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Deciphering mycobiota and its 
functional dynamics in root hairs 
of Rhododendron campanulatum D. 
Don through Next‑gen sequencing
Nafeesa Farooq Khan 1*, Sheikh Sajad Ahmed 1, Mukhtar Iderawumi Abdulraheem 2,3, 
Zafar Ahmad Reshi 1, Abdul Wahab 4,5 & Gholamreza Abdi 6*

The Himalayas provide unique opportunities for the extension of shrubs beyond the upper limit of 
the tree. However, little is known about the limitation of the biotic factors belowground of shrub 
growth at these cruising altitudes. To fill this gap, the present study deals with the documentation 
of root-associated microbiota with their predicted functional profiles and interactions in the 
host Rhododendron campanulatum, a krummholz species. While processing 12 root samples of R. 
campanulatum from the sites using Omics we could identify 134 root-associated fungal species 
belonging to 104 genera, 74 families, 39 orders, 17 classes, and 5 phyla. The root-associated 
microbiota members of Ascomycota were unambiguously dominant followed by Basidiomycota. 
Using FUNGuild, we reported that symbiotroph and pathotroph as abundant trophic modes. 
Furthermore, FUNGuild revealed the dominant prevalence of the saptroptroph guild followed by 
plant pathogens and wood saprotrophs. Alpha diversity was significantly different at the sites. The 
heatmap dendrogram showed the correlation between various soil nutrients and some fungal species. 
The study paves the way for a more in-depth exploration of unidentified root fungal symbionts, 
their interactions and their probable functional roles, which may serve as an important factor for the 
growth and conservation of these high-altitude ericaceous plants.
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The treeline represents the upper altitudinal or latitudinal limit beyond which plant species do not grow as trees. 
In the context of the prevailing climate change scenario, when the vulnerability of treeline species in mountain 
ecosystems is presumed, a significant number of species are presumed to shift their geographic distributions 
to match the climatic conditions which have sustained their abundance till now1–4. From time to time, habitats 
such as high latitudes and altitudes have been reported as extremely vulnerable to rising temperatures5–7 yet 
studies in treelines mainly emphasize altered abiotic variables such as temperature, precipitation, and soils8–11. 
In past few years empirical studies12–16 have suggested role of biotic interactions as a key to understanding cur-
rent species distributions, abundances, and range limits. However, the composition pattern of belowg-round 
organisms remains understudied17 even though these belowground organisms may have a significant role in 
supporting these treeline species in harsh high-elevation conditions18–20. In fact, there are numerous microbiota 
present near the treeline of which a rough estimate of 50–90% of total soil microorganisms biomass comprise 
of fungi21. While fungi in the treeline are mostly inconspicuous, they are known to play an indispensable role in 
the cyclization of organic matter and in the stream nutrients through various trophic levels in ecosystems22–25 
in exchange for their own carbon needs. Although microbial assemblages of many dominant treeline-forming 
species have been documented earlier26,27 relatively few studies are available on the root associated mycobiota of 
the Rhododendron campanulatum which is a widespread woody and krummholz plant species in the Kashmir 
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Himalayan region belonging to Ericaceae, and often the identification of its root mycobiome is restricted to 
culture dependent studies28–30. This plant species grows in low nutrient sites at high latitude or high elevations 
with a unique mycorrhizal association, called ericoid mycorrhiza (ERM) which is essential for its growth and 
survival in nutrient-poor and stressful environments30–32. While some studies have identified the arbuscular myc-
orrhizal status of the Rhododendron species33. Little is known about the composition of the microbial diversity 
of this plant species. To improve our understanding of the below-ground biota, we analysed the below-ground 
compositional changes in sites spread across two mountain systems in Kashmir Himalaya. We also aimed to 
pair our results with soil nutrient content (N, P, K, OC, EC, pH, Ca, Mg) to investigate the relationships between 
below-ground microbial taxa and soil nutrients. Using DNA metabarcoding and targeting the ITS2 regions of 
ribosomal DNA, we obtained quantitative information about the below-ground mycobiota.

