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Abstract 26 

Camellia japonica L. is an acidophilic ornamental shrub of great economic value that has its 27 

center of origin in Japan and has been introduced in several European environmental niches. This 28 

exotic species is known to form root arbuscular mycorrhizae (AM), known for their ability to affect 29 

positively plant growth. However, AM fungal communities associated to C. japonica in field have 30 

never been characterized. For the first time, the AM fungal community naturally selected by C. 31 

japonica was screened in three sites located on the shores of the Lake Maggiore (Italy), where 32 

specimens of this plant were introduced in the 19th century. Mycorrhizal levels were assessed and 33 

the AM fungal communities associated to roots and soil were molecularly characterized based on 34 

the SSU rDNA region. The occurrence of mycorrhizal colonized root fragments was high in all 35 

sampled root systems (>90%). Overall, 39 Operational Taxonomic Units (OTUs; 22 Glomerales, 9 36 

Paraglomerales, 7 Archaeosporales, and 1 Diversisporales) were found in the root and soil samples. 37 

OTU richness did not significantly differ between the root and the soil niche (2-8 and 4-15 observed 38 

OTUs per sample, respectively) and the three neighboring sites analyzed (6-10, 2-9, and 5-15 39 

observed OTUs per sample in the three sites, respectively). The AM fungal community composition 40 

significantly differed between the root-colonizing and the soil-dwelling communities (15 shared 41 

OTUs) and among the three sites under study (7 shared OTUs). A major involvement of edaphic 42 

factors, such as available N sources, Mg content and soil porosity, in the structuring of AMF 43 

communities is suggested. 44 

 45 

Keywords: arbuscular mycorrhizal fungi, AMF biodiversity, SSU rDNA, soil physicochemical 46 
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Introduction 51 

Mutualistic symbioses between plant roots and arbuscular mycorrhizal fungi (AMF or AM 52 

fungi) have been recognized as the most widespread (Smith and Read 2008). Over the years, the 53 

particular ecological role played by these obligate symbiotic fungi drew the attention of growers 54 

willing to assess their potential use in sustainable agriculture as biofertilizers (Fitter et al. 2011; 55 

Gianinazzi et al. 2010; Gianinazzi and Schüepp 1994; Jeffries et al. 2003). Although plant-AMF 56 

associations are considered the least specific symbiotic partnership known so far, recent data 57 

support the presence of a certain degree of host/niche-specificity (Helgason et al. 2007; Öpik et al. 58 

2009; Verbruggen et al. 2013). Large-scale data on the distribution and abundance of AMF have 59 

shown that although the composition of geographically and edaphically distant AMF communities 60 

can vary remarkably, some taxa are ubiquitously found (Dumbrell et al. 2010; Fitter et al. 2005; 61 

Öpik et al. 2010). While less common AMF tend to associate with host plant species that occupy 62 

particular unique ecological niches (Öpik et al. 2010; Öpik et al. 2009), the widely distributed taxa 63 

interact symbiotically with a wide range of host plants and are predominant in association with 64 

introduced alien plant species (Moora et al. 2011). This could be the case of Camellia japonica L. 65 

(Theaceae Mirb. Theales) (Tianlu and Bartholomew 2007), an exotic Magnoliophyta whose center 66 

of origin is in Japan and that comprises more than 3,000 named ornamental cultivars (Mondal 67 

2011). In the first half of the 19th century, camellias conquered the European taste and were 68 

imported and planted in gardens and parks, in the many pedoclimatically suitable environmental 69 

niches, with particular regard to some Italian areas. This species was successfully introduced on the 70 

shores of the Lake Maggiore (Piedmont, Italy) and there now resides a large pool of centennial and 71 

decennial specimens. Camellia is a mycorrhizal plant genus (Berruti et al. 2013a; Karthikeyan et al. 72 

2005; Mejstrik 1974; Singh et al. 2010). Two recent greenhouse studies showed that inoculation of 73 

C. japonica with some generalist isolates of AMF (Funneliformis mosseae BEG12, Rhizophagus 74 

and Claroideoglomeraceae) resulted in very poor colonization (Berruti et al. 2013b) while 75 
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inoculation with AMF collected in camellia’s introduced range gave high levels of mycorrhization 76 

(Berruti et al. 2013a). However, AM fungal communities associated to C. japonica in field have 77 

never been described. 78 

In the present study, for the first time, the AMF diversity occurring in association with C. 79 

japonica in field was molecularly characterized. Three long-lived (ca 100-150 years) camellia 80 

specimens were selected and their AMF distribution was assessed in the root-colonizing and the 81 

soil-dwelling communities and in response to edaphic factors. 82 

 83 

 84 

Materials and methods 85 

Experimental sites 86 

The research focused on three close sites (maximum 2 km far from each other) of the Lake 87 

Maggiore district near Verbania (Piedmont, Italy; Fig. S1, supplementary data), each representative 88 

of relatively different soil properties but essentially identical climatic conditions. These included 89 

the abandoned Rovelli nursery garden (abbreviated for ease of labeling as “RO”, 45° 55' 0.95" N, 90 

8° 33' 37.13" E), the public garden of Villa San Remigio (abbr. “RE”, 45° 55' 23.38" N, 8° 33' 91 

43.50" E) and the garden island of Isola Madre (abbr. “IS”, 45° 54' 43.46" N, 8° 32' 21.35" E). In 92 

general, the area considered is characterized by a mean annual temperature of 12.3 °C and a mean 93 

annual precipitation of 1,564 mm. All three sites stand ca 200 m above the sea level. These are 94 

characterized by three different management regimes. The first one is an abandoned garden of 95 

camellias and rhododendrons, infested by bamboos and brambles. The second one is a public 96 

garden of shrubs and old trees, with occasional grass cover. The third one is a garden island in 97 

which the target camellia plant was kept free of understory vegetation and was in proximity of other 98 

specimens of the same species. 99 

 100 
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Soil and root sampling 101 

