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29 Abstract:

30 Mortierella and Ilyonectria include common species of soil fungi which are frequently detected 

31 as root endophytes in many plants including Populus spp. However, the ecological roles of these 

32 and other endophytic fungi with respect to plant growth and function are still not well 

33 understood. The functional ecology of two key taxa from the Populus rhizobiome, Mortierella 

34 elongata PMI93 and Ilyonectria europaea PMI82, was studied by coupling forest soil bioassays 

35 with environmental metatranscriptomics. Using soil bioassay experiments amended with fungal 

36 inoculants, M. elongata was observed to promote the growth of Populus. This response was 

37 cultivar independent. In contrast, I. europaea had no visible effect on Populus growth. 

38 Metatranscriptomic studies reveal that these fungi impact rhizophytic and endophytic activities 

39 in Populus and induce shifts in soil and root microbial communities. Differential expression of 

40 core genes in P. trichocarpa roots was observed in response to both fungal species. Expression 

41 of Populus genes for lipid signaling and nutrient uptake were up-regulated and expression of 

42 genes associated with gibberellin signaling were altered in plants inoculated with M elongata, 

43 but not I. europaea. Up-regulation of genes for growth promotion, down-regulation of genes for 

44 several LRR-receptors/kinases, and alteration of expression of genes associated with plant 

45 defense responses (e.g., JA/ET/SA pathways) also suggest that M. elongata manipulates plant 

46 defenses while promoting plant growth.

47 Introduction

48 Soils of Populus and forest trees harbor a high diversity of rhizospheric fungi with 

49 diverse ecological functions, including mycorrhizal fungi, endophytes, saprophytes and 

50 pathogens (Bonito, et al. 2016). In particular, Populus species associate with a high diversity of 
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51 root endophytes which play key roles in rhizosphere function and plant fitness (Shakya et al. 

52 2013; Cregger et al. 2018). While several Populus-ectomycorrhizal interactions have been 

53 reported (Lodge 1989; Podila et al. 2009; Baum and Makeschin 2000; Bois et al. 2005; Gottel et 

54 al. 2011; Guevara et al. 2013; Martin et al. 2016), the mechanisms involved in Populus-

55 endophytes interactions that affect plant growth and fitness remain unexplored. 

56 Recent studies have identified Mortierella spp. as part of the core Populus microbiome 

57 (Gottel et al. 2011; Shakya et al., 2013; Bonito et al. 2014; Uehling et al. 2017). Mortierella 

58 belongs to Mucoromycota, an early diverging phylum of fungi, which is comprised of 

59 Glomeromycotina (arbuscular mycorrhizal fungi), Mortierellomycotina and Mucoromycotina 

60 (Bidartondo et al. 2011; Spatafora et al. 2016; Strullu-Derrien et al. 2018). Most Mortierella spp. 

61 are considered to be soil saprophytes, however they are also frequently isolated as endophytes 

62 from surface sterilized healthy root tissue of Populus and other plant species (Bonito et al. 2016). 

63 Beneficial interactions between Mortierella and plants are known to exist, but functional and 

64 mechanistic studies on plant-Mortierella interactions are few. A recent study showed that 

65 Mortierella hyalina enhanced aboveground biomass of Arabidopsis and activated host Ca2+ 

66 signaling to suppress immune responses (Johnson et al. 2018). Another study showed the ability 

67 of endophytic Mortierella alpina to enhance the stress tolerance in host plants as a root 

68 endophyte via biosynthesis of the tetraterpenoid-derived phytohormones in planta, including 

69 apocarotenoid (Wani et al. 2017). Genome analysis and carbon utilization assays suggest that M. 

70 elongata metabolism is largely based on simple carbon utilization (e.g., D-glucose, D-trehalose 

71 and D-mannose) and that its metabolism is enriched in lipids and polyunsaturated fatty acids 

72 (PUFAs) anabolism (Uehling et al. 2017). Based on their enzyme profile, Mortierella spp. can 

73 acquire organic nitrogen through chitinolytic activities (Uehling et al. 2017; Vadivelan and 
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74 Venkateswaran 2014) utilizing the chitin monomer N-acetyl glucosamine as a nitrogen and 

75 carbon source. 

76 Ilyonectria spp. are another common group of ubiquitous rhizosphere fungi whose 

77 function as endophytes is poorly known. Ilyonectria belongs to the family of Nectriaceae 

78 (Hypocreales, Sordariomyceta, Ascomycota), however, the taxonomy status of Ilyonectria and 

79 other related genera is still in flux. For instance, molecular systematic studies revealed a high 

80 amount of cryptic speciation within the Ilyonectria complex (Cabral et al. 2012).  Ilyonectria 

81 spp. are commonly isolated from rhizosphere soils and as endophytes from surface sterilized 

82 healthy roots from a wide range of woody and herbaceous plants including Populus (Cui et al. 

83 2015; Kwaśna et al. 2016). Ilyonectria species are generally assumed to be commensals or weak 

84 plant pathogens, since some species are associated with disease of certain plant hosts, including 

85 root rot in grapes (Cabral et al. 2012; Hersh et al. 2012) and ginseng (Farh et al. 2018). However, 

86 as with Mortierella, the ecological function of most Ilyonectria species is unknown.

87 We hypothesize signaling between Populus and other non-mycorrhizal fungal root 

88 endophytes can occur in a community context and is bidirectional, such that each symbiont 

89 impacts the transcriptional regulation of its partner. However, we predict that P. trichocarpa uses 

90 different strategies to interact with Mortierella compared to Ilyonectria, given these fungal taxa 

91 are separated by a large phylogenetic distance and are assumed to represent opposite ends of the 

92 ‘pathogen-mutualist’ ecological spectrum. We carried out bioassay experiments with P. 

93 trichocarpa to test our hypotheses that M. elongata (PMI93) and I. europaea (PMI82) elicit 

94 different molecular responses from their native host Populus trichocarpa. We used RNA-Seq to 

95 investigate the functional activities of these fungal generalists (PMI93 and PMI82) in the 

96 rhizosphere and to identify the key plant genes responsive to fungal inoculation. This study 
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97 highlights how different functional groups of endophytic fungi interact with a single host plant, 

98 P. trichocarpa and provides new insights into the relationships between species coexistence, 

99 plant fitness and ecosystem functions.

100 Results

101 Mortierella elongata (PMI93) promotes plant growth

102 To test if endophytic fungal taxa belonging to the core Populus rhizobiome contribute to 

103 plant fitness, we used bioassay experiments to examine the response of Populus to inoculation 

104 with two fungi isolated from Populus roots, Mortierella elongata (PMI93) and Ilyonectria 

105 europaea (PMI82) (Bonito et al., 2016). Populus cuttings were grown in a background of soils 

106 collected from Populus sites in North Carolina, USA and inoculated with M. elongata (PMI93) 

107 or I. europaea (PMI82), respectively. M. elongata (PMI93) enhanced whole plant dry weight 

108 (30%, p0.05), and leaf expansion (p0.05). Additionally we observed an increased amount of 

109 chloroplasts in Populus (Fig. 1; Supplementary Fig. 1). Particularly, M. elongata (PMI93) 

110 enhanced the dry weight in Populus roots more than it did in aboveground organs (Fig. 1). While 

111 Populus growing in both soil and sand, M. elongata (PMI93)-triggered-growth of aboveground 

112 organs was not plant genotype-dependent (Supplementary Fig. 1). In contrast, I. europaea 

113 (PMI82) promoted Populus growth in sterilized sand, but otherwise had no effect on plant 

114 growth (Fig. 1B). The response of Populus to I. europaea was investigated only on a single 

115 genotype, BESC4 (Fig. 1B), we cannot exclude a positive or negative response with other 

116 genotypes.

117 Fungi as biotic factors that influence the composition of fungal communities in Populus 

118 roots and soils 
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119 RNA-Seq data indicate that there were populations of Mortierella and Ilyonectria in the 

120 soils used for these bioassays (Supplementary Dataset 1; Fig. 2), however, inoculation resulted in 

121 a larger population of the target taxa and a higher relative abundance of target mRNA recovered 

122 (Fig. 2A). The inoculation with M. elongata (PMI93) increases the target fungus only in soil 

123 samples, whereas that with I. europaea (PMI82) in both root and soil samples (Fig. 2A).  M. 

124 elongata (PMI93) inoculation resulted in an increase of relative abundance of Ilyonectria mRNA 

125 in the root and soil (Fig. 2B). I. europaea (PMI82) inoculation resulted in an increase of relative 

126 abundance of Mortierella mRNA in the soil (Fig. 2B).

127 To explore the interactive effects of M. elongata (PMI93) and I. europaea (PMI82) on 

128 the fungal community in Populus roots and soils, fungal LSU rRNA reads (corresponding to 

129 divergent domains D1 and D2) were extracted from the RNA-Seq data and used to identify 

130 fungal community composition in soil and roots as described by Liao et al. (2014). Species-rich 

131 communities of root-associated fungi were detected in individual Populus roots and rhizosphere 

132 soils (Fig. 3). A high diversity of fungi across different ecological guilds, from mutualists to 

133 pathogens, were present in all samples. A block effect was observed (Fig. 3), whereby the 

134 microbial community structure of uninoculated M. elongata (PMI93) samples were more similar 

135 to inoculated M. elongata (PMI93) samples and the microbial community structure of 

136 uninoculated I. europaea (PMI82) samples were more similar to I. europaea (PMI82) inoculated 

137 samples, likely explained by the fact that two different soils (harboring different microbial 

138 communities) were used for the two separate experiments. Therefore, the two experiments were 

139 analyzed independently. Further, higher variability of soil and root fungal community structure 

140 was found in the I. europaea (PMI82) experimental samples compared to M. elongata (PMI93) 

141 experimental samples, regardless of the addition of fungal inoculum (Supplementary Fig. 3; 
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142 Supplementary Table 2). Over 90% of the detected fungi are root associated fungi, including 

143 arbuscular (AMF) and ectomycorrhiza fungi (EMF), endomycorrhizal fungi and fungal 

144 endophytes. It is not known if physiological conditions of Populus cuttings used for the 

145 individual replicates contributed to the variability of fungal microbiomes. The physiological 

146 conditions of plants were not examined other than the measurement of plant biomass (Fig. 1). In 

147 addition, inoculation with either M. elongata (PMI93) or I. europaea (PMI82) resulted in a shift 

148 in the composition of the fungal soil community compared to uninoculated plants grown in the 

149 same soils (p0.05) (Supplementary Fig. 3A; Supplementary Table 2A). AMF transcriptome 

150 activity changed significantly in the roots and soil inoculated with I. europaea (PMI82), but not 

151 with M. elongata (PMI93) (p0.05; Supplementary Fig. 3B1). M. elongata (PMI93) inoculations 

152 reduced some AMF taxa in root tissues, including those of Glomeromycota, Septoglomus and 

153 Scutellospora (Fig. 3; Supplementary Table 2C). Soil inoculation with M. elongata (PMI93) 

154 resulted in increased transcriptome activity by EMF (Supplementary Fig. 3B2 and 3B3), an 

155 effect that has also been observed for other fungi in the Nectriaceae (Swett and Gordon 2016). 

156 The transcriptome composition of endophytes in the soils was shifted in response to both M. 

157 elongata (PMI93) and I. europaea (PMI82) inoculation (Supplementary Fig. 3B4 and 3B5). 

158 Inoculation with M. elongata (PMI93) resulted in enrichment of certain fungal endophytes 

159 (Gibberella, Bionectria, Neonectria, Neocosmospora, Nectria and Trichoderma) in both root and 

160 soil systems (Fig. 3). I. europaea (PMI82) inoculation resulted in the enrichment for the fungal 

161 pathogens, Leptosphaerulina and Didymella (Fig. 3; Supplementary Fig. 3B6; Supplementary 

162 Table 2C). Finally, inoculation with M. elongata (PMI93) and I. europaea (PMI82) resulted in a 

163 shift in the composition of transcribed rRNA of saprotrophs (Supplementary Fig. 3B7).

164
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165 Shared and unique responses of Populus responses to Mortierella elongata (PMI93) and 

166 Ilyonectria europaea (PMI82) inoculations

167 We compared the net transcriptomic activity of Populus roots with and without fungal 

168 inoculation. We recovered ~34 million reads from individual pools of fine roots (around 1 mg; 

169 Supplementary Dataset 1). The average read proportion of expressed genes was 72%:0.1%:28 %, 

170 (plant: inoculated fungi: other species not mapped to plant hosts or inoculated fungal genomes) 

171 for individual samples regardless of whether the samples were inoculated with fungi (Fig. 2; 

172 Supplementary Dataset 1). Additional details of computational pipeline used for data assemblies 

173 can be found in Supplementary Fig. 2. 

174 Inoculation with M. elongata (PMI93) and I. europaea (PMI82) resulted in a strong 

175 molecular plant response (Fig. 4; Supplementary Dataset 2). Over 4,497 individual genes of 

176 Populus were significantly altered in response to M. elongata (PMI93) inoculation (FDR0.05; 

177 ≥2-fold changes; n=4) (Fig. 4A). In contrast, only 380 genes of Populus changed their expression 

178 patterns in response to inoculation with I. europaea (PMI82) (Fig. 4A). Further, replicate 

179 samples of I. europaea (PMI82) appear to be much more variable than for M. elongata (PMI93) 

180 (Fig. 3 and 5). Likely, the higher variability in gene expression across replicates is the cause of 

181 fewer differentially expressed Populus genes in response to I. europaea (PMI82) compared to M. 