The study evaluated the diversity, guild structure, and trophic modes of root associated fungi in R. campanu-
latum in Kashmir Himalaya, employing morpho-molecular approach of characterization to understand how 
and what kind of species interactions affect species diversity at treelines. Consequently, we hypothesised that 
the microbial composition across sites does not change. This theoretical basis of microbial composition across 
sites does not change stems from:

1.	 Similar environmental conditions such as pH, humidity, temperature, and nutrient availability.
2.	 The plant shows limited dispersal because it grows around the same altitude in two study sites.
3.	 Additionally, the functional role of microbes present in this habitat can reach functional redundancy and 

successional stability.

To order to test this hypothesis, we precisely asked the following research questions. Whether (i) there is a 
compositional change in the soil biota, in terms of both taxonomic and functional groups, between the study 
sites; (ii) the changes in taxonomic and functional groups of roots associated fungi are correlated with changes 
in soil nutrients, and (iii) the fungal diversity changes with altitudinal variations.

Material and methods
Description of the sampling site and sample collection
This study was carried out in the Kashmir Himalayan region in geographical coordinates of 75°51′02″ E and 
33°58′11″ at Sinthan top site and 74°32′36″ E and 34°03′55″ N at Apharwat. The two sites were comparable in 
terms of altitude and exposure. Field sampling included collection of 250 g rhizospheric triplicate soil samples and 
hairy tertiary root samples from natural and actively growing plants of R. campanulatum (diameter < 2 mm)34 of 
roughly the same developmental stage along elevational gradients (150-200 m) in two alpine locations. Although 
the sites were snow covered from December to early July, sample collection was carried out between July and 
August. Along the elevational gradient, from thick vegetation to uppermost alpine zone, sampling was carried 
out in triplicates of plants < 40 cm in height and 30 m apart at four elevations (3396 and 3552 amsl at Sinthan top 
and 3610 and 3800 amsl at Apharwat). A total of 12 root samples were processed for molecular characterization 
of the microbiome. Samples were taken from a depth of 30 cm using35 soil core method and 3 soil cores from 
one individual were pooled to make one composite sample. The collected roots were aseptically transferred into 
separates sterile zip-lock plastic bags labelled and transported to the laboratory using cool packs. A portion of 
the roots was processed for morphological identification using taxonomic keys under the Olympus CX51, Japan 
microscope using36 key 1987–1995 (DEEMY). The clear and sorted root samples were kept in 50 ml centrifuge 
tubes with CTAB buffer at − 20 °C until processed for molecular analysis. For identification of plant species, 
the voucher sample specimen was deposited to Kashmir University herbarium under accession KASH-3714.

Nutrient analysis
Dried and crushed 250gm soil samples (dried at 100 °C for 48 h) were passed through 2.0 mm sieve to remove 
roots and other aggregate matter. The soil chemical analysis was performed at the division of soil science, 
SKUAST-K Shalimar. pH was determined electrochemically with the help of glass electrode pH meter, as sug-
gested by Jackson 1973. Exchangeable cations were extracted using 1 mol L−1 neutral ammonium acetate solu-
tion and quantified using the Kjeldahl method to measure the cation exchange capacity (CEC)37. The organic 
carbon of the soil samples was determined using the Walkley and Black method as outlined by38. Total nitrogen 
of the soils was determined using the Kjeldahl’s method following H2SO4 acid digestion method as suggested 
by38. The available K was determined from NH4OAc. (pH, 7.0) extract as described by38. The extract was ana-
lysed for available K by a flame analyzer at 589 nm. The available phosphorus was extracted from the soil with 
0.5 M NaHCO3 (Olsen’s Method) at pH 8.5 and molybdo-phosphoric blue colour method of analysis was used 
for determination. Calcium and magnesium were estimated using atomic absorption spectrophotometer (AAS 
4141) protocol using38. All quantified soil properties are given in Supplementary Table S1.

