases, and the exploitation of AM might be a 

257 possibility. However, inoculation with the optimal AMF species for control of damping-off diseases 

258 may mostly be relevant for crops grown in the greenhouse in growth media, where natural occurring 
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259 AMF is absent. For crops grown in the field it might be more relevant to focus on breeding cultivars 

260 capable of recruiting and exploiting the AMF present in the soil (Hohmann & Messmer, 2017).
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347 Fig. 1. Shoot dry weight (g) of Cucumis sativus plants inoculated or not with Funneliformis mosseae, 

348 Rhizophagus irregularis or Claroideoglomus claroideum, infested or not with Pythium ultimum, and 

349 harvested 14, 21 and 28 days after sowing (DAS). Different letters within above columns indicate 

350 significant differences between treatments LSD0.05. Error bars indicate standard error of mean (n=4).
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363 Table 1. Root dry weight (g) of Cucumis sativus plants inoculated or not with Funneliformis mosseae, 

364 Rhizophagus irregularis or Claroideoglomus claroideum, infested or not with Pythium ultimum, and 

365 harvested 14, 21 and 28 days after sowing (DAS). 

AMF inoculation Pythium ultimum 14 DAS 21 DAS 28 DAS

None - 0.08 a 0.11 a 0.26 b

None + - 0.12 a

F. mosseae - 0.11 ab 0.09 a 0.33 c

F. mosseae + 0.12 a 0.32 bc

R. irregularis - 0.07 a 0.16 ab 0.34 c

R. irregularis + 0.13 a 0.34 c

C. claroideum - 0.12 b 0.20 b 0.44 d

C. claroideum + 0.16 ab 0.33 c

366 Different letters within same column indicate significant differences between treatments LSD0.05 

367 (n=4).
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379 Table 2. Overview of analyses of variance (ANOVA) tests of effects on 14, 21 and 28 days old Cucumis 

380 sativus plants by inoculation with the arbuscular mycorrhizal fungi (AMF); Funneliformis mosseae, 

381 Rhizophagus irregularis or Claroideoglomus claroideum (A) and/or infestation with Pythium ultimum 

382 (Pu). Data were tested for variance homogeneity with Bartletts test before the two-way analyses of 

383 variance (P = 0.05). P values of a two-ways analysis of variance *P ≤ 0.05; **P ≤ 0.01; ***P ≤ 0.001. 

384 (n=4).

Days after sowing 14 21 28

Plant parameter AMF AMF Pu (P) AxP AMF Pu (P) AxP

Shoot dry weight 0.56 ** ** 0.64 *** *** ***

Root dry weight 0.06 ** * - *** *** *

AMF root 

colonization

** *** 0.16 0.32 *** 0.51 0.50

WCFA 16:1 ω5 * *** 0.89 ** * 0.33 0.39

P. ultimum roots - - - - *** - -
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396 Table 3 Percent arbuscular mycorrhiza fungal colonization (%) of Cucumis sativus roots inoculated 

397 with Funneliformis mosseae, Rhizophagus irregularis or Claroideoglomus claroideum, infested or not 

398 with Pythium ultimum, and harvested 14, 21 and 28 days after sowing (DAS). 

AMF inoculation Pythium ultimum 14 DAS 21 DAS 28 DAS

F. mosseae - 41.7 a 71.7 a 86.8 a

F. mosseae + - 77.6 a 85.7 a

R. irregularis - 41.8 a 94.1 b 95.6 bc

R. irregularis + - 94.0 b 93.9 b

C. claroideum - 70.6 b 96.3 b 97.9 cd

C. claroideum + - 97.7 b 98.7 d

399 Different letters within same column indicate significant differences between treatments LSD0.05 

400 (n=4).
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414 Table 4. Relative amount to internal standard (19:0) of signature fatty acid for arbuscular 

415 mycorrhizal fungi (16:1ω5) in of Cucumis sativus roots inoculated with Funneliformis mosseae, 

416 Rhizophagus irregularis or Claroideoglomus claroideum, infested or not with Pythium ultimum, and 

417 harvested 14, 21 and 28 days after sowing (DAS). 

AMF inoculation Pythium ultimum 14 DAS 21 DAS 28 DAS

F. mosseae - 0.11 a 1.28 a 2.51 a

F. mosseae + - 1.19 a 2.43 a

R. irregularis - 0.24 ab 1.79 ab 2.78 ab

R. irregularis + - 3.58 cd 3.22 b

C. claroideum - 0.48 b 4.35 d 2.69 ab

C. claroideum + - 2.53 bc 2.80 ab

418 Different letters within same column indicate significant differences between treatments LSD0.05 

419 (n=4).
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432 Table 5. Ct (Cycle threshold values) referent to the quantification of Pythium ultimumin roots of 

433 Cucumis sativus 28 days after sowing (DAS). Roots were inoculated with Funneliformis mosseae, 

434 Rhizophagus irregularis or Claroideoglomus claroideum or not. Ct values are outputs of the qPCR 

435 reaction, and therefore inversely proportional.

AMF inoculation Pythium ultimum 

Not inoculated 28.5 b

F. mosseae 21.5 a

R. irregularis 22.5 a

C. claroideum 22.4 a

436 Different letters within same column indicate significant differences between treatments LSD0.05 

437 (n=4).

438
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