182 elongata (PMI93) inoculation.

183 Expression patterns of 260 genes changed in Populus in response to both M. elongata 

184 (PMI93) and I. europaea (PMI82) (shared genes) (Fig. 5; Supplementary Dataset 3), indicative 

185 of molecular commonalities in how Populus responds to different species of rhizosphere fungi. 

186 Pathways mediating this shared response include carbohydrate metabolism, plant cell wall 

Page 9 of 79



Hui-Ling Liao, MPMI

10

187 development, fatty acid/lipid biosynthesis and metabolisms, IAA signaling, heat shock, stress 

188 response and transport and intracellular signaling/transcriptional regulation. As part of this 

189 common response, a few functional groups, including several plant defense related genes (18 

190 genes), are significantly up- and down- regulated (FDR0.05; ≥2-fold changes; n=4). These 

191 include JA/ET/ABA biosynthesis and signaling and salicylic acid (SA)-LRR-mediated signaling. 

192 For example, one gene for JA signaling (12-oxophytodienoate reductase) was up-regulated 

193 (Gene ID: Potri.013G102700) and two genes encoding lipoxygenase were down-regulated 

194 (Potri.005G032700; Potri.005G032400) (Supplementary Table 1; Supplementary Dataset 3). The 

195 NDR1/NIH1-like gene (Potri.017G154000), which has been reported to respond to SA-mediated 

196 biotic stress, was also up-regulated in response to fungal inoculation (Wu et al. 2012).  

197 Aside from shared genes, 4,237 and 120 Populus genes were predicted to respond to M. 

198 elongata (PMI93) and I. europaea (PMI82), respectively. Populus responded more strongly to 

199 M. elongata (PMI93) compared to I. europaea (PMI82) at physiological and molecular levels. 

200 Thus, further analyses focused specifically on Populus responses to M. elongata (PMI93). The 

201 majority of functional groups of these unshared genes are involved within transmembrane 

202 functions (32% of total unshared genes), extracellular functions (7%) and transcriptional 

203 regulators (8%) regardless of soil batch or fungal species was used as inoculum (Supplementary 

204 Fig. 4). Of 356 plant genes involved in extracellular activities during Populus-M. elongata 

205 (PMI93) interaction, 147 genes (41% of extracellular proteins) were considered to be plant small 

206 secreted proteins (pSSPs), comprising up to 8% total pSSPs (1,680 pSSPs) from P. trichocarpa 

207 genome (Tuskan et al. 2006; Yang et al. 2011). Of 147 Populus pSSPs, 94 were up-regulated and 

208 53 genes were down-regulated in response to M. elongata (PMI93) (Fig. 6; Supplementary 

209 Dataset 4). Genes encoding pSSPs involved in plant lipid-transfer proteins (pLTPs) and cell wall 
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210 loosening (expansin) were up-regulated, while genes encoding pSSPs related to cell adhesion 

211 and plant defense response were down-regulated (Gene IDs were shown in column A and the 

212 predicted functions were shown in column CG of Supplementary Dataset S4A). 

213 Of 85 plant genes involved in extracellular activities during Populus- I. europaea 

214 (PMI82) interaction, 15 genes (18%) were predicted to be pSSPs (Supplementary Dataset 4B). 

215 One gene encoding an pSSPs for pLTPs (Potri.013G131500), two genes for protein app1 and 

216 three genes for cell wall protein gp1-like were up-regulated. Other genes encoding pSSPs, 

217 including serine protease inhibitor (Kazal-type), clavata3 and plant natriuretic peptide A, were 

218 down-regulated. None of those 15 genes encode for cell adhesion and plant defense response. 

219 The protein structure analysis were furthered applied to study the structural architectures of those 

220 pSSP groups (Supplementary Fig. 5).

221 Two distinct pLTPs families (Family 1 LTPs; Family 2 LTPs) have been biochemically 

222 characterized (Yeats and Rose 2008). All 12 Populus pLTPs identified in response to M. 

223 elongata (PMI93) share a structural architecture of a hydrophobic cavity enclosed by four alpha-

224 helices that are folded using four disulfide bounds (Supplementary Fig. 5A). The conserved 

225 eight-cysteine motif contributes to these four disulfide bounds. The presence of Tyrosine-16 and 

226 the small hydrophobic amino acid (Ile, Val, Leu, Ala) direct Populus pLTPs as the Family 1 

227 pLTPs. These Populus pLTPs vary in amino acid identity (between 1%-90% identity).

228 Populus pSSPs associated with defense responses were predominantly down-regulated in 

229 response to M. elongata (PMI93) including three groups: dirigent-like protein, germin-like 

230 protein and PR-thaumatin associated protein (Fig. 6; Supplementary Fig. 5B; Supplementary 

231 Dataset 4). Ligand and enzyme activity prediction analysis showed different modes of the plant 
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232 immune systems, including JA/ET/SA/ABA mediated pathways, were suppressed in association 

233 with M. elongata (PMI93) inoculation. Along this line, although one gene for JA signaling (12-

234 oxophytodienoate, Potri.013G102700) was up-regulated in Populus in response to both M. 

235 elongata and I. europaea inoculation, other 12-oxophytodienoate reductases (Potri.003G004600 

236 and Potri.003G004200) were conversely downregulated in the root inoculated by M. elongata 

237 (PMI93). All detected genes for lipoxygenases (Potri.005G032400, Potri.005G032700, 

238 Potri.005G032600, Potri.013G022100, Potri.009G022400) (Supplementary dataset 1) were also 

239 downregulated in M. elongata (PMI93) inoculated roots. Expression of 23 Populus genes for 

240 gibberellin signaling was altered in plants inoculated with M elongata, but not I. europaea 

241 (Supplementary Table 1B).

242 We further categorized these genes through different annotation methods, including KEGG 

243 mapper (Supplementary Fig. 6), KOG gene groups (JGI annotation) (Supplementary Fig. 7) and 

244 ClueGO gene enrichment analysis (Bindea et al. 2009;2013) (Supplementary Fig. 8). Results of 

245 these analyses indicate that M. elongata (PMI93) inoculation contributed to an up-regulation in 

246 Populus pathways involved in fatty acid/glycerolipid biosynthetic processes and metabolism, and 

247 oxidative phosphorylation. Conversely, there was a down-regulation of genes involved in 

248 carotenoid biosynthesis and ET/JA/SA signaling (p0.05; ≥2-fold changes; n=4). The most 

249 abundant differentially expressed genes appear to be mostly involved in signaling (Fig. 5; Fig. 6; 

250 Supplementary Dataset 2A), including receptor kinases and transcription factors. A majority of 

251 receptor kinases were down-regulated in response to M. elongata (PMI93) including 61 genes for 

252 LRR-receptor kinases (LRR-RKs) (Supplementary Dataset 2A). ClueGo gene enrichment 

253 analysis also shows that inoculation with M. elongata (PMI93) enhances the activities of fatty 
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254 acid biosynthesis, thiolester hydrolase, response to inorganic substrates, cytokinin metabolism 

255 and disaccharide biosynthesis (Supplementary Fig. 8B). 

256 Of 120 genes in Populus that responded to I. europaea (PMI82) inoculation, but not M. 

257 elongata (PMI93) inoculation, two genes were predicted to be pLRRs (Potri.005G043700; 

258 Potri.019G110800) and were down-regulated (Supplementary Dataset S2B). 

259 Fungal genes up-regulated in response to Populus

260 Our initial attempts to profile the expression pattern of M. elongata (PMI93) and I. 

261 europaea (PMI82) genes in roots and soils was hampered by a low abundance of fungal 

262 endophyte reads (Fig. 2). For example, only 56K paired-reads of M. elongata (from over 28M 

263 qualified reads) were detected from individual soil samples (Supplementary Dataset 1). This may 

264 be a general feature of many endophytes which are characterized by lower activity and 

265 abundance especially within plant tissues. Because Mortierella expressed higher numbers of 

266 mRNA transcripts than to Ilyonectria for the soil and root samples without inoculation (Fig. 2), 

267 the molecular activities of M. elongata (PMI93) in the bioassay were further investigated. The 

268 higher abundance of M. elongata (PMI93) mRNA transcripts in rhizosphere soil (Fig. 2) 

269 permitted us to compare relative expression comparisons of fungal genes (% reads of M. 

270 elongata = 5%, around 1.4 M reads per sand sample) (Supplementary Dataset 1). In total, 7,950 

271 genes of M. elongata (PMI93) were detected across all (4) biological replicates of sand samples 

272 inoculated with M. elongata (PMI93). To study the functional categories active in M. elongata 

273 (PMI93), we investigated the number of transcribed genes and their functional proportions of M. 

274 elongata (PMI93) detected in sand and in vitro (Supplementary Fig. 9; Supplementary Dataset 

275 6). In general, a similar pattern and proportion of M. elongata (PMI93) functional genes was 
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276 detected across sand and culture conditions. However, fewer Mortierella genes encoding 

277 secreted proteins (fSSPs), leucine-rich receptors and WD40 were detected in Populus-sand 

278 bioassay treatments inoculated by M. elongata (PMI93), compared to when M. elongata (PMI93) 

279 was grown in pure culture axenically (p0.05) (Supplementary Dataset 6). Of 87 fSSPs detected 

280 in the sand with Populus grown nearby, only 3 fSSPs were not detected in the culture 

281 (Supplementary Dataset 7). Comparative metatranscriptomics also show genes for RNA 

282 modification, translation, signal transduction, lipid transport and metabolism and chitinase were 

283 significantly up-regulated in M. elongata (PMI93) when M. elongata (PMI93) grew with 

284 Populus compared to pure culture (Supplementary Fig. 9; Supplementary Dataset 7).

285  

286 Discussion

287 Some fungal endophytes are known as beneficial symbiotic microbes able to promote 

288 plant growth and induce plant defense (Vaarma, et al., 1999; Lee et al., 2011; Zuccaro, et al., 

289 2014; Greletet al., 2017). In this study, soil inoculation with the ubiquitous fungal endophyte M. 

290 elongata (PMI93) promoted plant growth, while the effects of inoculation with another common 

291 endophyte I. europaea (PMI82) were neutral in phenotype (Fig. 1). RNA-Seq data demonstrate 

292 that M. elongata (PMI93) and I. europaea (PMI82) both have a dual lifestyle: each can grow as a 

293 root endophyte or as soil saprotroph (Fig. 2). The mycelium of M. elongata (PMI93) forms a 

294 biofilm on plant roots indicating that M. elongata (PMI93) can directly interact with plant roots 

295 (Supplementary Fig. 10). The differentiation of an individual fungal mycelial network between 

296 two life strategies also implies that a fungal isolate itself may utilize multiple resources, while 

297 interacting with plant host(s). Fungal endophytes have been classified into four classes according 
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298 to their life histories (Rodriguez et al. 2009). Mortierella and other Class 4 fungal endophytes 

299 live within their host plant roots for at least a part of their life cycle without apparent symptoms 

300 (Wilson 1995; Rodriguez and Redman 1997; Rodriguez et al. 2009). In contrast, saprotrophic 

301 fungi live off dead organic matter in soils and dead plant tissues. The present of fungal 

302 transcriptomes in root and soil suggests that M. elongata (PMI93) and I. europaea (PMI82) 

303 participate in a combination of endophytic and saprotrophic activities (Fig. 2). However, the low 

304 proportion of Mortierella and Ilyonectria transcripts in the soil and root RNA probably reflects 

305 the low biomass of this fungus in these two niches. This fact prevented the authors from carrying 

306 out a detailed analysis of the Mortierella transcriptome in response to a host plant. 

307 Results from this study also demonstrated how enrichment of a single fungal taxon can shift 

308 the whole community of root and soil-associated microbes and thus altering the ecological 

309 functions of associated plants and diverse soil taxa (Fig. 3). Mortierella elongata (PMI93) may 

310 promote plant growth indirectly by manipulating the community and functioning of other 

311 rhizosphere microbes (Fig. 3), by altering the nutrient composition of soil to facilitate resource 

312 acquisition (e.g., nitrogen, lipid) or by modulating plant phytohormones (e.g., IAA, GA) 

313 (Supplementary Fig. 6, 7 and 8). The common surveillance genes in Populus are activated in 

314 response to inoculation of both fungal species (Fig. 5), even though the two fungal species play 

315 different roles in associated with Populus (Fig. 1). This indicates that Populus may react to 

316 different biotic conditions through a common set of signaling pathways. Since soils collected 

317 destructively over a time interval were used to study the effect of M. elongata (PMI93) and I. 

318 europaea (PMI82) respectively, we cannot exclude the possibility that the different responses of 

319 Populus to these two endophytes may be influenced by interactions between the inoculated 

320 endophytes and soil microorganisms.