Root length colonization
Hairy root samples were cut into pieces and soaked in 40% KOH for 10 min after rinsing with 1% HCl, staining 
and distaining using39 protocol. 1200 pieces of roots were screened for the extent of mycorrhizal infection at 
magnification of 10 × and 40x. For calculation of the fungal colonization rates, the total number of colonized 
root segments and the total number of root segments studied were recorded. The percentage was calculated 
using the formula:-
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DNA extraction, PCR amplification
12 root samples were homogenized in liquid nitrogen using the CTAB method to obtain genomic DNA using a 
standard protocol40. The product obtained was checked on a 1.2% agarose gel and its concentration was checked 
on Qubit 4 fluorimeter (Invitrogen). Dilution in genomic DNA was made wherever required to obtain a mini-
mum DNA requirement of 50 μl per PCR reaction. Amplification was carried out for each sample using the 
fungal specific marker pair ITS1 (TCC​GTA​GGT​GAA​CCT​GCG​G) and ITS4 (TCC​TCC​GCT​TAT​TGA​TAT​GC) 
using and Fusion high fidelity Taq in a 20 μl reaction volume. The PCR reaction consisted of Genomic DNA 2 μl, 
10X PCR buffer 2 μl, 2 mM dNTPs (Sigma) 0.5 μl, Forward Primer Sigma 0.4 μl, Reverse Primer 0.4 μl, DMSO 
0.5 μl, BSA 0.5 μl, MiliQ water 13.5 μl and Taq polymerase 0.2 μl. The set standardised conditions used for PCR 
were 95◦C for 4 min (Denaturation), 30 cycles of 30 s at 95◦C (denaturation), 60◦C for 30 s (annealing) and 72◦C 
for 1.30 s (extension), followed by 5 min at 72◦C followed by 4 degree for infinity. The amplified products were 
checked on a 0.7% agarose gel and viewed in the Gel Doc System to confirm amplicon amplification.

Nanopore library preparation
Each sample was concentrated by magnetic beads using magnetic separator for nanopore library preparation 
using the version of the amplicon library preparation sequencing kit, which was then purified by 1 × Agencourt 
AMPure XP SPRI magnetic beads and barcoded by the NEBNext End repair/dA-tailing component then liga-
tion to protein-linked adapters AMX (Oxford Nanopore Technologies, Oxford, UK) using the NEBNext Quick 
Ligation component kit. All the PCR products barcoded by barcoding kit were then pooled according to the 
SQK-LSK108 protocol for the 1D PCR barcoded amplicon and stored on ice until loaded into a flow cell for 
sequencing. Sequencing was carried out on MinION flow cells (FLO-MIN106D R9.4.1) (Oxford Nanopore 
Technologies, Oxford, England) sequencer at the Yaaz Genomics laboratory, Coimbatore, India.

Bioinformatics and data analysis
MinKNOW version 2.0 was used for live basecalling. The barcodes and adapters were removed by using Porechop 
(https.//github.com/rrwick/Porechop). The FASTQ files were analysed on the Nanopore EPI2ME platform with 
a minimum qscore of > 10. Reads were assigned fungal identification in a real-time analysis with cloud-based 
fungal identification facilitated via What is In My Pot?’ (WIMP) workflows application from the EPI2ME plat-
form (Oxford Nanopore Technologies Ltd, UK), allowing the identification of the fungal species a few minutes 
after the run started. The EPI2ME platform quality filtered and clustered sequences into operational taxonomic 
units (OTUs) at 97% similarity41. The sequence data generated for this study is available from NCBI SRA under 
the accession number PRJNA669306.