One centennial specimen (ca 100-150 years old) of C. japonica ‘Alba Plena’ was selected in 102 

each of the three sites. Samples were collected on May the 22nd 2009, during camellia late 103 

flowering period. Sampling operations consisted in digging to the firsts 5-20 cm and collecting fine 104 

feeder roots (Niranjana and Viswanath 2008) belonging to C. japonica ‘Alba Plena’ and, separately, 105 

a portion of bulk soil (ca 1.5 Kg) surrounding the roots. During the digging, the main root branches 106 

were carefully followed and young camellia roots were visually recognized and collected. Three 107 

replicate samples were collected at the bottom of each plant, for a total of 18 samples (9 root 108 

samples and 9 bulk soil samples). Bulk soil and root samples were taken to the lab, gently 109 

homogenized, and partly frozen in nitrogen liquid and separately stored at -80°C for further 110 

molecular analyses. The remaining roots from each replicate plant sample were washed free of soil, 111 

air-dried at room temperature, and immediately used for a morphological assessment of 112 

mycorrhizal levels. The remaining bulk soil sample replicates were pooled, homogenized and 113 

divided in three replicate portions that were submitted to physicochemical analyses (9 samples in 114 

total, 3 for each site). 115 

 116 

Physicochemical analyses 117 

The physicochemical analyses were carried out according to the European Standard methods 118 

(EN). Electrical conductivity, salinity, and pH were measured with a pH-meter on 10 g of soil in 119 

aqueous extract (soil:water 1:5) according to the standard protocols EN13037 and EN13038. Bulk 120 

density, particle density, and porosity were measured according to the standard protocol EN13041. 121 

Total Carbon and total Nitrogen were measured on 0.03 g of soil through the complete oxidation 122 

method with the element analyzer NA2100 (CE INSTRUMENTS). Total P and Nitric Nitrogen 123 

were measured by ultraviolet-VIS spectrophotometry on 0.5 g of soil after acid digestion (H2SO4, 124 

H2O2, and HF). Ammonia was measured on 10 g of soil by Kjeldahl digestion and ultraviolet-VIS 125 
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spectrophotometry. Ca, Mg, and K were measured on 0.5 g of soil through atomic absorption 126 

spectrophotometry (AAnalyst 400; Perkin Elmer) after digestion with aqua regia (HCl:HNO3 3:1). 127 

 128 

Assessment of root colonization by AM fungi 129 

Camellia roots were stained with 0.1% cotton blue in 80% lactic acid for about 18 h and 130 

then de-stained six times with 80% lactic acid washes. Roots were cut into 1 cm fragments and 131 

placed onto microscope slides. Forty fragments were observed for each replicate, for a total of 360 132 

root fragments. Mycorrhiza frequency (F%), AMF colonization intensity in the mycorrhizal roots 133 

(m%) and in the whole root system (M%), and presence of arbuscules and coils in the mycorrhizal 134 

roots (a%) and in the whole root system (A%) were determined and calculated as described by 135 

Trouvelot et al. (Trouvelot et al. 1986). 136 

 137 

DNA extractions from soil and roots 138 

Two different extraction kits were used according to the different nature of the sample, soil 139 

or roots. DNA extractions (0.5 g of soil each, without roots) from the 9 soil samples were 140 

performed using a FastDNA Kit (MP BIOMEDICALS), according to the manufacturer’s 141 

recommendations. An additional step, consisting of 6 washes with guanidine thiocyanate (6M), was 142 

introduced after the addition of the binding matrix suspension, in order to remove PCR inhibitors 143 

(humic acids). 144 

DNA extractions from the 9 root samples were performed using a DNeasy Plant Mini Kit 145 

(QIAGEN, Crawley, UK) on 0.1 g of sonicated roots, according to the protocol for frozen samples. 146 

The subsequent microsatellite DNA amplification with specific STMS primers (Caser et al. 2010) 147 

confirmed the species origin of each root sample (data not shown). 148 

 149 

Nested PCR, cloning and sequencing of the fungal ribosomal (rRNA) gene 150 
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Two sets of primers were used to amplify a region of the small subunit (SSU) of the 151 

Glomeromycota ribosomal DNA. The nested PCR approach used consisted in a first amplification 152 

with the universal eukaryotic primers NS1 and NS4 (White et al. 1990) and a following 153 

amplification round with Glomeromycota-specific primers AML1 and AML2 (Lee et al. 2008). 154 

PCR was carried out using 0.2 mM dNTPs, 3.5 mM of MgCl2, 0.5 µM of each primer and the 155 

supplied reaction buffer, with 2 units of GoTaq® (Promega) to obtain a final volume of 20 µl. 156 

Amplifications were carried out in 0.2 ml PCR tubes using a Biometra T Gradient thermocycler 157 

according to the following steps: 5 min initial denaturation at 94°C; 35 cycles of 1 min at 94°C, 1 158 

min at 55°C and 58°C for the two nested PCR rounds, respectively, 1 min at 72°C; and a final 159 

elongation of 10 min at 72°C. A negative control was included in the PCR to check for 160 

contamination. All PCR products were checked using 1.5% agarose gel stained with ethidium 161 

bromide (Sigma-Aldrich). The PCR products were purified using QIAquick (Qiagen, Hilden, 162 

Germany), cloned in a pGEM-T Easy vector (Promega, Madison, Wisconsin, USA) and 163 

transformed into Escherichia coli (Xl1 blue). After colony PCR, 480 inserts (24-32 per sample 164 

replicate) of approximately the correct size were Sanger sequenced in each resulting rDNA gene 165 

library, using T7 vector primers by Macrogen sequencing services (Macrogen, Seoul, Korea).  166 