Page 15 of 79

https://paperpile.com/c/zdoskB/oF5O+J7o3+NWqj


Hui-Ling Liao, MPMI

16

321  Unlike pathogenic or mycorrhizal fungi that utilize a battery fungal effectors to modulate 

322 plant defenses, the M. elongata genome has reduced amount of fSSPs (417 fSSPs genes in 

323 Morel1 genome, Supplementary Dataset 8) in comparison with fungal specialists or obligate 

324 biotrophs (around 700-1,400 fSSPs) (Kim et al. 2016). We observed similar pattern and 

325 proportion of M. elongata (PMI93) fSSPs were present in soil, as compared to when growing in 

326 pure in culture (Supplementary Fig. 9). Thus, direct interactions between fungal effectors and 

327 plant receptors likely play a lesser role in Populus-Mortierella interactions. 

328  Populus spp. form functional symbioses with both AMF and EMF using effector-receptor 

329 communication (Plett et al. 2011; Martin et al. 2016). During ectomycorrhizal interaction 

330 between P. trichocarpa and Laccaria bicolor, a fungal effector fSSP (MiSSP7) is taken up by 

331 Populus and imported into plant nuclei where it suppresses JA-mediated plant defense response 

332 (Plett et al. 2011; Plett et al. 2014). In the present study, inoculation of P. trichocarpa with M. 

333 elongata (PMI93) was found to alter plant JA signaling, possibly affecting the suppression of 

334 JA-derived pathway. Thus, many beneficial microorganisms such as Mortierella and Ilyonectria 

335 may use different strategies to interact with their Populus host.

336 Enrichment of genes for plant lipid pathway in response to PMI93

337 Given that root-endophytes do not generally grow within plant cells, interactions between 

338 Populus and its endophytes must occur within extracellular spaces. The proportion of genes 

339 encoding predicted small-secreted proteins (pSSPs) for Populus in response to M. elongata 

340 (PMI93) is high (~40%; 147 genes) compared to other genes for extracellular activities 

341 (Supplementary Datasets 2 and 4). RNA-Seq data indicates that the plant lipid-transfer proteins 

342 (pLTPs) are the primary pSSPs produced by Populus in response to M. elongata (PMI93) 
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343 inoculation (Fig. 6). Only 15 genes for pSSPs were differentially expressed in Populus in 

344 response to I. europaea (PMI82) (Supplementary Dataset 4B). In addition, genes for fatty 

345 acid/lipid biosynthetic processes represent the primary set of Populus genes enriched in response 

346 to M. elongata (PMI93) (Supplementary Fig. 8B), suggesting the involvement of lipids in 

347 Populus-Mortierella interactions. As mentioned above, Populus genes for pLTPs were enriched 

348 in response to M. elongata (PMI93). These pLTPs contain signal peptides that direct their 

349 secretion into the extracellular matrix. In addition, the affinity of pLTPs for lipids is presumably 

350 fundamental to their function. In other plants, pLTPs have been shown to be responsible for 

351 translocating phospholipids and other fatty acid groups across cell membranes (Kader 1996). 

352 They may also bind to ligands that contain acyl groups. Ligand prediction analysis indicates 

353 these Populus pLTPs can bind to saturated fatty acid (e.g., stearic acid and palmitic acid) 

354 (Supplementary Dataset 4, Supplementary Fig. 5A). The biological roles of pLTPs are still 

355 unclear, however several studies suggest their involvement in antimicrobial activity, defensive 

356 signaling, cuticle deposition and cell wall loosening (Yeats and Rose 2008). Growing evidence 

357 also supports another function of family 1 pLTP to promote plant cell walls extension 

358 (Nieuwland et al. 2005). Up-regulation of gene groups for pLTPs and six expansin-like proteins 

359 and 10 cell wall loosening associated enzymes of Populus (Fig. 6; Supplementary Dataset 4) 

360 implicates pLTPs as potential modulators of non-enzymatic and enzymatic cell wall loosening 

361 (Marowa et al. 2016). Similar to other family 1 pLTPs (Pagnussat et al. 2012), Populus pLTPs 

362 may function as the extracellular lipid transfer protein and may be re-localized intracellularly in 

363 order to facilitate fatty acid and lipid-associated pathways.

364 In a separate study, M. elongata (PMI93) was observed to produce polyunsaturated fatty 

365 acids under normal growth conditions (Uehling et al., 2017, Supplementary Fig. 11). The higher 
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366 number of genes and higher expression rates of lipid transport and metabolism genes in M. 

367 elongata (PMI93) detected in sand-grown Populus cuttings compared to cultured isolates 

368 suggests higher induction of M. elongata (PMI93) lipid metabolic activities in the plant-soil 

369 system (Supplementary Fig. 9; Supplementary Dataset 6 and 7). We hypothesize that lipids 

370 produced by Mortierella may serve as ligands for pLTPs.  

371 PMI93 manipulates Populus SSP-(pSSPs) and LRR-(pLRR) genes invloved in defense responses

372 In Populus, pSSPs for defense responses (Fig. 6) and pLRR-RKs (Supplementary Dataset 

373 2A; S4), were predominantly down-regulated in response to M. elongata (PMI93). Three groups 

374 of these pSSPs were identified: (a) dirigent-like protein; (b) germin-like protein (c) PR-thaumatin 

375 associated protein (Supplementary Dataset 4). Ligand prediction analysis showed that these 

376 pSSPs are able to bind diverse ligands, implying that different parts of plant immunity system 

377 were suppressed, including JA, SA, hypersensitive response and LRR-RK associated defense 

378 response (see below explanation).

379 Enzyme active site prediction showed that dirigent-like pSSPs contain the activity of 

380 allene oxide cyclase (AOC) (Supplementary Fig. 5B). These dirigent-like pSSPs contain an 

381 eight-stranded antiparallel beta-barrel with a central hydrophobic ligand binding site. The 

382 predicted ligands of dirigent-like pSSPs include reaction intermediates required for allene oxide 

383 synthase (AOS) activities (i.e. enoic acid, vernolic acid, Supplementary Fig. 5B) (Wasternack 

384 and Kombrink 2010). The essential function of AOC and AOS in JA biosynthesis has been 

385 reported in other studies (Wasternack 2007; von Malek et al. 2002; Park et al. 2002; Ishiga et al. 

386 2003), implicating the manipulation by M. elongata (PMI93) in the suppression of JA-mediated 

387 plant defense. Enzyme active site prediction suggests that germin-like pSSPs have oxalate 
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388 oxidase (OXO) activity, which can catalyze the conversion between oxalate and CO2 + H2O2. 

389 The OXOs are involved in hypersensitive plant cell death (Lane 2002) and increase their activity 

390 under biotic stress (Zhou et al. 1998; Hurkman and Tanaka 1996). Together these results suggest 

391 the possibility that M. elongata (PMI93) can down-regulate the hypersensitive response of its 

392 Populus host. Down regulation of several PR-thaumatin associated proteins with beta-1,3-

393 glucanases activity shows that M. elongata (PMI93) may suppress multiple routes of plant 

394 immunity, including the salicylic acid mediated pathway (Liu et al. 2010) and fungal cell wall 

395 degradation (Lusso and Kuć 1996; Kuc 1995).

396 Plant membrane-localized receptor kinases play important roles in sensing and responding 

397 to environmental signals (Osakabe et al. 2013). These receptors perceive the extracellular ligands 

398 in order to phosphorylate intracellular kinase domains to activate downstream pathways. Within 

399 the Populus genome, pLRR-RKs account for the largest group of membrane-localized receptor 

400 kinases. pLRR-RKs can exhibit diverse biological functions and most have been shown to play a 

401 role in plant defense (McHale et al. 2006). Down regulation of Populus pLRR-RKs raises the 

402 possibility that M. elongata (PMI93) can balance pLRR-RKs signaling and growth tradeoffs to 

403 optimize plant fitness.

404 Conclusions

405 In conclusion, our findings show differential responses of Populus to two functionally 

406 different fungal endophytes, M. elongata (PMI93) and I. europaea (PMI82). These two fungal 

407 endophytes have endophytic and saprotrophic activities. The enrichment of a single fungal taxon 

408 (PMI93 or PMI82) can shift the whole community of root and soil-associated microbes and can 

409 alter the gene expression of their host plant. RNA-Seq results suggest that M. elongata (PMI93) 
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410 can modulate Populus defense responses, nutrient uptake, and photosynthetic-associated energy 

411 production through direct or indirect interactions with its host. Particularly, the presence of M. 

412 elongata (PMI93) leads to downregulation of genes involved in plant immune response and 

413 hormones signaling (e.g., JA/SA/ET signaling, HR response and fungal cell wall degradation), 

414 and alters expression of genes involved in gibberellin and lipid associated pathways which may 

415 result in the observed growth enhancement. Future studies may consider targeting lipid-derived 

416 communication and metabolism between Mortierella and Populus roots to better understand the 

417 interactions of these symbionts. 

418  

419 Materials and Methods

420 Inoculum preparation 

421 Sterile millet seeds were used as the medium to sustain viability and growth of fungal isolates. 

422 To prepare sterile millet seeds for fungal inoculum, millet seeds were soaked overnight in sterile 

423 distilled water. The excess water was drained, and the wet millet seeds were transferred to 

424 mushroom spawn bags with micropore patch. All bags were tightly closed and autoclaved at 

425 120C, 15 psi for 45 minutes for two cycles and cooled between cycles. 

426 Prior to inoculating spawn bags, fungal mycelium [(M. elongata (PMI93) and I. europaea 

427 (PMI82)] was grown on pure modified Melin Norkrans (MMN) 1% agar media at 25 °C (Rossi 

428 and Oliveira 2011). After 3-days of culturing, the fungal biomass with solid media was finely 

429 chopped into small cubes (around 3x3x3 mm3) and transferred to sterile culture bags containing 
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430 sterile millet seeds. After one month of incubation at 25 °C, the fungi had completely colonized 

431 the millet seeds which were used as inoculum in soil bioassay experiments.

432

433 Soil bioassay and sample collection for metatranscriptomics

434 The fresh cuttings of Populus trichocarpa were collected from Washington and Oregon in spring 

435 of 2015, including four genotypes: BESC86, GW7974, BESC4 and BESC320. The 30-cm long 

436 vegetative cuttings of Populus trichocarpa were submerged in tap water for three days, with 

437 daily water change. Prior to further use cutting were surface sterilized by soaking in 5-7% bleach 

438 solution with 0.01% Tween 20 for 15-20 min and then rinsed with sterile distilled water. 

439 Cuttings were planted into sterile sand and allowed to root under fluorescent lighting and regular 

440 watering. After one month of growth, the plants were transferred on the same day to 1) soil 

441 collected from forest sites and diluted with sterile sand - soil:sand; 30:70 (w/w), and to 2) sterile 

442 sand only – to serve as “no soil control (sand bioassay)”. Because fungal inocula grew at 

443 different rates, two different fresh soil samples from the same field site were used for inoculation 

444 with M. elongata (PMI93) and I. europaea (PMI82), respectively. Potted plants were inoculated 

445 in replicate with M. elongata (PMI93) and I. europaea (PMI82), respectively (soil/millet 

446 inoculum at 99:1 w:w ratio). Negative control treatments used sterile millet mixed with each soil. 

447 Inoculated plants were placed in a growth chamber at 25 °C, 80% humidity and fluorescent light 

448 at 200 μmol m-2s-1 for 16 hours per day. After 2-3 months, some replicates of P. trichocarpa 

449 growing in the sand only without M. elongata (PMI93) inoculation did not survive and could not 

450 be used for the further studies (Fig.1; Supplementary Fig. 1).  After 4 months growth, roots and 

451 soils (four biological replicates each) collected from P. trichocarpa BESC4 soil bioassay, sand 

Page 21 of 79



Hui-Ling Liao, MPMI

22

452 bioassay (with PMI93 inoculum) were harvested for metatranscriptomic analysis. Supplementary 

453 Dataset S1 summarized root and soil samples used for metatranscriptomic analysis. 

454 Physiological measurements for each plant are presented in Fig. 1 and Supplementary Fig. 1. 

455 Additional methods used for soil bioassay are described in Supplementary Fig. 1.

456

457 RNA preparation, cDNA library construction and Illumina sequencing

458 Total RNA from roots and soils were extracted following a CTAB/chloroform extraction and 

459 LiCl precipitation protocol previously described (Liao et al. 2014). The mRNA and cDNA for 

460 RNA-Seq analysis were purified with a TruSeq RNA sample preparation kit (Illumina, San 

461 Diego, CA). cDNA pools were sequenced on the Illumina HiSeq 2000 instruments (Illumina, 

462 San Diego, CA) in the Duke Center for Genomic and Computational Biology (GCB). Twelve 

463 samples were sequenced in an individual lane to generate a total of ~40Gb of data. In total, 32 

464 samples (root and soils) in soil bioassay, 4 samples in sand bioassay and 3 fungal culture samples 

465 were sequenced for this study. RNA-Seq data have been deposited at NCBI Short Read Archive 

466 (SRP057033).