OTU tables summarizing the abundance of fungal taxa in each sample were calculated separately. The fun-
gal OTUs were then taxonomically analysed for the identification of ecological guilds or “functional groups” 
using FUNGuild (https://​github.​com/​UMNFuN/​FUNGu​ild)40. The observed and predicted (Chao1) numbers 
of OTUs per sample, as well as the equitability of their abundances (Simpson’s and Shannon’s diversity indices) 
were calculated using Microbiome analyst42. The read data was further analysed in Kaiju (https://​bioin​forma​
tics-​centre.​github.​io/​kaiju/) online tool for easy taxonomic classification and assessment of the diversity of the 
two study regions43. Interactive venn (https://​www.​inter​activ​enn.​net/), an online tool, was used to show common 
and specific taxa among the sites and along elevational gradient44. Two of the samples had poor quality reads, 
and as such were filtered out from downstream analysis.

Results
Morphotyping and Root length colonization
We reported a rare occurrence of ECM morphotypes in R. campanulatum Fig. 1.

A small percentage of morphotypes were observed in R. campanulatum using the Agerer’s taxonomic key 
which constituted a total of 20 morphotypes. The observed morphotypes (Supplementary Figure S1) and their 
description are provided in Supplementary Table S2. Moreover, through root length colonization we showed the 
presence of characteristic intracellular and intercellular ericoid hyphal coils inside the root cortical cells along 
with the incidence of dark septate hyphae within these cells, in addition to ectomycorrhizae (morphotypes). 
No typical ectomycorrhizal structures were formed in epidermal cells of the root tips (Fig. 1). Hyphae were not 
observed within the root stele.

Richness and diversity patterns of root‑associated fungi
Based on MinION amplicon sequencing, using 97% similarity cut-off, the fungi identified in the present study 
were clustered into 134 species, 104 genera, 74 families, 39 orders, 17 classes, and 5 phyla (Fig. 2a) (to normal-
ize read depth) with 502 average counts of reads per sample. The total number of reads obtained from Oxford 
Nanopore MinION sequencing amounted to 26,465 reads. The samples collected resulted in 11,712 reads and 
14,753 reads at site 1 and site 2 respectively (Supplementary Table S3) and were assigned various taxa. Of all the 
reported phyla, the diversity was primarily dominated by the phylum Ascomycota (Fig. 2b).

The composition of fungi evaluated at the phylum rank as presented in Fig. 2b shows the overall predomi-
nance of Ascomycota constitute 53.9% of total diversity while Basidiomycota constituted 27.4%. Comparatively, 

RLC(%) =
Totalnumberofrootsegmentscolonized

Totalnumberofrootsegmentsstudied
× 100

https://github.com/UMNFuN/FUNGuild
https://bioinformatics-centre.github.io/kaiju/
https://bioinformatics-centre.github.io/kaiju/
https://www.interactivenn.net/
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the highest number of species were obtained at Apharwat (species 108, genus 90, family 60, order 35, class 15 and 
phylum 5) than at Sinthan top (species 105, genus 92, family 63, order 38, and class 17 and phylum 5) (Fig. 3a).

Evidently, data showed that with increase in elevation the diversity of fungal taxa showed a sharp decline at 
Sinthan top while the fungal assemblage remained more or less similar for two altitudes of Apharwat, displaying 
no pattern in diversity (Fig. 3a). The perusal of data indicates those 5 phyla, 15 classes, 34 orders, 49 families, 78 
genera, and 79 species were shared by two study sites. There were 2 classes, 4 orders, 14 families, 14 genera and 
26 species specific to the Sinthan top and 1 order, 11 family, 12 genera, and 29 species specific to the Apharwat, 
respectively (Supplementary Figure S2). At the order rank of the hierarchy, Agaricales and Mortierellales were the 
most dominant orders. Among the reported fungal families, Ascoideaceae, Bondarzewiaceae, Coniophoraceae, 
Cordycipitaceae, Dermateaceae, Fomitopsidaceae, Hymenochaetaceae, Phaeosphaeriaceae, Schizophyllaceae, 
Sporocadaceae, Teratosphaeriaceae, Tremellaceae, Trichocomaceae and Trichosporonaceae were specific to Sin-
than while Auriculariaceae, Coniosporiaceae, Drepanopezizaceae, Fibroporiaceae, Hydnangiaceae, Mollisiaceae, 
Pestalotiopsidaceae, Pneumocystaceae, Wickerhamomycetaceae, Sordariaceae and Trichosporonaceae were spe-
cific to Apharwat (Fig. 3b). At the order level of classification, Wallemiales Hymenochaetales, Russulales and 
Orbiliales were specific to Sinthan top, whereas a single order Auriculariales was specific to Apharwat (Fig. 3c).