 167 

Sequence analyses and phylogenetic inference 168 

Sequence editing was done using SEQUENCHER V4.2.2 (Gene Codes Corporation, Ann 169 

Arbor, MI, USA). Potential chimera sequences were identified using the Chimera UCHIME 170 

algorithm implemented in MOTHUR v1.33.3 for Mac (Schloss et al. 2009). All the sequences were 171 

aligned using the multiple sequence comparison alignment tool by MAFFT v6 (Katoh and Toh 172 

2008). Distance matrices were constructed using dist.seqs() function implemented in MOTHUR. 173 

These pairwise distances were used as input in order to cluster the sequences into Operational 174 

Taxonomic Units (OTUs) of a defined sequence identity. A threshold of 97% identity, 175 
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corresponding to 0.03 dissimilarity, has been used to define OTUs. Although this distance cut-off is 176 

arbitrary and can be considered controversial, it was chosen on the basis of previous studies on 177 

AMF biodiversity (Borriello et al. 2012; Lumini et al. 2010). A search for similar sequences was 178 

conducted with the BLAST tool (Zhang et al. 2000) on the GenBank database and the MaarjAM 179 

AMF specific Virtual Taxa database (Öpik et al. 2010). Recently, two reorganizations of the 180 

Glomeromycota classification were published (Krüger et al. 2012; Oehl et al. 2011). In this study, 181 

for ease of data handling, the nomenclature suggested by Krüger et al. (Redecker et al. 2013) was 182 

adopted. The Virtual Taxa that had max ID ≥97% (18) and an Endogone pisiformis 183 

(Mucoromycotina) sequence as outgroup (gb|NG017181.1) were used as reference for one 184 

representative sequence per sample of each OTU. A new alignment was run with MAFFT, refined 185 

with MEGA5 (Tamura et al. 2011), and a Maximum Likelihood phylogenetic analysis (500 186 

bootstrap replicates) based on the General Time Reversible model was carried out. A discrete 187 

Gamma distribution was used to model evolutionary rate differences among sites [5 categories (+G, 188 

parameter = 0.3901)]. The 123 OTU representative sequences used to build the phylogenetic tree 189 

were registered in GeneBank under the following accession number string: KM114311-KM114433.  190 

 191 

Statistical data analyses 192 

The physicochemical data were subjected to a one-way ANOVA or Kruskal-Wallis non-193 

parametric ANOVA and post-hoc tested using the Ryan-Einot-Gabriel-Welsch F (REGW-F) test or 194 

the Mann-Whitney U test with Bonferroni correction, respectively. In order to assess their 195 

involvement in the AMF community structuring, statistically significant physicochemical variables 196 

were used to compute Gower distance matrices among samples and were tested for correlation with 197 

the OTU presence/absence Jaccard distance matrix through Mantel tests (5000 permutations). 198 

The mycorrhizal colonization data (%) were arccosine transformed and subjected to a one-199 

way ANOVA to determine the effect of the site. Transformed data were post-hoc tested using the 200 
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REGW-F test. 201 

The Shannon’s diversity index (a biodiversity index), the individual sample rarefaction 202 

curves (a sampling-effort graphical assessment), and the estimated sample coverage (a sampling-203 

effort percentage descriptor that range from 0 to 1, with 1 representing the complete coverage) were 204 

calculated. A two-way ANOVA was performed on both squared root-transformed Shannon’s 205 

diversity index and OTU richness in order to determine the effect of both site and matrix (soil or 206 

roots) and their interaction on the AMF diversity. A Venn diagram was constructed to show the 207 

number of OTUs shared among the three sites and the two matrices. OTU abundances per sample 208 

were transformed into occurrence classes (class 0, <1% absent; class 1, 1%-5% rare; class 2, 5%-209 

30% common; class 3, >30% dominant) to create a heat-map describing the sample communities. 210 

A Non-metric Multi-Dimensional Scaling (NMDS) based on the Jaccard distance 211 

(presence/absence data) was constructed to graphically assess the differences in the community 212 

composition among the three sites and the two matrices. Significant physicochemical variables 213 

were plotted as vectors in the NMDS and their Pearson’s correlation with NMDS axes was 214 

calculated to assess their potential role in the community structuring. Each OTU was tested for 215 

Spearman’s correlation with NMDS axes for the same reason. A two-way PERMANOVA (9999 216 

permutations) based on the Jaccard distance was carried out to determine the effect of both site and 217 

matrix (soil or roots) and their interaction on the community composition. A METASTATS 218 

analysis (White et al. 2009) was carried out for detecting differentially abundant OTUs among the 219 

three sites and the two matrices according to a p-value and a corrected false discovery rate q-value. 220 

This set of analyses was carried out using the SPSS statistical package (v16; SPSS Inc., 221 

Chicago), the PAST multivariate statistics software package v3 (Hammer et al. 2011), and 222 

MOTHUR. 223 

 224 

Results 225 
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Physicochemical analysis of the soil 226 

Soil physical analysis (Table 1) showed that the soil sampled in the three sites differed in the 227 

salinity level and consequently in their electrical conductivity (EC). The RO soil was significantly 228 

higher in EC and salinity. Porosity was the lowest in IS (9%). Chemical analysis described the 229 

macro-element soil concentration of the three sites (Table 2). The RO soil was significantly higher 230 

in the levels of total C, total N, nitric N and Ca. The soil of RE was significantly richer in ammonia, 231 

while IS soil was significantly higher in Mg. 232 

 233 

Mycotrophic status of the roots 234 

All camellia root samples exhibited AM colonization. Mean values for frequency and 235 

intensity of colonization in the root system, and abundance of arbuscules or coils in the mycorrhizal 236 

roots are shown in Table 3. No significant differences were highlighted among the mycorrhizal 237 

levels in the three sites. Typical AMF structures encountered in camellia roots are shown in Fig. S2 238 