467

468 Sequence assembly and annotation

469 Genome sequences produced by the Joint Genome Institute for P. trichocarpa v3.1 (Tuskan et al. 

470 2006), Mortierella elongata AG77 v. 1 (Morel 1) (Uehling et al. 2017) and Ilyonectria 

471 (Ilyonectria europaea v1.0) were used as references for RNA-Seq filtered read mapping using 

472 Tophat/Cufflink packages (Trapnell et al. 2010, 2009). The genome and transcriptome of I. 
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473 europaea were sequenced using Illumina platform. The pipelines applied for the assembly of 

474 Ilyonectria genome were described in the Supplementary Text. Ribosomal rRNA mapping 

475 method was employed to sort reads for all other fungal rRNA as well. Computational workflows 

476 for the sequence assembly are described in Supplementary Fig. 2 (Liao et al., 2014; Liao et al., 

477 2016). Recovered rRNA reads containing D1/D2 regions were used to calculate relative 

478 abundance of fungal communities (Supplementary Fig. 2). Recent studies indicate that rRNA 

479 reads recovered from metatranscriptome (poly-A enrich strategy) and RNA-based amplicon 

480 sequencing detected similar trends of microbial diversity and community (Liao et al., 2014; Chen 

481 et al., 2018). Nonmetric multidimensional scaling (NMDS) was performed on both euclidean and 

482 bray-curtist dissimilarity matrices, and results from multiple different dimensions were 

483 examined. Results from different configurations demonstrated similar classification, and results 

484 from two dimensions are presented in Supplementary Figure 3. Differences in community 

485 composition among the treatments (w/o fungal inoculation) were tested using permutational 

486 multivariate analysis of variance (PERMANOVA). Results for PERMANOVA were corrected 

487 for multiple comparison using false discovery rate (FDR). P-value were calculated based on 

488 pseudo-F statistics, and results with P ≤ 0.05 were considered as statistically significant (Results 

489 shown in Supplementary Table 2). Both NMDS and PERMANOVA were performed using 

490 vegan package version 2.5.3 in R (3.5.1). They are performed using metaMDS and adonis 

491 functions respectively. Comparative metatranscriptomics using Cuffdiff and Cuffcompare 

492 packages were applied to identify key plant genes that differentially respond to fungal 

493 inoculation (Trapnell et al. 2010). A false discovery rate (FDR) of 5% was used to identify 

494 highly expressed transcripts with at least 2-fold change for the genes. A combination of GO 

495 (Ashburner et al. 2000), KEGG (Kanehisa et al. 2012) and KOG (Tatusov et al. 2003) packages 

Page 23 of 79

https://paperpile.com/c/zdoskB/AQQf
https://paperpile.com/c/zdoskB/Jd7k
https://paperpile.com/c/zdoskB/kBFv
https://paperpile.com/c/zdoskB/pNX3


Hui-Ling Liao, MPMI

24

496 was used for gene annotation for P. trichocarpa v.3.1. Gene enrichment analysis was applied 

497 using the ClueGO plateform (Bindea et al. 2009;2013). Parameters and statistical analysis for 

498 gene enrichment analysis were shown in the legend of Supplementary Fig. 8. It is important to 

499 note that only around 18% of the Populus genes in the P. trichocarpa genomes were assigned to 

500 the KEGG and/or GO category. For example, of 60,000 P. trichocarpa genes, 10,876 genes were 

501 assigned to 7068 KO numbers. In addition to gene enrichment analysis, several other software 

502 packages were used to better annotate domains to identify the subcellular locations of genes with 

503 an unknown function or predicted with the extracellular enzymes. For domain analysis, EMBL-

504 EBI, Phobius (Käll et al. 2004), Signal-3L (Zhang and Shen 2017; Shen and Chou 2007) , Signal 

505 P v4.1 (Kihara 2017) and TMHMM v2.0 (Krogh et al. 2001) were used for the prediction of 

506 signal-peptides and transmembrane helix domains. ER retention signal ScanPrositeTool (de 

507 Castro et al. 2006) and Euk-mPLoc 2.0 (Chou and Shen 2010) were used to identify the 

508 subcellular localization of contigs. Small secreted proteins were defined as having 1) a size 

509 smaller than 300 amino acids (detected manually), 2) signal peptide predicted at the N-end 

510 (Signal-P v4.1), 3) extracellular location (Euk-mPLoc 2.0), 4) no transmembrane domains (Euk-

511 mPLoc 2.0, TMHMM v 2.0, EMBL-EBI and Signal-3L) and 5) no ER retention motifs (ER 

512 retention signal_ScanPrositeTool). The tertiary structures, ligand binding sites and enzyme 

513 activation sites of the individual SSPs were predicted using I-TASSER v3.0 (Bateman et al. 

514 2002; Zhang 2008; Roy et al. 2010; Yang et al. 2015). With this approach, we were able to 

515 assign the majority of contigs with unknown function to either small-secreted proteins or 

516 transmembrane proteins. Plots (Fig. 4) and heatmaps (Fig. 5 and 6) were generated with 

517 statistical packages in R (R Development Core Team 2003). Given that different batches of soil 

518 were used for M. elongata (PMI93) and I. europaea (PMI82) inoculations, we did not attempt to 
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519 compare the differential responses of plant between two fungal species. Only the expression of 

520 Populus genes that were manipulated by both fungal species are presented (Fig. 5). The greater 

521 number of plant genes responsive to M. elongata (PMI93) were reported in Fig. 6. 
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780 Figure legends

781 Figure 1. Plant dry weight (P. trichocarpa BESC4) in response to Mortierella elongata (PMI93) 

782 (A), and Ilyonectria europaea (PMI82) (B) inoculation. Two soil treatments, sterile sand and 

783 30% natural soil (w/ 70% of sterile sand w/w) collected from Populus site (NC1, USA), were 

784 used. The data were collected 1-year post inoculation. Error bars indicate the standard deviation 

785 of data from above-ground tissues (error bars above) and root tissues (error bar below), n=4. 

786 Tukey test was used to test significance of the whole plant biomass across the combinations 

787 (p0.05, n=4). Means marked by the same letters were not significantly different.

788  

789 Figure 2. Mortierella elongata (PMI93) and Ilyonectria europaea (PMI82) are 

790 transcriptomically active in the forest soil and Populus roots and enriched by inoculation. Bars 

791 show the percentage of total RNA-Seq reads of the root and soil samples (+/- =w/o inoculums) 
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792 mapped to the genome databases of M. elongata and I. europaea respectively. Fig. 2A indicates 

793 the individual sample set was mapped to the genome databases of their inoculum, while Fig. 2B 

794 indicates the individual sample set was mapped to the genome databases of I. europaea or M. 

795 elongata, but not inoculum.  The error bars indicate the standard deviation of the data, n=4. 

796 Tukey test was used to test significance of the percentage reads across the combinations in a bar 

797 graph (P0.05, n=4). Means marked by the same letters were not significantly different.

798  

799 Figure 3. Taxonomic composition of fungal communities in uninoculated (-) root and soil 

800 samples and those inoculated (+) with Mortierella elongata (PMI93) and Ilyonectria europaea 

801 (PMI82). Individual bars show the normalized abundance of ribosomal RNA sequences (LSU 

802 D1D2). Biological replicates (n=4) show a consistent taxonomic representation of reads 

803 recovered from root and soil samples across treatments. Percentages indicate the relative values 

804 of paired reads. The relative values below 1 appear as zero (Over 80% of the relative values <1 

805 were singletons representatives, data not shown). Taxa are ordered and coded in color based 

806 upon the ecological function of the fungal taxa according to FunGuild (Nguyen et al. 2016). 

807 PERMANOVA were applied to identify the taxa with significant differential abundance in 

808 associated with Mortierella elongata (PMI93) and Ilyonectria europaea (PMI82) inoculation. In 

809 the right side of the boxes, the abundance of normalized rRNA reads (using Deseq2) that were 

810 significantly increased (blue boxes) or reduced (red boxes) (p-value 0.05), or not significantly 

811 changed (grey boxes) (p-value>0.05). The detailed statistical results were also shown in 

812 Supplementary Table 2 and Supplementary Fig. 3. 
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813 Figure 4. Volcano plots elucidate the counts and expression rate of P. trichocarpa genes up- 

814 (green dots) and down- (blue dots) regulated in response to Mortierella elongata (PMI93) (A) 

815 and Ilyonectria europaea (PMI82) (B) inoculation. Black dots represent the expression of genes 

816 with no significant difference across the comparisons. Data were generated according to the 

817 normalized expression rates using Cufflink packages (see workflow Supplementary Fig. 2). Data 

818 of the loading gene factors were generated using the coordinate scales on the left (log10 of 

819 expression rate) and the bottom (mean of log2-fold changes). Cross-comparative expression of 

820 the genes was analyzed using t-text to compare P. trichocarpa with fungal inoculation versus 

821 without fungal inoculation (n=4; P0.01; FDR 0.05; fold changes>=2). The total counts of 

822 genes detected and the counts of genes significant changes in response to the inoculation were 

823 listed in Supplementary Dataset 2.

824  

825 Figure 5. Populus genes whose expression changes in response to both Mortierella elongata 

826 (PMI93) and Ilyonectria europaea (PMI82) inoculation. Significant changes in individual 

827 expression between inoculated root (+) v.s. non-inoculated root samples (-) were clustered 

828 according to their biological function (>2-fold changes; FDR 0.05, Benjamini-Hochberg test). 

829 The color key represents RPKM normalized log2 transformed counts of the genes. Wilcoxon 

830 signed-rank test (Bauer, 1972) was applied to filter the data. The genes for other catalytic 

831 activities and unknown function were not included in heatmap (Supplementary Dataset 3). Each 

832 Populus gene manipulated by the fungal species is given the expression profiles across the four 

833 biological replicates per treatment.

834  
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835 Figure 6. Significant changes of Populus pSSP genes in response to Mortierella elongata 

836 (PMI93) inoculation (>2-fold changes; FDR  0.05). The method for data analysis see Fig. 5 

837 legend.

838 Captions for Supplementary Figures

839 Supplementary Figure 1. (A) Growth enhancement of Populus trichocarpa BESC86 in 

840 response to inoculation with Mortierella elongata PMI93. Without M. elongata (PMI93) 

841 inoculation, P. trichocarpa (BESC86) cuttings did not survive sterile sand conditions. (B) The 

842 enhancement of physiological traits (shoot growth, leaf expansion) across 4 different Populus 

843 genotypes (BESC86, GW7974, BESC4, BESC320) in response to PMI93 inoculation. Soil 

844 bioassay (30% soil means 30% soil: 70% sterile sand /w:w) was conducted using natural soil 

845 collected from Populus field site NC1 (Bonito et al., 2014). (C) Seedling growth and changes in 

846 leaf color of P. trichocarpa BESC4 in response to PMI93 inoculation. Leaves of inoculated 

847 plants were darker green compared to the un-inoculated plants (similar to effect of adding N 

848 fertilizer).

849 Supplementary Figure 2. Computational flowchart used to sort the RNA-Seq reads of Populus 

850 root and soil samples. See Dataset S1 for the reads, %reads sorted out from each root and soil 

851 samples.

852 Supplementary Figure 3. NMDS plots showing the taxonomic composition of fungal 

853 communities in uninoculated (-) root and soil samples versus those inoculated (+) with 

854 Mortierella elongata (PMI93) and Ilyonectria europaea (PMI82). PERMANOVA were applied 

855 to identify the differential abundance of ribosomal RNA sequences (LSU D1D2) in associated 

856 with Mortierella elongata (PMI93) and Ilyonectria europaea (PMI82) inoculation. In particular, 
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857 the pairwise comparisons using PERMANOVA were applied to compare the uninoculated 

858 samples (Group A in green) vs. inoculated samples (Group B in orange) across (A) the whole 

859 communities and (B) a predicted ecological functional group. The statistical outcomes were also 

860 shown in Supplementary Table 2.

861 Supplementary Figure 4. The combination of sub cellular localization analysis and functional 

862 annotation show the differential expression of Populus trichocarpa genes in response to M. 

863 elongata (PMI93) (A), and I. europaea (PMI82) (B).

864 Supplementary Figure 5. The primary and tertiary (ribbon model) protein structures and the 

865 predicted ligands of pSSP, include (A) lipid transferring (pLTPs) and (B) defense responsive 

866 proteins.

867 Supplementary Figure 6. Key functional categories (KEGG) of P. trichocarpa genes up- 

868 (green) and down- (blue) regulated in response to PMI 93.

869 Supplementary Figure 7. Of 1,055 KOG categorized gene groups detected in populous root in 

870 response to PMI93 inoculation, top 32 gene groups were listed (>2-fold changes, FDR 0.05 for 

871 each selected gene; n=4).

872 Supplementary Figure 8. The ClueGO pie charts show the enrichment of populus genes (% Go 

873 terms per group) without (A) versus with PMI93 inoculation (B) (p0.05).

874 Supplementary Figure 9. (A) Functional proportions of fungal [M. elongata (PMI93)] genes 

875 detected in sand, in culture and presented in M. elongata genome. (B) Number of M. elongata 

876 (PMI93) genes significantly expressed (>2-fold changes; FDR 0.05) in sand versus in culture 

877 system. 
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878 Supplementary Figure 10. The image observing the mycelium of M. elongata (PMI93) forming 

879 the biofilm in associated with corn root (A) and extending out from the corn root (B).

880

881 Supplementary Figure 11. Mortierella elongata (PMI93) growing on MMN media producing 

882 lipid globules at lipid producing centers (A and B). Lipid release (examples shown by arrow) 

883 when the culture is injured with sharp object (C).

884 Captions for Supplementary Table and Text

885 Supplementary Table 1. The list of Populus genes for phytohormone biosynthesis/signaling 

886 that were responsive to both Mortierella elongata (PMI93) and Ilyonectria europaea (PMI82) 

887 vs. either one treatment.