Dendrogram and nutrient analysis
In this study, distance correlation differences at order level community composition correlated with differences 
in environmental factors showed some taxa correlated with environmental variables. In depth analysis revealed 
that high K, P, N, EC, OC and low pH had the strongest correlation with orders Orbiliales, Hymenochaetales, 

Figure 1.   ECM morphotypes from roots of R. campanulatum. 

Figure 2.   (a) Taxonomic classification of identified fungi. (b) Relative diversity of phylum identified.
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Tremallales, Schizomycetales, Pneumocystales, Rhizophydiales, Trichosporonales, Boletales, Wallemiales, Rusu-
lales, Mixales, Verrucariales, Pezizales while low K and high P, N, pH, EC, OC showed correlation with orders 
Onygenales, Chaetothyriales, Capnodiales, Mucorales, Boletales, Hypocreales, Agaricales, Sporidiobolales, 
Corticales and Pleosporales. Moderate levels of K, P, N and high pH, EC, OC affected diversity of Eurotiales, 
Amphisphaeriales, Coniosporales, Helotiales, Microscacales, Sacchromycetales, Hypocreales, Glomeralles, Ophi-
ostomiales, Spizellomycetales and Botryosphaeriales. Further the diversity of orders, Magnoporthales, Thelebo-
rales, Xylariales, Sordariales, Togniniales was significantly correlated with high K, pH, EC and low P, N, OC. 
while low K, P, N, OC and high pH and EC. Overall, there was a significant difference in the structure of the 
fungal community with respect to organic carbon, pH, EC, nitrogen, phosphorus and potassium, which varied 
significantly between sites (T.test P < 0.05) (Fig. 4d).

Figure 3.   (a) Number of root-associated fungal taxa along the altitudinal gradient at Apharwat and Sinthan-
top. (b) Comparative diversity analysis of taxa found attwo study sites. (c) Depicts the order level diversity from 
samples from two study site Further, genus Tremella, Coniophora, Wallemia, Vanderwaltozyma, Fomitiporia, 
Heterobasidion, Dactylellina, Capronia, Cordyceps, Zygosaccharomyces, Schizophyllum, Naumovozyma, Ascoidea 
and Saccharomyces were specific to Sinthan top (Fig. 4a) while the genera Wickerhamomyces, Auricularia, 
Coniosporium, Histoplasma, Kazachstania, Lodderomyces, Microsporum, Nannizzia, Neurospora, Pyrenophora, 
Sclerotinia and Thielavia were specific to Apharwat (Fig. 4a) In addition, our findings based on the Chao1 
richness estimator, ACE richness estimator, Simpson dominance, and Shannon diversity index from each sample 
showed that alpha diversity patterns significantly varied between sites Fig. 4b. Additionally, the highest value of 
Shannon was in sample 2 with value of 3.15 while lowest value was obtained from sample 4 i.e. 1.386 at Sinthan 
top. Likewise, the highest value of Shannon was in sample 9 value 3.79 while the lowest value was in sample 7 
values 2.12 at Apharwat. For comparisons, Shannon, Simpson, Fisher alpha values and other indices per sample 
data is presented in Supplementary Table S4. Furthermore, PCoA based on Bray–Curtis dissimilarities and 
PERMANOVA analysis (p < 0.05) (Fig. 4c) showed a clear difference between Apharwat and Sinthan top samples 
confirming the different composition of the mycobiota between two sites.
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FUNGuild classification of guilds and trophic modes
Of the 134 identified species, 91 species were assigned different trophic modes and guilds according to FUNGuild 
parsing. Most identified species belonged to animal pathogens, arbuscular mycorrhizal fungi, ectomycorrhizal 