(supplementary data). 239 

 240 

SSU rDNA library construction, sequence assemblage and sample coverage 241 

A total number of 480 clones were screened and sequenced. MOTHUR analyses revealed 242 

that, out of the 429 SSU good quality sequences obtained, 386 sequences (90% of total) featured 243 

high similarity to sequences from taxa belonging to the phylum Glomeromycota. The remaining 244 

sequences (18) were related to other organisms (10 to plants, 6 to fungi, 2 to nematodes) or 245 

recognized as the result of a chimeric amplification (25 sequences). After discarding all the non-246 

target fragments, the sequences were clustered, using MOTHUR, into OTUs. Considering a 247 

similarity threshold of 97%, the programme identified a total of 39 OTUs in the three sites, 248 

including 6 doubletons and 14 singletons (Table 4). OTUs were assigned to Virtual Taxa present in 249 

the MaarjAM database through a manual BLAST search when max ID and query coverage of the 250 
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representative sequences were both ≥97% (Table 4). The sequencing depth per sample (sample 251 

size) ranged from 13 to 31 (Table 5). The value of the sampling effort was described by the 252 

rarefaction curves (Fig. S3, supplementary data) and the estimated sample coverage which ranged 253 

from 0.58 to 1.00 (Table 5). 254 

 255 

Phylogenetic analyses of the AMF sequences 256 

The tree built with the SSU rDNA sequences with the highest log likelihood (-4003.3610) is 257 

shown in Fig. 1. To construct the phylogenetic tree, 123 sequences representative of the 39 OTUs 258 

were used. The percentage of trees in which the associated taxa clustered together is shown next to 259 

the branches. Regardless of the sample origin, the most abundant and diverse AMF order was the 260 

Glomerales, with 249 sequences grouped in 22 OTUs. A high number of sequences (105) belonged 261 

to the order of Paraglomerales (9 OTUs). Archaeosporales were represented by 30 sequences 262 

distributed over 7 OTUs, whereas Diversisporales occurrence was limited (2 sequences, 1 OTU). 263 

 264 

Effect of site and matrix on the differences in AMF community composition 265 

The number of observed OTUs (richness) did not significantly differ between the root and 266 

the soil niche (2-8 and 4-15 observed OTUs per sample, respectively) and the three neighboring 267 

sites analyzed (6-10 for IS, 2-9 for RE, and 5-15 for RO), and so did the Shannon’s diversity index. 268 

No interaction was shown between these factors. The Venn diagram in Fig. 2 indicates that 15 269 

OTUs were shared between the root and the soil niche, whereas 7 OTUs were shared by the three 270 

sites. The NMDS shown in Fig. 3 was based on the Jaccard distance matrix (Stress: 0.18, 3D: 271 

NMDS1, NMDS2 and NMDS3 with R2 of 0.414, 0.137 and 0.04, respectively). Fig. 3 plots the 272 

samples according to the only first two axes. The two-way PERMANOVA (Table 6) shows that the 273 

AMF community composition was significantly affected by the site factor (p-value=0.0001) and the 274 

matrix type (p-value=0.0190). No interaction was shown between these two factors. Eight OTUs 275 



 

12 
 
 

12 

represented by more than 5 sequences correlated with NMDS axes and/or were significantly 276 

differentially distributed according to the METASTATS analysis (Table 7). 277 

 278 

Edaphic factors involved in the AMF community composition 279 

The soil physicochemical variables significantly different among the sites were plotted as 280 

vectors in the NMDS biplot (Fig. 3). Ammonia and porosity were positively correlated with 281 

NMDS1, while nitric N and Mg were negatively correlated with the same NMDS axis (Table 8). 282 

Total C, ammonia, nitric N, Mg, and porosity-based distance matrices computed at the sample level 283 

correlated with the OTU-based Jaccard distance matrix.  284 

 285 

 286 

Discussion 287 

This study, for the first time, compared the composition of the community of root-288 

colonizing and soil-dwelling arbuscular mycorrhizal fungi (AMF) from the exotic flowering plant 289 

species C. japonica in three closely located sites in the Lake Maggiore area (Piedmont, Italy). 290 

Although the first report dates back to 1974 (Mejstrik 1974), literature regarding the 291 

interaction between C. japonica and AMF colonization is still limited. It is only recently that two 292 

works have been dedicated to the interaction between this plant species and AMF (Berruti et al. 293 

2013a; Berruti et al. 2013b). More information is present on the best-known C. sinensis (L.) O. 294 

Kuntze, i.e. the tea plant (Aliasgharzad et al. 2011; Balasuriya et al. 2000; Gupta and Sharma 2010; 295 

Karthikeyan et al. 2005; Singh et al. 2010; Singh et al. 2008b; Singh et al. 2008a; Wu et al. 2009). 296 

With the present work, the mycorrhizal status of C. japonica in field has been confirmed and 297 

studied in deep. 298 

The staining of camellia root fragments made us able to recognize the presence of several 299 

structures typical of AMF, reported in Fig. S2 (supplementary data). The mycorrhizal roots show an 300 
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extensive colonization, characterized by a moderate intensity of colonization and a frequent 301 

arbuscule and coil formation in the mycorrhizal parts. The mycorrhizal frequency detected in this 302 

study (>90%) was higher than those found in association with C. japonica trees and shrubs 303 

occurring in natural, semi-natural and arable soils in New Zealand (20-50%) (Mejstrik 1974) and in 304 

an inoculation study of containerized small-size camellias in Italy (14-37%) (Berruti et al. 2013b). 305 