888 Supplementary Table 2. Taxonomic composition of fungal communities in uninoculated (-) 

889 root and soil samples vs. those inoculated (+) with Mortierella elongata (PMI93) and Ilyonectria 

890 europaea (PMI82).  PERMANOVA were applied to identify the differential abundance of 

891 ribosomal RNA sequences (LSU D1D2) in associated with Mortierella elongata (PMI93) and 

892 Ilyonectria europaea (PMI82) inoculation. In particular, the pairwise comparisons using 

893 PERMANOVA were applied to compare the uninoculated samples vs. inoculated samples across 

894 (A) the whole communities, (B) a predicted ecological functional group, or (C) each listed fungal 

895 taxa.

896 Supplementary Text The pipeline applied for the genome sequencing and genome assembly of 

897 Ilyonectria europaea v1.0
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898

899 Captions for Supplementary Dataset

900 Supplementary Dataset S1. Reads and %reads of fungal D1D2 LSU rRNA, fungal genes and 

901 plant genes sorted from root and soil samples using computational workflow (Supplementary 

902 Fig. 5)

903 Supplementary Dataset S2. Populus gene significantly changes in response to M. elongata 

904 (PMI93) and I. europaea (PMI82) inoculation (FDR0.05; >2-fold; n=4) (S10_9to12 versus 

905 S11_1to4). The data of Supplementary Dataset S2 was used to generate Volcano plots in Fig 4.

906 Supplementary Dataset S3. The list of shared genes of P. trichocarpa in response to M. 

907 elongata (PMI93) and I. europaea (PMI82). The data of Supplementary Dataset S3 was used to 

908 generate heatmap for Fig 5.

909 Supplementary Dataset S4. Differential expression of pSSP-like genes of P. trichocarpa in 

910 response to PMI93 (Dataset S4A, 147 genes) and PMI82 (Dataset S4B, 15 genes) respectively. 

911 The data of Supplementary Dataset S4 was used to generate heatmap for Fig 6.

912 Supplementary Dataset S5. Gene products (7950 transcripts) of M. elongata (PMI93) detected 

913 in sand with P. trichocarpa BESC4 grown nearby (n=4).

914 Supplementary Dataset S6. Gene counts and % of gene counts of M. elongata (PMI93) 

915 detected in sand with P. trichocarpa BESC4 grown nearby (n=4), culture condition and 

916 presented in Morel1 genome. The data of Supplementary Dataset S7 was used to generate bar 

917 graph of Fig. S8A.
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918 Supplementary Dataset S7. Comparative transcriptomic data showing the differential 

919 expression of M. elongata (PMI93) genes in sand condition (with P. trichocarpa BESC4 grown 

920 nearby) verse culture conditions. The data of Supplementary Dataset S7 was used to generate bar 

921 graph of Fig. S8B.

922 Supplementary Dataset S8. The list of fungal small secreted protein (fSSP) predicted in 

923 Mortierella elongata (Morel1) genome.
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Figure 1. Plant dry weight (P. trichocarpa BESC4) in response to Mortierella elongata (PMI93) (A), and 
Ilyonectria europaea (PMI82) (B) inoculation. Two soil treatments, sterile sand and 30% natural soil (w/ 

70% of sterile sand w/w) collected from Populus site (NC1, USA), were used. The data were collected 1-year 
post inoculation. Error bars indicate the standard deviation of data from above-ground tissues (error bars 
above) and root tissues (error bar below), n=4. Tukey test was used to test significance of the whole plant 
biomass across the combinations (p<=0.05, n=4). Means marked by the same letters were not significantly 

different. 
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Figure 2. Mortierella elongata (PMI93) and Ilyonectria europaea (PMI82) are transcriptomically active in the 
forest soil and Populus roots and enriched by inoculation. Bars show the percentage of total RNA-Seq reads 
of the root and soil samples (+/- =w/o inoculums) mapped to the genome databases of M. elongata and I. 
europaea respectively. Fig. 2A indicates the individual sample set was mapped to the genome databases of 
their inoculum, while Fig. 2B indicates the individual sample set was mapped to the genome databases of I. 
europaea or M. elongata, but not inoculum.  The error bars indicate the standard deviation of the data, n=4. 

Tukey test was used to test significance of the percentage reads across the combinations in a bar graph 
(P<=0.05, n=4). Means marked by the same letters were not significantly different. 
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Figure 4. Volcano plots elucidate the counts and expression rate of P. trichocarpa genes up- (green dots) 
and down- (blue dots) regulated in response to Mortierella elongata (PMI93) (A) and Ilyonectria europaea 
(PMI82) (B) inoculation. Black dots represent the expression of genes with no significant difference across 

the comparisons. Data were generated according to the normalized expression rates using Cufflink packages 
(see workflow Supplementary Fig. 2). Data of the loading gene factors were generated using the coordinate 
scales on the left (log10 of expression rate) and the bottom (mean of log2-fold changes). Cross-comparative 
expression of the genes was analyzed using t-text to compare P. trichocarpa with fungal inoculation versus 

without fungal inoculation (n=4; P<0.01; FDR <0.05; fold changes>=2). The total counts of genes detected 
and the counts of genes significant changes in response to the inoculation were listed in Supplementary 

Dataset 2. 
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Figure 5. Populus genes whose expression changes in response to both Mortierella elongata (PMI93) and 
Ilyonectria europaea (PMI82) inoculation. Significant changes in individual expression between inoculated 
root (+) v.s. non-inoculated root samples (-) were clustered according to their biological function (>2-fold 

changes; FDR <0.05, Benjamini-Hochberg test). The color key represents RPKM normalized log2 
transformed counts of the genes. Wilcoxon signed-rank test (Bauer, 1972) was applied to filter the data. The 

genes for other catalytic activities and unknown function were not included in heatmap (Supplementary 
Dataset 3). Each Populus gene manipulated by the fungal species is given the expression profiles across the 

four biological replicates per treatment. 
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Figure 6. Significant changes of Populus pSSP genes in response to Mortierella elongata (PMI93) inoculation 
(>2-fold changes; FDR < 0.05). The method for data analysis see Fig. 5 legend. 
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Supplementary Table 1. The list of Populus genes for phytohormone biosynthesis/signaling that 
were responsive to both Mortierella elongata (PMI93) and Ilyonectria europaea (PMI82) vs. 
either one treatment. The detailed data were listed in Supplementary Dataset S2 and S3. [Note: 
Genes up-regulated in response to inoculation in Blue, genes down-regulated in response to 
inoculation in Red]

(A) Genes that were responsive to both PMI93 and PMI82
Gene ID Functional category 

(b/m/s, biosynthesis 
/metabolisms/ 
signaling

Gene product Fold change 
(in average 
w/ vs. w/o 
inoculation)

Potri.011G112400 ABA b/m/s nine-cis-epoxycarotenoid dioxygenase 3 11.7
Potri.001G393800 ABA b/m/s nine-cis-epoxycarotenoid dioxygenase 3 4.35
Potri.008G096500 ABA b/m/s ABI five binding protein 2 6.61
Potri.017G094500 ABA b/m/s ABI five binding protein 3 7.68
Potri.006G164600 ABA b/m/s Protein phosphatase 2C family protein 83
Potri.012G131800 ABA b/m/s Protein phosphatase 2C family protein 7.8
Potri.015G018800 ABA b/m/s highly ABA-induced PP2C gene 3 59.69
Potri.015G099700 ABA b/m/s HVA22 homologue E 8.98
Potri.016G125400 ABA b/m/s PYR1-like 4 0.28
Potri.006G104100 ABA b/m/s PYR1-like 4 0.2
Potri.008G073400 ABA b/m/s PYR1-like 6 0.14
Potri.010G183900 ABA b/m/s PYR1-like 6 0.19
Potri.013G102700 JA b/m/s 12-oxophytodienoate reductase 2 3.79
Potri.005G032700 JA b/m/s lipoxygenase 1 0.3
Potri.005G032400 JA b/m/s lipoxygenase 1 0.27
Potri.002G224100 ET b/m/s ethylene-forming enzyme 2.79
Potri.005G223200 ET b/m/s ethylene response factor 1 0.23
Potri.001G154100 ET b/m/s ethylene responsive element binding factor 1 0.26
Potri.017G138900 Carotenoid b/m/s phytoene synthase 12.6
Potri.001G007700 carotenoid b/m/s phytoene synthase 0.24
Potri.017G154000 SA b/m/s NDR1/HIN1-like 25 10.57

(B) Genes that were responsive to PMI93 but not PMI82
Gene ID Functional category (b/m/s) Gene product Fold change 

(in average 
w/ vs. w/o 
inoculation)

Potri.010G157900 ABA b/m/s ABI five binding protein 2 4.64
Potri.003G142800 ABA b/m/s ABL interactor-like protein 2 0.18
Potri.002G125400 ABA b/m/s abscisic acid responsive elements-binding factor 2 3.74
Potri.009G101200 ABA b/m/s abscisic acid responsive elements-binding factor 2 4.56
Potri.014G028200 ABA b/m/s abscisic acid responsive elements-binding factor 2 9.25
Potri.004G140600 ABA b/m/s abscisic acid responsive elements-binding factor 3 32
Potri.001G245200 ABA b/m/s highly ABA-induced PP2C gene 2 7.27
Potri.009G037300 ABA b/m/s highly ABA-induced PP2C gene 2 28.01
Potri.012G002700 ABA b/m/s highly ABA-induced PP2C gene 3 31.65
Potri.012G069300 ABA b/m/s HVA22 homologue A 2.22
Potri.012G101600 ABA b/m/s HVA22 homologue E 4.86
Potri.015G133900 ABA b/m/s Protein phosphatase 2C family protein 5.63
Potri.015G035800 JA b/m/s jasmonate-zim-domain protein 3 0.34
Potri.012G044900 JA b/m/s jasmonate-zim-domain protein 3 0.41
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Potri.005G045900 JA b/m/s jasmonic acid carboxyl methyltransferase 0.21
Potri.005G032600 JA b/m/s lipoxygenase 1 0.40
Potri.013G022100 JA b/m/s lipoxygenase 1 0.48
Potri.009G022400 JA b/m/s lipoxygenase 2 0.38
Potri.002G163700 ET b/m/s ACC synthase 1 10.40
Potri.018G130800 ET b/m/s EIN3-binding F box protein 1 0.43
Potri.009G159200 ET b/m/s Ethylene insensitive 3 family protein 0.39
Potri.013G045200 ET b/m/s ethylene response factor 1 0.24
Potri.002G201500 ET b/m/s ethylene response sensor 1 0.38
Potri.003G150700 ET b/m/s ethylene responsive element binding factor 1 0.14
Potri.003G081200 ET b/m/s ethylene responsive element binding factor 1 0.20
Potri.001G079900 ET b/m/s ethylene responsive element binding factor 1 0.24
Potri.004G003000 ET b/m/s ethylene-forming enzyme 0.18
Potri.014G159000 ET b/m/s ethylene-forming enzyme 2.49
Potri.001G016000 ET b/m/s ETHYLENE-INSENSITIVE3-like 3 0.38
Potri.001G015900 ET b/m/s ETHYLENE-INSENSITIVE3-like 3 0.48
Potri.014G046700 ET b/m/s ethylene-responsive element binding factor 13 0.10
Potri.014G046600 ET b/m/s ethylene-responsive element binding factor 13 0.14
Potri.008G210900 ET b/m/s ethylene-responsive element binding protein 0.35
Potri.010G006800 ET b/m/s ethylene-responsive element binding protein 7.90

Potri.001G464300 ET b/m/s
ethylene-responsive nuclear protein / ethylene-
regulated nuclear protein (ERT2) 0.46

Potri.001G265800 carotenoid b/m/s carotenoid cleavage dioxygenase 1 0.05
Potri.001G265600 carotenoid b/m/s carotenoid cleavage dioxygenase 1 0.27
Potri.T167700 carotenoid b/m/s carotenoid cleavage dioxygenase 1 0.30
Potri.006G239400 carotenoid b/m/s carotenoid cleavage dioxygenase 1 0.36
Potri.001G265900 carotenoid b/m/s carotenoid cleavage dioxygenase 1 0.39
Potri.014G056800 carotenoid b/m/s carotenoid cleavage dioxygenase 7 0.14
Potri.006G238500 carotenoid b/m/s carotenoid cleavage dioxygenase 8 0.15

Potri.005G126400 Brassinosteroid b/m/s
Brassinosteroid signalling positive regulator (BZR1) 
family protein 2.38

Potri.014G041600 Brassinosteroid b/m/s
Brassinosteroid signalling positive regulator (BZR1) 
family protein 3.80