Figure 4.   (a) Relative abundance of dominant genera at study sites. (b) Estimates of diversity indices at 
two study sites. (c) PCoA based on Bray–Curtis dissimilarities and PERMANOVA analysis (p < 0.05). (d) 
Distance correlation differences at the order level community composition were correlated with differences in 
environmental factors.
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fungi, lichenized fungi, mycoparasites, plant pathogens, undefined root endophytes, undefined saprotrophs, 
unassigned fungi, and wood saprotrophs with a difference confidence level (Supplementary Table S5).

The most dominant fungal functional type in the data set was Saprotrophs with 35 taxa, followed by patho-
troph (24 assigned taxa). Only 11 assigned taxa belonged to the pathotroph-saprotroph trophic mode. In com-
parison to other trophic modes Pathotroph-saprotrophs symbiotroph comprised 7 taxa. Similarly, 7 taxa belonged 
to symbiotroph trophic mode (Fig. 5a).A total of 43 taxa remained unknown for their functional attributes, and 
the remaining taxa were assigned more than one possible trophic mode (Fig. 5b).

The core microbiota of the host
The core microbiota of this plant constituted species belonging to the genus Agaricus, Lobosporangium, Para-
coccidioides, Schizosaccharomyces, Eutypa, Rhodotorula, Colletotrichum, Laccaria, Phialocephala, Clavispora, 
Fusarium, Punctularia, Fonsecaea, Diplodia, Baudoinia, Sphaerulina, Parastagonospora, Botrytis, Melampsora, 
Trichoderma, Kockvaella, Hostoplasma, Pseudocercospora, Pochonia with a prevalence threshold approximation 
of 75% and relative abundance of 0.010% in all samples (Fig. 6a).

Sparse correlations for compositional data
The co-correlation analysis showed co-occurring networks of the abundant taxa shared by all the samples at a 
correlation threshold of 0.3 using the Sparse Correlations for Compositional data (SparCC). A total of 36 nodes 
(co-abundance groups-CAGs) were formed from all group comparisons showing all possible positive and nega-
tive but significant interactions (Fig. 6b).

The majority of nodes belonged to ascomycota followed by basidiomycota and Mucuromycota and the 
microbial dysbiosis index was 0.6878. Among abundant fungal taxa, Zymoseptoria, Sphaerulina, Clavispora, 
Uncinocarpus, Lobosporangium, Phialocephala, Pochonia, Pseudocercospora, Glarea, Ogataea, Sclerotinia, Kock-
vaella, Schizosaccharomyces, Melampsora, Punctularia, Laccaria, Fusarium, Botrytis, Parastagonospora, Mixia, 
Eutypa, Rhodotorula, Phanerochaete, Agaricus, Tremella, Coniophora, Wallemia, Trichoderma, Saitoella, Pichia, 
Chaetomium, Tuber, Diplodia, Marssonina, Metarhizium, Hostoplasma showed significant positive and negative 
interactions in these taxa with p-values 0.05 using a bootstrap procedure with 100 random permutations.