A parallel study, in which containerized small-sized camellias were inoculated with a field-306 

collected and concentrated mix of AMF from one of the sampling sites considered in the present 307 

study (RE), showed comparable mycorrhizal frequency but higher intensity and arbuscule 308 

production (data not shown). In other works describing natural and cultivated sites in India, C. 309 

sinensis showed comparable AM colonization frequencies and arbuscule production (Singh et al. 310 

2010; Singh et al. 2008a). 311 

The amplification with AML1-AML2 primers pair, as previously assessed (Lee et al. 2008), 312 

was capable of achieving a wide coverage of the Glomeromycota phylum, highlighting 39 OTUs 313 

members of Glomerales, Paraglomerales, Archaeosporales and Diversisporales (Fig. 1). Overall, the 314 

two most abundant and diverse taxonomical ranks found were the Glomerales (22 OTUs, 249 315 

sequences) and the Paraglomerales (9 OTUs, 105 sequences). Twenty-three OTUs were detected in 316 

the intra-radical communities (18 Glomerales, 2 Paraglomerales, 2 Archaeosporales, and 1 317 

Diversisporales). Each root sample community was dominated (see black squares in Table 4) by a 318 

low number (1-2) of different OTUs (OTU01, VTX00239; OTU02, VTX00223; OTU03, 319 

VTX00074; OTU04, VTX00412; OTU05, VTX00219; OTU06, VTX00122), matching previous 320 

findings (Dumbrell et al. 2010). Besides sequences showing high similarity with AMF, sequences 321 

corresponding to non-target organisms were also obtained, as already reported by other authors 322 

(Alguacil et al. 2008; Douhan et al. 2005; Toljander et al. 2008). 323 

As expected, the root-colonizing and the soil-dwelling AMF communities were significantly 324 

different. This is normal and has been found in other studies (Hart and Reader 2004; Hempel et al. 325 
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2007; Torrecillas et al. 2012). One reason is that not all soil-dwelling AMF can enter the specific 326 

target plant root system, but instead may be present in the soil because they can colonize other host-327 

plants in the nearest proximity. Another is that some root-inhabiting AMF may extend short 328 

distance in soil (Parniske 2008). As shown by the Venn diagram (Fig. 2), 16 OTUs were retrieved 329 

exclusively in soil samples while only 8 were present in the only root samples. In accordance with 330 

the METASTATS analysis (Table 7), only one of the most represented OTUs (>5 total sequences), 331 

OTU01 (p-value=0.0030, q-value=0.0101) and OTU11 (p-value=0.0440, q-value=0.0507), 332 

affiliated to the Virtual Taxa VTX00239 (Paraglomerales) and VTX00004 (Archaeosporales), 333 

respectively, were differentially abundant between root and soil samples. In particular, OTU01 was 334 

the most abundant OTU found (81 sequences), was positively correlated with NMDS2 axis 335 

(R=0.54, p-value=0.0214) and was dominant in IS soil, RO roots, and RO soil. This OTU was 336 

almost ubiquitously detected (11 samples). The only sample type that excluded the presence of this 337 

OTU was the intra-radical community in the IS site. The fact that this Paraglomerales member was 338 

highly abundant in soil samples but absent in roots is consistent with the results of Hempel et al. 339 

(Hempel et al. 2007) and leads to hypothesize that other host-plants were readily available in the 340 

nearest proximity. This hypothesis is weakened by the fact that the only surrounding vegetation in 341 

the IS site consisted of other camellia cultivars with no understory vegetation (Fig. S1, 342 

supplementary data). Other two hypothesis could support a) the possibility that the IS soil harbored 343 

a high amount of spores with no extra-radical mycelium of OTU01 and therefore this taxon was 344 

symbiotically non-active or b) a very high patchiness of the root colonization due to co-existence 345 

with other over-dominant taxa that jeopardized OTU01 detection.  346 

Unexpectedly, the three sites harbored significantly different AMF communities. This is 347 

surprising since the AMF community composition was not expected to be highly variable, being the 348 

sampling sites located within 2 km. However, the three site soils presented different 349 

physicochemical profiles that showed to be involved in the community shaping. Among the most 350 
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represented OTUs (>5 total sequences), OTU02 (VTX00223, Glomerales), OTU03 (VTX00074, 351 

Glomerales), OTU04 (VTX00412, Glomerales), OTU06 (VTX00122, Glomerales), OTU07 352 

(VTX00219, Glomerales), and OTU08 (VTX00005, Archaeosporales) were differentially abundant 353 

among the three sites and/or correlated with the NMDS1 axis (Table 7), which was the major axis 354 

(R2=0.414) of the NMDS. According to the METASTATS analysis, OTU02 and OTU03 had a 355 

highly significant (q-value<0.05) differential distribution. OTU02 was differentially distributed 356 

between RE and the other two sites. This OTU was dominant in the RE site and, together with soil 357 

porosity and ammonia content, was highly positively correlated with the NMDS1 axis (R=0.88, p-358 

value=0.0000). This may suggest an implication of these physicochemical parameters in the 359 

distribution of this OTU. OTU03 was differentially distributed between IS and RO, dominant in RO 360 

root samples and positively correlated with NMDS1 (R=0.59, p-value=0.0106). For this OTU, high 361 

porosity seemed to be a favorable condition. 362 

In line with several other studies (Martínez-García et al. 2011; Schechter and Bruns 2012; 363 

Schechter and Bruns 2008; Zarei et al. 2010), the edaphic variables were an important factor 364 

involved in OTU distribution among the different sites. In the present study, porosity, ammonia, 365 

nitric N, and Mg soil content were correlated with the NMDS1 axis. Moreover, the Gower sample 366 

distance matrices based on these four physicochemical variables were correlated, sometimes highly, 367 

with the OTU-based Jaccard sample distance matrix. These four soil properties have been 368 

previously reported to affect the growth and distribution of AMF. N addition to soil has previously 369 

been described as a detrimental factor for AMF diversity (Avio et al. 2013; Borriello et al. 2012; 370 