Potri.004G117700 Brassinosteroid b/m/s brassinosteroid-6-oxidase 1 0.41
Potri.014G087700 Brassinosteroid b/m/s brassinosteroid-responsive RING-H2 0.41
Potri.002G161900 Brassinosteroid b/m/s brassinosteroid-responsive RING-H2 0.49
Potri.001G378400 GA b/m/s (negative modification) gibberellin 2-oxidase 1 3.37
Potri.011G095600 GA b/m/s (negative modification) gibberellin 2-oxidase 1 41
Potri.004G065000 GA b/m/s (negative modification) gibberellin 2-oxidase 0.23
Potri.008G101600 GA b/m/s (negative modification) gibberellin 2-oxidase 4 2.87
Potri.002G191900 GA b/m/s (negative modification) gibberellin 2-oxidase 6 0.26
Potri.005G065400 GA b/m/s  (positive modification) gibberellin 20 oxidase 2 0.09
Potri.005G184400 GA b/m/s (positive modification) gibberellin 20 oxidase 2 0.25
Potri.015G134600 GA b/m/s (positive modification) gibberellin 20 oxidase 2 0.45
Potri.001G176600 GA b/m/s (positive modification) gibberellin 3-oxidase 1 0.22
Potri.006G247700 GA b/m/s (positive modification) gibberellin 3-oxidase 1 0.50
Potri.001G350600 GA b/m/s Gibberellin-regulated family protein 2.09
Potri.001G297700 GA b/m/s Gibberellin-regulated family protein 2.79
Potri.015G091200 GA b/m/s (negative regulators) RGA-like 1 0.13
Potri.010G143400 GA b/m/s (negative regulators) RGA-like 1 0.13
Potri.010G143700 GA b/m/s (negative regulators) RGA-like 1 0.14
Potri.001G326000 GA b/m/s (negative regulators) RGA-like 1 0.18
Potri.010G143200 GA b/m/s (negative regulators) RGA-like 1 0.20
Potri.012G093900 GA b/m/s (negative regulators) RGA-like 1 0.25
Potri.005G095100 GA b/m/s (negative regulators) RGA-like 1 0.36
Potri.010G143600 GA b/m/s (negative regulators) RGA-like 2 0.12
Potri.002G195600 GA b/m/s (negative regulators) RGA-like 2 0.17
Potri.010G143500 GA b/m/s (negative regulators) RGA-like 2 0.20
Potri.016G122500 GA b/m/s (negative regulators) RGA-like 2 30
Potri.002G045000 IAA b/m/s AUX/IAA transcriptional regulator family protein 0.40
Potri.005G218200 IAA b/m/s AUX/IAA transcriptional regulator family protein 4.81
Potri.011G145700 IAA b/m/s Auxin efflux carrier family protein 0.05
Potri.006G037000 IAA b/m/s Auxin efflux carrier family protein 0.32
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Potri.005G099300 IAA b/m/s Auxin efflux carrier family protein 0.33
Potri.012G047200 IAA b/m/s Auxin efflux carrier family protein 0.49
Potri.010G112800 IAA b/m/s Auxin efflux carrier family protein 2.01
Potri.002G072200 IAA b/m/s Auxin efflux carrier family protein 23
Potri.008G127700 IAA b/m/s Auxin efflux carrier family protein 3.06
Potri.008G129400 IAA b/m/s Auxin efflux carrier family protein 3.86
Potri.009G014800 IAA b/m/s auxin response factor 10 0.49
Potri.016G090300 IAA b/m/s auxin response factor 16 2.58
Potri.002G207100 IAA b/m/s auxin response factor 2 0.21
Potri.014G135300 IAA b/m/s auxin response factor 2 0.26
Potri.015G105300 IAA b/m/s auxin response factor 2 2.42
Potri.003G142100 IAA b/m/s auxin response factor 9 0.24
Potri.001G088600 IAA b/m/s auxin response factor 9 0.28
Potri.010G065200 IAA b/m/s auxin-induced protein 13 22
Potri.007G024700 IAA b/m/s Auxin-responsive family protein 3.78
Potri.016G010900 IAA b/m/s Auxin-responsive family protein 3.89
Potri.010G156600 IAA b/m/s Auxin-responsive family protein 5.45
Potri.006G015000 IAA b/m/s Auxin-responsive family protein 10.44
Potri.009G092900 IAA b/m/s Auxin-responsive GH3 family protein 0.08
Potri.014G095500 IAA b/m/s Auxin-responsive GH3 family protein 0.28
Potri.011G129700 IAA b/m/s Auxin-responsive GH3 family protein 4.97
Potri.013G014900 IAA b/m/s Dormancy/auxin associated family protein 26
Potri.003G070500 IAA b/m/s Dormancy/auxin associated family protein 16.57
Potri.006G055600 IAA b/m/s indole-3-acetate beta-D-glucosyltransferase 2.51
Potri.010G078300 IAA b/m/s indole-3-acetic acid 7 5.54
Potri.006G066600 IAA b/m/s indole-3-acetic acid inducible 11 9.94
Potri.002G044900 IAA b/m/s indole-3-acetic acid inducible 14 0.47
Potri.002G186400 IAA b/m/s indole-3-acetic acid inducible 30 0.25
Potri.015G114400 SA b/m/s NPR1-like protein 3 2.42

(C) Genes that were responsive to PMI82 but not PMI93
Gene ID Functional category Gene product Fold change 

(in average 
w/ vs. w/o 
inoculation)

Potri.013G102800 JA b/m/s 12-oxophytodienoate reductase 2 3.89
Potri.013G102900 JA b/m/s 12-oxophytodienoate reductase 2 5.86
Potri.011G020900 ET b/m/s ethylene-forming enzyme 0.32
Potri.005G178900 IAA b/m/s IAA-leucine resistant (ILR)-like gene 6 0.25
Potri.008G129400 IAA b/m/s Auxin efflux carrier family protein 3.21
Potri.010G078300 IAA b/m/s indole-3-acetic acid 7 6.72
Potri.006G066600 IAA b/m/s indole-3-acetic acid inducible 11 29.82
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Supplementary Table 2. Taxonomic composition of fungal communities in uninoculated (-) root 
and soil samples vs. those inoculated (+) with Mortierella elongata (PMI93) and Ilyonectria 
europaea (PMI82).  PERMANOVA were applied to identify the differential abundance of 
ribosomal RNA sequences (LSU D1D2) in associated with Mortierella elongata (PMI93) and 
Ilyonectria europaea (PMI82) inoculation. In particular, the pairwise comparisons using 
PERMANOVA were applied to compare the uninoculated samples vs. inoculated samples across 
(A) the whole communities, (B) a predicted ecological functional group, or (C) each listed fungal 
taxa.

In (A), The results were used to generate NMDS plots in Supplementary Figure 3A.

In (B), The results were used to generate NMDS plots in Supplementary Figure 3B.

In (C), Two different statistical values were listed (p-value). Only the abundance of rRNA reads 
that were significantly increased (Front in blue) or reduced (Front in red) in response to 
inoculums (p<0.05) were shown in Figure 3B.

Supplementary Table 2A
Df Sums_of_Sqs MeanSqs F.Model R2 Pr(>F)

site 1 90.407 90.407 3.9666 0.39799 0.024
residuals 6 136.750 22.792 0.60201

PMI93_root

total 7 227.157 1.00000
site 1 732.22 732.22 2.6594 0.3071 0.027
residuals 6 1652.01 275.34 0.69289

PMI82_root

total 7 2384.23 1.00000
site 1 2848.2 2848.16 5.5082 0.47863 0.032
residuals 6 3102.4 517.07 0.52137

PMI93_soil

total 7 5950.6 1.00000
site 1 1014.36 1014.36 8.1289 0.57534 0.03
residuals 6 748.71 124.78 0.42466

PMI82_soil

total 7 1763.07 1.00000

Supplementary Table 2B
Stated by ecological group p-value
PMI93_root_AM 0.056
PMI93_root_Ecto 0.045
PMI93_root_EM 0.033
PMI93_root_Endo_Path 0.021
PMI93_root_Endo_Sap 0.064
PMI93_root_Pathogen 0.438
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PMI93_root_Sap 0.031
PMI82_root_AM 0.038
PMI82_root_Ecto 0.536
PMI82_root_EM 0.364
PMI82_root_Endo_Path 1
PMI82_root_Endo_Sap 0.508
PMI82_root_Pathogen 0.805
PMI82_root_Sap 0.029
PMI93_soil_AM 0.376
PMI93_soil_Ecto 0.029
PMI93_soil_EM 0.018
PMI93_soil_Endo_Path 0.045
PMI93_soil_Endo_Sap 0.028
PMI93_soil_Pathogen 0.37
PMI93_soil_Sap 0.031
PMI82_soil_AM 0.022
PMI82_soil_Ecto 0.226
PMI82_soil_EM 0.82
PMI82_soil_Endo_Path 0.028
PMI82_soil_Endo_Sap 0.026
PMI82_soil_Pathogen 0.021
PMI82_soil_Sap 0.048

Supplementary Table 2C
 PMI93_root PMI82_root PMI93_soil PMI82_soil
Glomus 0.577 0.027 0.507 0.032
Rhizophagus 0.604 1 1 0.442
Glomeromycota 0.033 0.031 0.323 0.036
Claroideoglomus 0.869 0.355 0.278 0.176
Septoglomus 0.026 0.458 0.211 1
Scutellospora 0.029 0.029 0.147 0.038
Diversispora 0.323 0.027 0.508 0.036
Hymenogaster 1 0.171 0.689 0.659
Tuber 0.385 0.345 0.415 0.34
Pezizaceae 0.133 0.56 0.413 0.587
Cenococcum 0.03 0.774 0.215 0.711
Tricholoma 0.029 0.755 0.035 0.038
Hebeloma 1 0.201 1 0.485
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Thelephora 0.427 0.086 1 0.178
Tomentella 0.155 0.406 0.522 0.381
Cortinarius NA 0.183 1 0.971
Meliniomyces 0.679 0.767 0.03 0.151
Helotiales 0.03 0.943 0.029 0.152
Hyaloscypha 0.174 0.404 0.954 0.346
Mariannaea 0.026 0.449 0.036 0.035
Mortierella 0.053 0.022 0.533 0.025
Ilyonectria 0.025 0.226 0.029 0.033
Umbelopsis 0.155 0.034 0.026 0.058
Dothideomycetes 0.434 0.963 0.018 0.576
Gibberella 0.048 1 0.027 0.024
Bionectria 0.029 0.034 0.037 0.037
Neonectria 0.023 1 0.03 0.055
Neocosmospora 0.033 0.12 0.037 0.037
Nectria 0.029 0.971 0.027 0.035
Trichoderma 0.019 0.031 0.029 0.06
Penicillium 0.165 0.615 0.036 0.032
Chaetomium 0.086 0.034 0.014 0.02
Hypocrea 0.154 0.033 0.025 0.031
Hypomyces 0.693 0.418 0.752 0.079
Mycosphaerella 0.416 0.145 0.42 0.32
Phoma 1 0.922 0.669 0.026
Leptosphaerulina 1 0.027 1 0.028
Didymella 0.446 0.036 1 0.024
Strophariaceae NA 0.155 NA 0.923
Antrodiella 0.029 0.624 0.032 0.202
Nectriaceae 0.028 0.459 0.038 0.033
Thielavia NA 0.029 0.052 0.03
Cryptococcus 0.27 1 0.238 0.834
Trametopsis NA NA 1 NA
Chaetodermella NA NA 1 NA
Ceriporiopsis NA 1 0.437 1
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Supplementary Text The pipeline applied for the genome sequencing and genome assembly of 
Ilyonectria europaea v1.0

The genome and transcriptome of Ilyonectria were sequenced at the US Department of Energy 
Joint Genome Institute using Illumina platform.

The genome was sequenced using two Illumina libraries. The DNA fragment library was 
produced from 100 ng of genomic DNA, sheared to 270 bp using the covaris E220 (Covaris) and 
size selected using SPRI beads (Beckman Coulter). The fragments were treated with end-repair, 
A- tailing, and ligation of Illumina compatible adapters (IDT, Inc) using the KAPA-Illumina 
library creation kit (KAPA biosystems). For 4kb Long Mate-Pairlibrary, 5µg of DNA was 
sheared using the Covaris g-TUBE™ (Covaris) and gel size selected for 4kb. The sheared DNA 
was treated with end repair and ligated with biotinylated adapters containing loxP.  The adapter 
ligated DNA fragments were circularized via recombination by a Cre excision reaction (NEB). 
The circularized DNA templates were then randomly sheared using the Covaris LE220 
(Covaris).  The sheared fragments were treated with end repair and A-tailing using the KAPA-
Illumina library creation kit (KAPA biosystems) followed by immobilization of mate pair 
fragments on strepavidin beads (Invitrogen). Illummina compatible adapters (IDT, Inc) were 
ligated to the mate pair fragments and 8 cycles of PCR was used to enrich for the final library 
(KAPA Biosystems).

For transcriptome, stranded cDNA libraries were generated using the Illumina Truseq Stranded 
RNA LT kit. mRNA was purified from 1µg of total RNA using magnetic beads containing poly-
T oligos, then fragmented and reversed transcribed using random hexamers and SSII (Invitrogen) 
followed by second strand synthesis. The fragmented cDNA was treated with end-pair, A-tailing, 
adapter ligation, and 8 cycles of PCR. 

All prepared Illumina libraries were quantified using KAPA Biosystem’s next-generation 
sequencing library qPCR kit and run on a Roche LightCycler 480 real-time PCR instrument. The 
quantified library was then then multiplexed with other libraries, and the pool of libraries was 
then prepared for sequencing on the Illumina HiSeq sequencing platform utilizing a TruSeq 
paired-end cluster kit, v3, and Illumina’s cBot instrument to generate a clustered flowcell for 
sequencing. Sequencing of the flowcell was performed on the Illumina HiSeq2000 sequencer 
using HiSeq TruSeq SBS sequencing kits, v3, following a 2x150 (2x100 for DNA fragments) 
indexed run recipe.