Discussion
The present study revealed a total of 20 ECM root morphotypes with uncommon instances. A limitation to mor-
phological data is the lack of comparison of reported ECM morphotypes in this plant species due to the presence 
of fine root hair. Unlike the present study, previous studies have shown preferential screening of root hair that 
only shows ERM colonization, whereas higher order roots are seen to form root morphotypes. In addition to 
distinguishable intracellular ERM hyphal coils inside rhizodermal cells in root hair, other fungi, for example, DSE 
(Dark Septate Endophyte), ECM fungi, AM fungi, saprophytic or pathogenic fungi, constituted the root fungal 
community in plant species and were considered to play either positive or negative roles for their hosts in the 
natural environment. These fungal taxa were similar to observations in other ericaceous plants30,45–47, and their 
functions on roots of ericaceous plants should be evaluated in further studies. In contrast to the present study,48 
reported absence of ECM and AM in the roots of Ericaceae. The degree of internal colonization by arbuscular 
mycorrhizal fungi could depend on differences in root morphology. Moreover, colonization rates are known 
to vary with the altitude, humidity, precipitation, temperature, and plant community49–52. We also reported the 
presence of DSE in the tertiary roots of the host and its presence has previously been reported from antarctic and 
sub-arctic sites that form intracellular mycelium and microsclerotium primordium53,54. As in the present work, 

Figure 5.   (a) Classified trophic modes using FUNGuild. (b) FUNGuild classified trophic modes.
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these DSE structures have been reported from similar environmental conditions, such as alpine and arctic habi-
tats, confirming the mutualistic role of these fungi55,56. Though we noticed that many studies have documented 
the ericoid mycorrhizal status of family Ericaceae57,58, the work described here represents the first attempt to 
identify and infer the taxonomic affinities of the root associated fungi in R. campanulatum using both morpho-
molecular methods. Although both culture-based and culture-independent methods introduce potential bias59–61, 
a combination of both types of approach is preferred to reduce bias in investigations of similar nature33,62–67.

Analysis of nuclear ribosomal DNA sequences suggests the roots of R. campanulatum harbour diverse assem-
blages of mycorrhizal and non-mycorrhizal fungal symbionts. Although the diversity obtained is less than those 
obtained from roots other treeline plant species, including other species of the genus Rhododendron. The differ-
ence in diversity can also be attributed to the limited number of samples for study sites reflected through rar-
efaction curves (Supplementary Figure S3), which in addition to showing insufficient samples at one site shows 
observed OTU richness was higher at Apharwat than at Sinthan top. Furthermore, the alpha diversity differed 
significantly between the sites. Compared to the Sinthan top, the highest diversity was recorded for Apharwat 
which may be attributed to the soil parameters that varied significantly between study sites with the highest 
value of shannon index 3.7 approx. In addition, Ascomycota and Basidiomycota that were dominant phyla in 
this study, phylum Glomeromycota and Chytridiomycota were found relatively less abundant similar to those 
observed in Rhododendron simsii68. Furthermore, the proportion of fungal group richness and evenness decreased 
with increasing in elevation at the Sinthan top while it remained almost the same for the Apharwat site. This 
pattern of fungal assemblage is similar to69 who observed soil fungal richness and evenness decreased with the 
increasing elevation gradient, while at a large-scale elevational mountain gradient70, found contrasting results 
showing that microbial richness was not correlated with elevation. However, some fungal taxa were common to 
the root systems of R. campanulatum in two investigated sites with varied relative abundance while others were 
present only in a single site. The contrasting diversity patterns between two sites is attributed to the soil C/N ratio, 
moisture, pH, total nitrogen (TN) and temperature71. In this study, the results show that soil physico-chemical 
factors had obvious effects on fungi diversity. Furthermore, the data indicates several unnamed fungal species 
are present that apparently belong to the group Ascomycota and may also be important associates of ericoid 
mycorrhizal root associates which need further examination. The Shannon diversity index of the fungi for the 
plant species ranged from 1.386 to 3.15 at Sinthan top and from 2.127 to 3.795 at Apharwat, respectively. This 
study has shown that rDNA ITS-based techniques can be used effectively as an initial screen for the composition 
pattern of root associated fungi. Although the relatively small number of reference sequences currently avail-
able makes detection and identification of unknown clones problematic at present, this situation will improve 
as greater number of ITS fungal sequences becomes available. The order Helotiales, Hypocreales, Sebacinales, 
and Chaetothyriales, and the family Herpotrichiellaceae, Myxotrichaceae, and Sebacinaceae, which have been 
found in hair roots of many ericaceous plants72–74. Furthermore, some Ascomycetous fungi forming ErM include 
mostly belong to class Leotiomycetes and some Basidiomycetes in the Serendipitaceae75.