Lin et al. 2012; Sheng et al. 2013; Tian et al. 2013) that could favor the establishment of more 371 

aggressive AMF, such as members of the Glomerales. This could be the case of OTU02 in RE, in 372 

which the soil featured a higher ammonia content of possible anthropogenic origin. Low porosity 373 

(soil compaction) has been reported to limit the hyphal development of certain AMF isolates, 374 

including generalist fungi such as Funneliformis mosseae, Rhizophagus intraradices, and 375 
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Gigaspora margarita (Entry et al. 2002), reducing the competition and encouraging the occurrence 376 

of other better performing isolates. Several studies concerning AMF development in high Mg soils 377 

have demonstrated that different AMF isolates can respond positively (Gryndler et al. 1992) or 378 

negatively (Jarstfer et al. 1998) to the addition of MgSO4 into the substrate. It has also been 379 

demonstrated that specific AMF isolates can be found in considerable amounts in high Mg 380 

serpentine soils (Schechter and Bruns 2012). OTU06, that was dominant in IS roots and common in 381 

2/3 of IS soils but absent in all other samples, was potentially favored by low porosity and high Mg 382 

content. These conditions might have been unfavorable for the occurrence of OTU02 and OTU03. 383 

In contrast with data on AMF global distribution (Moora et al. 2011; Öpik et al. 2010; Öpik 384 

et al. 2006), the entire order Diversisporales was almost absent in both soil and root samples of all 385 

sites. This is not in line with Singh et al. (Singh et al. 2008a), who found that Diversisporales were 386 

abundant in the rhizospheric soil of the close species C. sinensis from acidic Indian soils. However, 387 

in a recent study, inoculated Diversisporales propagules have been demonstrated to marginally 388 

colonize the roots of C. japonica in greenhouse, without producing arbuscules (Berruti et al. 389 

2013a). 390 

In conclusion, this study proves the highly mycorrhizal status of C. japonica in field and 391 

describes 39 OTUs, 23 of which were found also inside the root system, that occur in the 392 

rhizospheric soil and roots of long-lived specimens of this exotic plant species in its introduced 393 

range on the shores of the Lake Maggiore (Piedmont, Italy). A strong difference in the community 394 

composition, but not in the OTU richness, was detected between root-colonizing and the soil-395 

dwelling communities and among the three closely located sites analyzed. The data suggest that 396 

different combinations of edaphic properties have a pivotal role in shaping the AMF communities. 397 

In order to describe a more comprehensive picture of the symbiotic interaction between AMF and 398 

C. japonica, future studies should focus on the characterization of the root and soil AMF 399 

community in several other areas, including the native range of this exotic plant species. 400 
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Figure legends 585 

 586 

Fig. 1 The phylogenetic tree constructed on a portion of the arbuscular mycorrhizal fungal SSU 587 

rDNA (~650bp) using the Maximum Likelihood method. The alignment that was used to generate 588 

the tree featured 123 OTU representative sequences (one for each sample where the OTU occurred), 589 

18 Virtual Tax reference sequences and the Mucoromycotina sequence gb|NG017181.1 Endogone 590 

pisiformis DAOM233144 as outgroup. The sample name (e.g. ISaR) is reported after the OTU code 591 

and identifies the site of origin (IS, RO, or RE), the replicate (a, b, or c) and the matrix of origin (R 592 

for roots and S for soil). The percentage of replicate trees in which the associated taxa clustered 593 

together in the bootstrap test (500 replicates) are shown next to the branches. Branches 594 

corresponding to partitions reproduced in less than 50% bootstrap replicates are collapsed.  595 

 596 

Fig. 2 Venn diagrams showing the number of shared and site or matrix-specific OTUs. Shared 597 

OTUs are listed in text boxes. 598 

 599 

Fig. 3 The Non-metric Multi-Dimensional Scaling (NMDS) plot based on Jaccard distance matrix 600 

of the AMF communities found in each biological replicate of each compartment (R = roots and S = 601 

soil) in the three sites (RO, RE and IS). Tha sample name (e.g. ISaR) identifies the site of origin 602 

(IS, RO, or RE), the replicate (a, b, or c) and the matrix of origin (R for roots and S for soil). The 603 

vectors (arrows) graphically represent the correlations of the NMDS axes with each of the measured 604 

soil physicochemical variables that were significantly different among the three sites: electrical 605 

conductivity (EC), salinity, porosity, total C (tot C) and N (tot N), ammonia, nitric N, Ca and Mg. 606 

Convex hulls are dashed for RO, dotted for RE, and solid for IS samples. Sample point symbols are 607 

empty for root and filled for soil samples. 608 

 609 

610 
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Tables 611 

Table 1 Physical properties of the sampled soils. Means for pH, electrical conductivity (EC), 612 

salinity, bulk and particle densities and porosity are reported. 613 

 pH 
EC 

(µS/cm) 
 

Salinity 
(meq/100g) 

 
Bulk Density (g/cm3) Particle Density 

(g/cm3) 
Porosity 

(%) 

RO 5.80 99.0bz 1.55b 1.09 1.53 29 
RE 5.87 60.7a 0.77a 1.23 1.66 26 
IS 5.87 62.7a 0.90a 1.15 1.26 9 

Sig. ns * * ns ns - 
zMeans followed by the same letter do not differ significantly at p<0.05, according to REGW-F test 614 

for parametric data or the Mann-Whitney U test with Bonferroni transformation for non-parametric 615 

data. The statistical relevance (Sig., p<0.05 = *, p<0.01 = **, p<0.001 = ***, ns = non-significant) 616 

is provided. 617 

618 
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Table 2 Chemical properties of the sampled soils. Total Carbon and Nitrogen, ammonia, nitric 619 

nitrogen, total phosphorous, calcium, magnesium and potassium contents are reported. 620 