Illumina fastq files were QC filtered for artifact/process contamination and de novo 
assembled with AllPathsLG v.41043 (Gnerre et al. 2011) for genome and Rnnotator (Martin et 
al. 2010) for transcriptome, both used for genome annotation with the JGI Annotation pipeline 
(Grigoriev et al. 2014)
The genome assembly and annotations are available via JGI fungal genome portal MycoCosm 
(jgi.doe.gov/fungi; Grigoriev et al, 2014). The data also deposited at DDBJ/EMBL/GenBank 
under the accession (TO BE PROVIDED UPON PUBLICATION)
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1

A. 

Sterile Sand 30% Soil from NC1 Populus field site
w/ PMI93 wo/ PMI93 w/ PMI93 

B.

 
C

 

Soil Soil + PMI 93 

Supplementary Figure 1. (A) Growth enhancement of Populus trichocarpa BESC86 in 
response to inoculation with Mortierella elongata (PMI93). Without M. elongata (PMI93) 
inoculation, P. trichocarpa BESC86 cuttings did not survive sterile sand conditions. 
Supplementary Fig S1A showed the ability of the survival and growth enhancement of P. 
trichocarpa BESC86 when the plants were grown in the soil, or in the sand with M. elongata 
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2

PMI93 inoculation.  (B) The enhancement of physiological traits (shoot growth, leaf expansion) 
across 4 different Populus genotypes (BESC86, GW7974, BESC4, BESC320) in response to M. 
elongata (PMI93) inoculation. Soil bioassay (30% soil means 30% soil : 70% sterile sand /w:w) 
was conducted using natural soil collected from Populus field site NC1 (Bonito et al., 2014). 
Tukey test was used to test significance of the plant height, shoot growth, and the size of the 
leaves across the treatments (p<0.05, the replicates of each treatment >=4). “*” indicated 
significantly different (p<0.05) showed between soil w/ and w/o fungal inoculation. (C) Seedling 
growth and changes in leaf color of P. trichocarpa BESC4 in response to M. elongata (PMI93) 
inoculation. Leaves of inoculated plants were darker green compared to the un-inoculated plants 
(similar to effect of adding N fertilizer).  

Reference(s): Bonito, G., Reynolds, H., Robeson, M. S., 2nd, Nelson, J., Hodkinson, B. P., 
Tuskan, G., Schadt, C. W., and Vilgalys, R. 2014. Plant host and soil origin influence fungal and 
bacterial assemblages in the roots of woody plants. Mol. Ecol. 23:3356–3370
.
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3

Supplementary Figure 2. Computational flowchart used to sort RNA-Seq reads of Populus root 
and soil samples. See Dataset S1 for the reads, %reads sorted out from each root and soil 
samples.

A. The original RNA-Seq reads for individual samples are listed in Dataset S1.

B. FASTQ Quality Trimmer v1.0.0 was used to trim and quality filter the raw reads 
generated with cutoff with quality scores<28) (Blankenberg et al. 2010)

C. A custom LSU D1/D2 sequence database for fungal identification was created by 
downloading ribosomal large subunit rDNA sequences from the RDP classifier 
(Deshpande et al. 2016), NCBI, and from fungal endophytes isolated from the Populus 
mycobiome (Bonito et al. 2016). LSU regions corresponding to the D1/D2 region were 
extracted by matches (>=80% match) to primer sites LR3 and LROR (Vilgalys and 
Hester, 1990).  A total of 29,342 representative D1D2 sequences were used as the 
reference database for fungal identification. The filtered reads (~31 million reads) were 
mapped onto reference sequences using Bowtie with default settings (Langmead and 
Salzberg 2012).

D.  SAMtools was used to output the D1D2 sequences using fasta format (Li et al. 2009).

E. The RDP Classifier was employed using this custom database for assignment of fungal 
taxa (Cole et al. 2014).
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F. Even though RNA-Seq library consisted mostly of poly-A selected cDNA reads, a small 
proportion of "bleed-through" fungal ribosomal RNA sequences present after soil and 
root cDNA library preparation using Illumina Tru-Seq (38,000 sequences total) were 
used to identify fungal communities present from each sample. Percent D1D2 reads verse 
total reads of individual samples (relative value) were used to generate Fig 3.

G. The Populus trichocarpa P.tri 210 v3 genome was used as the reference for mapping. 
Tophat/Cufflink package was used for genome mapping and comparison. FPKM was 
used for reads normalization.

H. The differential expression of plant genes was listed in Dataset S2, S3, S4, Fig. 4-6. 
(P<0.05; n-=4; >=2-fold)

I. Fungal genome databases for Mortierella elongata (Morel1 v. 1) and Ilyonectria 
europeae (IIy v. 1) were downloaded from the JGI Mycocosm website 
(https://genome.jgi.doe.gov/programs/fungi/index.jsf).  Mapping was performed as 
described above for P.tri 210 v3.

Reference(s):

Blankenberg, D., Gordon, A., Von Kuster, G., Coraor, N., Taylor, J., Nekrutenko, A., and 
Galaxy Team. 2010. Manipulation of FASTQ data with Galaxy. Bioinformatics. 26:1783–
1785

Bonito, G., Hameed, K., Ventura, R., Krishnan, J., Schadt, C. W., and Vilgalys, R. 2016. 
Isolating a functionally relevant guild of fungi from the root microbiome of Populus. Fungal 
Ecol. 22:35–42

Cole, J. R., Wang, Q., Fish, J. A., Chai, B., McGarrell, D. M., Sun, Y., Brown, C. T., Porras-
Alfaro, A., Kuske, C. R., and Tiedje, J. M. 2014. Ribosomal Database Project: data and tools 
for high throughput rRNA analysis. Nucleic Acids Res. 42:D633–42

Deshpande, V., Wang, Q., Greenfield, P., Charleston, M., Porras-Alfaro, A., Kuske, C. R., 
Cole, J. R., Midgley, D. J., and Tran-Dinh, N. 2016. Fungal identification using a Bayesian 
classifier and the Warcup training set of internal transcribed spacer sequences. Mycologia. 
108:1–5

Langmead, B., and Salzberg, S. L. 2012. Fast gapped-read alignment with Bowtie 2. Nat. 
Methods. 9:357–359

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G., Abecasis, 
G., Durbin, R., and 1000 Genome Project Data Processing Subgroup. 2009. The Sequence 
Alignment/Map format and SAMtools. Bioinformatics. 25:2078–2079

Vilgalys, R., and Hester, M. 1990. Rapid genetic identification and mapping of enzymatically 
amplified ribosomal DNA from several Cryptococcus species. J. Bacteriol. 172:4238–4246
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Supplementary Figure 3A (Above)
Supplementary Figure 3B (Below)
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Supplementary Fig S3B1, Arbuscular mycorrhizal fungal (AMF) community

PMI93_root
p-value: 0.056

NMDS1

N
M

DS
2

PMI82_root
p-value: 0.038

p-value: 0.022
PMI82_soil

p-value: 0.376
PMI93_soil

Page 63 of 79



7

Supplementary Fig S3B2, Ectomycorrhizal fungal (EMF) community
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Supplementary Fig S3B3, Ecto-/Endo- mycorrhizal fungal community
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NMDS1

Supplementary Fig S3B4, Endophytic/Saprotrophic fungal community
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Supplementary Fig S3B5, Endophytic/Pathogenic community
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Supplementary Fig S3B6, Pathogenetic fungal community
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Supplementary Fig S3B7, Saprotrophic fungal community
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Supplementary Figure 3. NMDS plots showing the taxonomic composition of fungal 
communities in uninoculated (-) root and soil samples vs. those inoculated (+) with Mortierella 
elongata (PMI93) and Ilyonectria europaea (PMI82).  PERMANOVA were applied to identify 
the differential abundance of ribosomal RNA sequences (LSU D1D2) in associated with 
Mortierella elongata (PMI93) and Ilyonectria europaea (PMI82) inoculation. In particular, the 
pairwise comparisons using PERMANOVA were applied to compare the uninoculated samples 
(Group A, in green) vs. inoculated samples (Group B, in orange) across (A) the whole 
communities and (B) a predicted ecological functional group. The statistical outcomes were also 
shown in Supplementary Table 2.
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Supplementary Figure 4. Subcellular localization analysis and functional annotation of 
differentially espressed genes of Populus trichocarpa genes in response to Mortierella elongata 
(PMI93) (A) and Ilyonectria europeae (PMI82) (B). The genes for transmembrane proteins were 
identified using TMHMM v2.0 (http://www.cbs.dtu.dk/services/TMHMM/). Gene for 
transcription factors were predicted based on the P. trichocarpa P. tri 210 v3 annotation. The 
secreted proteins were predicted using Signal P 4.1 (Nielsen et al. 2017).

Reference(s): Nielsen, J. K., Jensen, T. L., Jensen, J. R., Christensen, M. G., and Jensen, S. H. 
2017. Fast fundamental frequency estimation: Making a statistically efficient estimator 
computationally efficient. Signal Processing. 135:188–197
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A.
>Potri.002G050500_S311582
MAVRGMEVMFAIALIGTLWAGAKAQSSCTNVIISMSPCLNYITG
NSSTPSSSCCTQLANVVKSQPQCLCEVVNGGASSLGVNVNQTQA
LALPGACNVRTPSIGRCNASSPTDSPSGTPNSPPTGSGSKTVPSTD
NGTSDANSTKLAMSRLFFLLFITSYASTLVTI

Ligand: STEARIC ACID  

>Potri.005G211800.1_S311416
MAVRRMEVMLTISFIATLWAGAMAQSSCTNVIISMSPCLNYITG
NSSTPSSSCCTQLANVVKSQPQCLCEVVNGGASSLGVNVNQTQA
LALPSACNVQTPSISRCNASSPTDSPAGTPNSPSAGTGSKTVPSTD
NGTSDANSTKLTMSLLFFLLFITSQASTLGTILFITSYASTLVTI

Ligand: STEARIC ACID

>Potri.002G050300 _S311703
MASSGTRIGLVLLLVAITCGGAMAQSSCTNTLMSLAPLNYITGNST
SPSSSCCSQLGNVVQTSPQCLCLLLNNSGASLGINVNQTLALNLPG
SCKVQTPPISQCNAATAPTASATPPVSSPASSPASSPADSSDQTPE
PALTPSASNIPSASGTGTGSKTVPSSTGTSDGSIVKTPLHFVLFVLFV
AWSGSTVTKF

Ligand: STEARIC ACID  

>Potri.013G131500_S311867
MDKLLSCFLGISSLMLFVLLQDGYAQDTSCLNQLVPCLSYLNGTKD
VPDTCCDPLKTVIKSNPKCLCNLASNQGSNQAGINVTEAQELPGR
CGLHVNPLSCLTGSNNSPNSKNSVDNSASIFLLPSWSLIVATTLTFT
SQFL

Ligand: STEARIC ACID

Supplementary Figure 4A, Top; Supplementary Figure 4B, Bottom
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B.
>Potri.001G096600_S341754_Disease resistance-responsive (dirigent-
like protein) family protein
MAHPALHLYVLAILLLALSFKATSTSTSTHNRRGLKSLHFTLYQQEAINKTVYLIVKG
VTGPDVSPSASPFGSLFVNQDLLTISPNSSSKVVGVAEGASITSSLDGLTNIVMEKI
TLELKHYKGSVSVLGTAHNIKVIDLPVVGGTGDFMFVQGYIKPSLLTFENPNIVYKI
EFHLYWPSYVANHFSHSDRSSTVNGV

Ligand: (9Z)-11-{(2S,3S)-3-[(2Z)-PENT-2-EN-1-
YL]OXIRAN-2-YL}UNDEC-9-ENOIC ACID C18H30O3

Enzyme: Allene-oxide cyclase (EC 5.3.99.6)

Model Ligand binding site Enzyme ac ve site

 

>Potri.010G240600.1 _S344151_germin-like protein 10
FILILVLIFACFQIAISGDADIISDFIVPPNVTKVDGKLFTFTALRSLVGAKPPVSFTAS
KVSMAEFPALNGQSVSYAFLQYPAGTLNPPHTHPRSAELLFLVDGCLEVGFVDTA
NKLFTQTLEAGDMFVFPKGLVHYQYNNDPKNLAVAVSSFGSASAGTVSIPSTLFT
TGVDSGILAKAFKTDVATIEKIKAGFA

Enzyme: Oxalate oxidase (EC#:1.2.3.4)

Model Ligand binding site Enzyme ac ve siteModel

Ligand: 5-phosphoarabinonic acid

>Potri.015G039200_S345657_PR_thaumatin superfamily protein
MAAMLRSLLTLTLFTLIFSHISEVSSTTITLHNKCTHPVWPGVQPSAGRPVLARGG
FKLPPNKAYTLNLPPLWSGRLWGRHGCSFDASGRGGCATGDCGGSLYCNGIGG
TPPATLAEITLGNDQDFYDVSLVDGYNLAISITPFKGSGKCSYAGCVRDLNMMCP
VGLQVRSKDNNRVVACKSACSAFNSPRYCCTGSFGTPQACKPTAYSRIFKAACPK
AYSYAYDDPTSIATCTRGNYLVTFCPNQH

Ligand: ascorbic acid
Enzyme: Glucan endo-1,3-beta-D-glucosidase (EC 3.2.1.39)

Model Ligand binding site Enzyme ac ve site

Supplementary Figure 5. The primary and tertiary (ribbon model) protein structures and the 
predicted ligands of pSSP, include (A) lipid transferring (pLTPs) and (B) defense responsive 
proteins. The Panels illustrate the examples of pSSPs and their responses to M. elongata (PMI93) 
inoculation. The protein tertiary structures, ligand binding sites and enzyme activation sites were 
predicted using I-TASSER v3.0 (Yang et al. 2015). C-score of higher value significant a model 
with a higher confidence (see Dataset S4. (A) Signal peptides are underlined; The 8 conserved 
Cysteine motifs in red; Tyrosine 16 (Tyr or Y): in blue; The small hydrophobic amino acid in 
green: Ile (I),Val (V), Leu (L), Ala (A). (B) Signal peptides are underlined as in (A).