 Total C 
(%) 

Total N 
(%) 

ammonia 
(ppm) 

Nitric N 
(ppm) 

Total P 
(ppm) 

Ca 
(ppm) 

Mg 
(ppm) 

K 
(ppm) 

RO 4.93cz 0.34b 0.80a 3.20c 200 2600c 40400a 4300 
RE 3.52b 0.22a 4.81b 2.68a 500 1200a 39800a 4900 
IS 2.75a 0.21a 0.99a 3.02b 200 1600b 48600b 4500 

Sig. *** * *** *** ns *** *** ns 
zMeans followed by the same letter do not differ significantly at p<0.05, according to REGW-F test 621 

for parametric data or the Mann-Whitney U test with Bonferroni transformation for non-parametric 622 

data. The statistical relevance (Sig., p<0.05 = *, p<0.01 = **, p<0.001 = ***, ns = non-significant) 623 

is provided. 624 

625 
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Table 3 Mycorrhizal frequency (F%), AMF colonization intensity of the whole root system (M%) 626 

and of the mycorrhizal parts (m%) and the presence of arbuscules in the mycorrhizal parts (a%) and 627 

in the whole sampled root apparatus (A%) from the three sites. Values are calculated according to 628 

the freeware Mycocalc, available online (http://www2.dijon.inra.fr/mychintec/Mycocalc-629 

prg/download.html). SE of means are provided for each percentage value 630 

site F% M% m% a% A% 
RO 91.90±3.10 14.12±3.34 15.30±3.39 31.87±6.65 4.06±0.05 
RE 90.61±0.99 29.37±7.17 32.55±8.10 41.61±19.30 13.51±7.19 
IS 93.69±6.31 9.16±3.37 9.92±3.52 31.47±10.82 3.59±1.85 

Sig. ns ns ns ns ns 
The statistical relevance (Sig., p<0.05 = *, p<0.01 = **, p<0.001 = ***, ns = non-significant) is 631 

provided. 632 

  633 
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Table 4 The ordinated heat-map based on occurrence classes (class 0, no square, <1% absent; class 634 

1, light grey square, 1%-5% rare; class 2, grey square, 5%-30% common; class 3, black square, 635 

>30% dominant). The sample names reported identify the site and matrix of origin (e.g. IS 636 

ROOTS). Below the sample name, the replicate (a, b, or c) is reported. The order (Glomerales, 637 

GLOM; Diversisporales, DIVE; Archaeosporales, ARCH; Paraglomerales, PARA), the affiliated 638 

Virtual Taxa (VT) and the number of sequences (Seqs) are reported in columns. Rows report OTU 639 

code, sample size, and OTU richness. 640 

 IS ROOTS IS SOIL RE ROOTS RE SOIL RO ROOTS RO SOIL    

 a b c a b c a b c a b c a b c a b c Order VT Seqs 

OTU30 
                  

GLOM VTX00056 1 

OTU41 
                  

GLOM VTX00064 1 

OTU22 
                  

DIVE VTX00049 2 

OTU51 
                  

GLOM VTX00199 1 

OTU52 
                  

GLOM <97% ID 1 

OTU10 
                  

GLOM VTX00199 8 

OTU06 
                  

GLOM VTX00122 25 

OTU08 
                  

ARCH VTX00005 9 

OTU31 
                  

GLOM VTX00057 1 

OTU24 
                  

PARA <97% ID 2 

OTU15 
                  

GLOM VTX00166 4 

OTU07 
                  

GLOM VTX00219 17 

OTU04 
                  

GLOM VTX00412 35 

OTU54 
                  

GLOM VTX00093 1 

OTU09 
                  

PARA <97% ID 9 

OTU17 
                  

GLOM VTX00223 4 

OTU33 
                  

GLOM <97% ID 1 

OTU35 
                  

GLOM <97% ID 1 

OTU18 
                  

ARCH VTX00005 3 

OTU12 
                  

PARA <97% ID 6 

OTU02 
                  

GLOM VTX00223 59 

OTU01 
                  

PARA VTX00239 81 

OTU25 
                  

GLOM <97% ID 2 

OTU05 
                  

GLOM VTX00219 33 

OTU03 
                  

GLOM VTX00074 44 

OTU16 
                  

ARCH <97% ID 4 

OTU11 
                  

ARCH VTX00004 7 

OTU21 
                  

GLOM <97% ID 2 

OTU26 
                  

GLOM VTX00113 2 

OTU13 
                  

GLOM VTX00084 5 

OTU36 
                  

GLOM <97% ID 1 
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OTU14 
                  

ARCH VTX00004 4 

OTU43 
                  

ARCH <97% ID 1 

OTU46 
                  

PARA <97% ID 1 

OTU49 
                  

PARA <97% ID 1 

OTU23 
                  

ARCH <97% ID 2 

OTU19 
                  

PARA <97% ID 3 

OTU38 
                  

PARA <97% ID 1 

OTU37 
                  

PARA <97% ID 1 

Sample size 19 22 21 25 25 19 17 13 15 24 31 24 20 22 17 24 24 24    
OTUs 8 5 8 8 10 6 2 6 5 5 9 4 6 5 6 15 7 8    