Reference(s): Yang, J., Yan, R., Roy, A., Xu, D., Poisson, J., and Zhang, Y. 2015. The I-
TASSER Suite: protein structure and function prediction. Nat. Methods. 12:7–8
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2020
Number of populus gene groups

0515 151051025
Biosynthesis of amino acids

Carbon metabolism
Fatty acid biosynthesis/metabolism

Starch and sucrose metabolism
Plant hormone signal transduction

*Cell cycle/meiosis
*Cysteine and methionine metabolism

Purine metabolism
Amino sugar and nucleotide sugar metabolism

*DNA replication 
*2-Oxocarboxylic acid metabolism

Pyrimidine metabolism
Glycolysis / Gluconeogenesis

Glutathione metabolism
Pyruvate metabolism

*Nitrogen metabolism
Plant-pathogen interaction 
*Diterpenoid biosynthesis

*Sulfur metabolism
**Galactose metabolism 

Pentose phosphate pathway
Alanine, aspartate and glutamate metabolism

Glycerophospholipid metabolism 
Central carbon metabolism

Glycine, serine and threonine metabolism
Glyoxylate and dicarboxylate metabolism 

HTLV-I infection
Phenylpropanoid biosynthesis

Arginine and proline metabolism 
Peroxisome

**Photosynthesis
**beta-Alanine metabolism

*Carotenoid biosynthesis
Oxidative phosphorylation

Glycerolipid metabolism 

Down regulation
Up regulation

Supplementary Figure 6. Key functional categories (KEGG) of P. trichocarpa genes up- 
(green) and down- (blue) regulated in response to Mortierella elongata (PMI93). Figure listed 
only the pathways that have at least 3 gene counts or more in one set verse the other set. The full 
set of data were presented in Dataset S2a_2 and S2a_3. Asterisks indicate the enrichment of the 
gene counts found [* (reduced) and ** (increased)] in response to PMI93 inoculation (Dataset 
S2a_1, S2a_2) (FDR<0.05, n=4). Using KEGG Mapper, 636 of 4,497 genes (response to PMI93) 
could be assigned to 247 metabolic/signaling pathways (Dataset S2). PMI93 inoculation 
contributed to the up-regulation of Populus pathways involved in fatty acid/glycolipid 
metabolism, photosynthesis, and to the down-regulation of pathways for C/N/S metabolisms, 
carotenoid biosynthesis, and cysteine and methionine metabolism. The gene category for HTLV-
1 infection was showed could suggest the potential KEGG database mismatch. The 
hypergeometric test was used to determine the enrichment of gene pathways verse P. trichocarpa 
genome background (Dataset S2a_3). 
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Down regulation 

Number of populus gene groups
0 

*Cytochrome P450 
*LRR receptor kinase (transmembrane) 

Protein kinase
UDP-glucosyl transferase

*NAD(P)-binding Rossmann-fold 
**myb-domain TF

Major facilitator 
alpha/beta-Hydrolases

*(CC or TIR)-NBS-LRR PR proteins
*2OG & Fe(II)-dependent oxygenase
*SAM-dependent methyltransferases

Peroxidase
bHLH DNA-binding TF

RING/U-box TF
*GRAS TF

Transducin/ WD-40 repeat
P-loop nucleoside triphosphate hydrolase

glycosyl hydrolase
*C2H2 type zinc finger TF

*receptor like protein/receptor kinase
Integrase-type DNA-binding 

*Ankyrin repeat
HXXXD-type acyl-transferase

Tetratricopeptide repeat
S-locus lectin protein kinase

amino acid permease
glutathione S-transferase

NAC (No Apical Meristem) TF
**lipid-transfer protein 

**Homeodomain-like
**HSP20-like chaperones
**(B-box) zink finger TF

Up regulation 

30 60 30 15 15 45 

Supplementary Figure 7.  Top 32 gene groups (of 1,055 KOG categorized gene groups) 
detected in Populus roots in response to inoculation with Mortierella elongata (PMI93) (>2-fold 
changes, FDR <0.05 for each selected genes; n=4). Gene groups marked with “*” or “**” are 
those with over 10 or 3 more gene counts of their expression favor to no inoculation vs. fungal 
inoculation or vice versa. The abundances of the genes that change in their expression are mostly 
those involved in signaling, including receptors, receptor kinases and transcription factors. Many 
of plant membrane receptors [mainly LRR-receptor kinases (LRR-RKs)] show reduction of gene 
expression in response to PMI93.
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A.
% terms per group

cellular protein metabolic process 18.99%

oxidoreductase activity 11.39% **

3-beta-hydroxy-delta5-steroid dehydrogenase activity 9.49% **

transporter activity 6.96% **

triglyceride lipase activity 0.63% *
catalytic activity, acting on RNA 0.63% **
protein binding 0.63% **
DNA-dependent DNA replication 0.63% **
oligopeptide transport 0.63% **
response to biotic stimulus 0.63% **
catalytic activity, acting on a tRNA 0.63% **
Cysteine and methionine metabolism 0.63% **
D-Glutamine and D-glutamate metabolism 0.63% **
Glutathione metabolism 0.63% **
Diterpenoid biosynthesis 0.63% **
Sulfur metabolism 0.63% **
Tropane, piperidine and pyridine alkaloid biosynthesis 0.63% *
copper ion binding 0.63% **
Prodigiosin biosynthesis 1.27% **
Nitrogen metabolism 1.27% **
catechol oxidase activity 1.27% **
cell wall organization or biogenesis 1.9% **
ammonium transmembrane transporter activity 1.9% **
oxidoreductase activity, acting on paired donors, with incorporation or reduction ofmolecular oxygen 1.9% **
negative regulation of catalytic activity 2.53% *
ADP binding 2.53% **
cofactor binding 2.53% **
catalytic activity 3.16% **
chlorophyll metabolic process 3.8% **
glutamine biosynthetic process 3.8% **
heme binding 4.43% **

organonitrogen compound biosynthetic process 5.7% **
purine nucleoside binding 6.33% **

B. 
% terms per group

fatty acid biosynthetic process 27.78% **

thiolester hydrolase activity 16.67% **

cysteine-type endopeptidase inhibitor activity 1.85% **
Galactose metabolism 1.85% **
Glycerophospholipid metabolism 1.85% **
Carotenoid biosynthesis 1.85% **
embryo development 1.85% **
membrane protein complex 3.7% **
xyloglucan:xyloglucosyl transferase activity 3.7% **
galactose metabolic process 5.56% **

disaccharide biosynthetic process 11.11% **

cytokinin metabolic process 11.11% **

response to inorganic substance 11.11% **

Supplementary Figure 8. The ClueGO pie charts show the enrichment of populus genes (% Go 
terms per group) without (A) vs. with M. elongata (PMI93) inoculation (B) (p<0.05). The 
statistical analysis applied for this dataset includes Two-sided hypergenometric test and 
Benjamini-Hochberg. The detailed parameters setup for the analysis was listed below. The genes 
that are highly expressed in one treatment compared to another were not enriched over the 
background gene sets of Populus trichocarpa P.tri 210 v3 genome (data not shown). 

The log of ClueGo analysis for two Clusters: [Populus genes that were significantly down- 
(cluster#1) vs. up- (cluster#2) regulation]:

### All results were created with ClueGO v2.5.1 ###
Organism analyzed: Populus trichocarpa [3694]; Identifier types used: null; Evidence codes used: [All]
#Genes in GO_ImmuneSystemProcess-Custom-GOA_04.05.2018_00h00 : 205
#Genes in KO_04.05.2018 : 4186
#Genes in GO_CellularComponent-Custom-GOA_04.05.2018_00h00 : 5985
#Genes in GO_MolecularFunction-Custom-GOA_04.05.2018_00h00 : 19201
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#Genes in GO_BiologicalProcess-Custom-GOA_04.05.2018_00h00 : 14825
#All unique genes in selected ontologies: 22142 (reference set for hypergeometric test)
#Genes from Cluster#1: unique uploaded ids 2431 -> corresponding genes 2431, with 0 (0.0%) missing  -> All 
genes were recognized by ClueGO.
#Genes from Cluster#2: unique uploaded ids 2067 -> corresponding genes 2067, with 0 (0.0%) missing  -> All 
genes were recognized by ClueGO.
#Genes with functional annotations in all selected Ontologies from Cluster#1: 1638 (67.38%) -> 793 (32.62%) are 
not functionally annotated in any selected Ontology!
#Genes with functional annotations in all selected Ontologies from Cluster#2: 1213 (58.68%) -> 854 (41.32%) are 
not functionally annotated in any selected Ontology!
#Unique genes with functional annotations in all selected ontologies from the 2 Clusters: 2851 (63.38%) -> 1647 
(36.62%) are not functionally annotated!
 -> To improve the % of annotated genes, chose additional ontologies.
#Genes from all Clusters associated to representative Terms and Pathways (after applying selection criteria): 2850 
(63.36%)

KappaScore Grouping:
Iteration: 0 with 63 groups; Iteration: 1 with 60 groups; Iteration: 2 with 53 groups; Final KappaScore groups  = 53
# Terms not grouped  = 0
# Merge redundant groups with >50.0% overlap; Final group size after merging: 53

#GO All Terms Specific for Cluster #1: 97
#GO All Terms Specific for Cluster #2: 30
#GO All Terms not Specific for a Cluster: 56

Ontology used:
GO_BiologicalProcess-Custom-GOA_04.05.2018_00h00; GO_CellularComponent-Custom-
GOA_04.05.2018_00h00; GO_ImmuneSystemProcess-Custom-GOA_04.05.2018_00h00; GO_MolecularFunction-
Custom-GOA_04.05.2018_00h00; KO_04.05.2018

Evidence codes used: All
Identifiers used:
List of missing Genes: Cluster #1; Cluster #2
Statistical Test Used = Enrichment/Depletion (Two-sided hypergeometric test)
Correction Method Used = Benjamini-Hochberg
Min GO Level = 1; Max GO Level = 20

Cluster #1: Sample File Name = File selection: ManuallyAddedOrModifiedIDs; Number of Genes = 1; Min 
Percentage = 4.0
Cluster #2: Sample File Name = File selection: ManuallyAddedOrModifiedIDs; Number of Genes = 1; Min 
Percentage = 4.0

Combine Clusters With 'Or' = true; Percentage for a Cluster to be Significant = 60.0; GO Fusion = false; GO Group 
= true; Kappa Score Threshold = 0.4; Over View Term = SmallestPValue; Group By Kappa Statistics = true; Initial 
Group Size = 1; Sharing Group Percentage = 50.0
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PMI93 in culture

Transcription  
General function prediction only  
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Lipid transport and metabolism
Chitinase_Carbohydrate transport and metabolism
Cell wall/membrane/envelope biogenesis
Other_membrane_protein/transporter 
Inorganic ion transport and metabolism
Extracellular structures
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Intracellular trafficking, secretion, and vesicular transport
Fungal_WD40 
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Chromatin structure and dynamics
Replication, recombination and repair  
Energy production and conversion  
Posttranslational modification, protein turnover, chaperones

Supplementary Figure 9 Number of Mortierella elongata (PMI93) genes significantly 
expressed (>2-fold changes; FDR <0.05) in sand v.s. in culture system.  Genes with functional 
unknown and un-annotated genes are not shown and only indicated in Dataset S7.
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A.                                                                          B. 

Supplementary Figure 10. The image observing the mycelium of Mortierella elongata (PMI93) 
forming the biofilm in associated with corn root (A) and extending out from the corn root (B). In 
order to obtain the image, the corn seedlings were inoculated with PMI93. The corn seeds were 
planted in the center of the transparent silicone pots (20 cm x 4 cm x 20 cm/LxWxH) containing 
Gelzan media (GelzanTM, Caisson Laboratories, Inc.) underlying sterilize condition. The roots 
were grown into the Gelzan media in 3 weeks. The fungal culture (PMI93) which was incubated 
in the MMN liquid media for 16 hours was used as the inoculum. The fungal inoculum was 
injected from one side of the pot. The image was taken two weeks after inoculation.
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A. 

C. 

B. 

Supplementary Figure 11.  Mortierella elongata (PMI93) growing on MMN media producing 
lipid globules at lipid producing centers (A and B).  Lipid release (examples shown by arrow) 
when the culture is injured with sharp object (C).
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