  641 
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Table 5 The estimated sample coverage, the sample size in terms of sequences found per sample, 642 

the OTU richness, and the Shannon’s diversity index for the AMF communities found in each of 643 

the sample replicates corresponding to the three sites (IS, RE, and RO) and the two matrices (roots 644 

and soil) under study. The sample name (e.g. ISaR) identifies the site of origin (IS, RO, or RE), the 645 

replicate (a, b, or c) and the matrix of origin (R for roots and S for soil). Two-way ANOVA p-646 

values are reported for OTU richness and Shannon’s diversity index.  647 

Sample 
code Site Matrix Estimated 

sample coverage 
Sample 

size 
OTU 

richness 
Shannon’s 

diversity index 
ISaR IS ROOTS 0.68 19 8 1.645 
ISbR IS ROOTS 0.95 22 5 1.271 
IScR IS ROOTS 0.76 21 8 1.566 
ISaS IS SOIL 0.80 25 8 1.407 
ISbS IS SOIL 0.80 25 10 2.058 
IScS IS SOIL 0.89 19 6 1.413 

REaR RE ROOTS 1.00 17 2 0.362 
REbR RE ROOTS 0.69 13 6 1.484 
REcR RE ROOTS 0.87 15 5 1.287 
REaS RE SOIL 0.92 24 5 1.222 
REbS RE SOIL 0.87 31 9 1.859 
REcS RE SOIL 0.92 24 4 0.710 
ROaR RO ROOTS 0.95 20 6 1.617 
RObR RO ROOTS 0.91 22 5 1.112 
ROcR RO ROOTS 0.76 17 6 1.381 
ROaS RO SOIL 0.58 24 15 2.571 
RObS RO SOIL 0.88 24 7 1.549 
ROcS RO SOIL 0.79 24 8 1.370 

  2-way ANOVA p-values Site 0.1756 0.2382 

    Matrix 0.0717 0.2503 

    interaction 0.4962 0.8278 
 648 

649 
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Table 6 Two-way PERMANOVA p-values computed using the Jaccard distance matrix are 650 

reported for the site factor (IS, RE, and RO), the matrix factor (roots or soil), and their interaction. 651 

Two-way PERMANOVA 
(9999 permutations. Jaccard distance) 

Factor F p-value 
Site 2.87 0.0001 
Matrix 2.06 0.0190 
interaction 0.95 0.5156 
 652 

 653 

  654 
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Table 7 METASTATS analysis p and q-values and Spearman’s correlation with the first two 655 

NMDS axes (NMDS1 and NMDS2) are reported for OTUs that are represented by more than 5 total 656 

sequences and that show a significant METASTATS p-value. For the METASTATS analysis, the 657 

pairwise comparison between the factor levels (e.g. RE-RO) which the p and q-values refer to is 658 

reported. 659 

 

 

METASTATS 
(1000 permutations) 

 Correlation with 
NMDS axes 

OTU VT p-value q-value comparison  Axis R p-value 
OTU01 VTX00239 0.0030 0.0101 ROOTS-SOIL  NMDS2 0.54 0.0214 

OTU02 VTX00223 0.0002 0.0257 RE-RO  NMDS1 0.88 0.0000 
 0.0004 0.0410 IS-RE  

OTU03 VTX00074 0.0010 0.0453 IS-RO  NMDS1 0.59 0.0106 
 0.0430 1.0000 RE-RO  
 0.0112 0.4353 IS-RE  

OTU04 VTX00412 0.0524 0.5584 IS-RE  NMDS1 -0.48 0.0429 

OTU06 VTX00122 0.0125 0.1969 IS-RO  NMDS1 -0.71 0.0010 
 0.0187 0.4369 IS-RE  

OTU07 VTX00219 0.0179 0.4369 IS-RE  NMDS2 -0.65 0.0035 

OTU08 VTX00005 0.0023 0.0532 IS-RO  NMDS1 -0.62 0.0064 
 0.0044 0.2548 IS-RE  

OTU11 VTX00004 0.0440 0.0507 ROOTS-SOIL  NMDS2 0.31 0.2007 
 660 

  661 
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Table 8 Correlation between OTU-based Jaccard distance matrix and environmental variable-based 662 

Gower distance matrix at the sample level computed by Mantel tests are reported. Pearson’s 663 

correlations of the environmental variables with the first NMDS axis (there were no correlations 664 

with the second) are also shown. 665 

 

Mantel test 
(5000 permutations) 

vs OTU distance matrix 

 
Correlation with 

NMDS1 
Environmental variable R p-value  NMDS1 R p-value 
EC 0.02 0.3667  0.07 0.7682 
Salinity 0.05 0.2679  -0.02 0.9211 
Total C 0.22 0.0098  0.41 0.0705 
Total N 0.05 0.2673  0.17 0.4706 
Ammonia 0.17 0.0384  0.69 0.0005 
Nitric N 0.16 0.0382  -0.48 0.0300 
Ca 0.08 0.1790  -0.15 0.5460 
Mg 0.46 0.0002  -0.84 0.0000 
Porosity 0.44 0.0002  0.77 0.0000 
All (z-scores) 0.29 0.0004  

   666 

 667 

668 
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Supporting information figure legends 669 

 670 

Fig. S1 Map of the Lake Maggiore sampling sites (45° 54' 57" N, 8° 33' 32" E), Verbania, 671 

Piedmont (Italy). The three different sampling locations are indicated by the abbreviation RO 672 

(abandoned Rovelli garden), RE (Villa Remigio public garden), and IS (Isola Madre garden island) 673 

 674 

Fig. S2 Typical AMF structures encountered in C. japonica roots – (a) an extra-radical spore, (b) an 675 

intra-radical hypha, (c) intra-radical vesicles/spores, (d), (e) intra-cellular coils, (f) the main branch 676 

of an arbuscule, (g) an arbuscule with very thin branching hyphae and (h) an entry-point and inter-677 

cellular running hyphae 678 

 679 

Fig. S3 Rarefaction curves – The figure shows the OTU accumulation plotted as a function of the 680 

number of sequences at the sample level. 681 

 682 