FUNGuild analysis showed that the endophytes of the culture-independent approach potentially comprised 
various functional groups. Based on the FUNGuild inferred lifestyle of obtained fungi, the study indicates greater 

Figure 6.   (a) Core microbiome associated with roots of R. camapnulatum. (b) SparCC analysis showing 
co-occurring networks of the abundant taxa shared by all the samples at a correlation threshold of 0.3. The size 
of the circle corresponds to average relative abundance and colour corresponds to the fungal phyla.
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abundance of saprotrophs in the dataset with few others showing numerous life modes such as pathotroph-
saprotrophs, pathotroph-saprotrophs symbiotroph. The prevalence of Saprobes and symbionts in the Rhodo-
dendron rhizosphere has been reported by76. Furthermore, the higher abundance of saprotrophs is related to the 
presence of free-living saprotrophic fungi that share fundamental decomposition niches with mycorrhizal fungi 
and compete with root associated mycorrhizae for Nitrogen in limited availability of Nitrogen24. We also found 
that pathogenic fungi were abundant in all sites. This finding is similar to findings of77 from arctic. Furthermore, 
through our findings, we provide a better understanding of the diversity of the root inhabiting pathogen in R. 
campanulatum which can drived the successful movement or range-expansion78,79 of species into novel environ-
ments. Although we acknowledge that our analyses may not have detected important variation in other aspects 
of the potential non-fungal pathogens, this study provides novel insights into the rhizosphere microbiome of 
R. campanulatum.

By thorough data analysis, we also explored the core microbiota associated with the host plant. A total of 24 
genera formed the core microbiome of the study plant. This highlights that several taxonomic groups of fungi 
potentially play a key role in synchronizing community processes of temperate and/or subtropical forests. Core 
symbolises very specific host microbial associations and given the benefits of below-ground plant–fungus sym-
bioses in terrestrial biosphere80,81, identifying fungal species that potentially have great impacts on community 
scale processes by such microbiome interactions will provide crucial insights into the effectiveness, conservation 
and restoration of treeline ecosystems.

Spar CC analysis revealed complex positive and negative significant interactions among 36 taxa identified. 
Sparcc is a robust and efficient method for inferring correlation networks from large microbiome datasets based 
on iterative approximation and log ratio transformed data. A plethora of methods are already known to study 
microbial interaction even in environmental samples, but sparcc is beneficial when analysing datasets with 500 
or fewer OTUs which was previously intractable, yet is likely to become commonplace in modern cohort studies. 
However, the precise role and activities of fungal symbionts remain unexplored and insights into root associated 
microbiome interaction are compounded by its complexity82. Together identification of core microbiome and 
taxa cooperative and competitive intra-microbial interactions serves as important factors for conservation of 
such species.

Conclusions 
The study of ericaceous root associated symbionts in the treeline ecosystem of the Kashmir Himalaya has revealed 
a wide diversity of fungi associated with the study plant species. The study is a comparative profile of the rhizos-
pheric fungal community of the endemic plant R. campanulatum from four altitudinal zones in two regions of 
Kashmir Himalaya. While there were few specific taxa at each site, the proportion of shared taxa was quite high. 
The core microbiome consisted of few indicator taxa that showed prevalence of 75% and no preferential choice 
of specific taxa. The study gave insight into the myriad functional interactions of fungal. In addition, the study 
is the first report to document the microbial assemblage of endemic Krummholz shrub species from the region. 
The plant showed dominance of the phylum Ascomycota and preferred few ectomycorrhizal associates. Few taxa 
showed preferential occurrence with the various nutrient content while few other taxa formed the core micro-
biome of the host plant species. We also found certain positive and negative interactions using sparcc between 
abundant microbiota in the study. In general, the study is a first attempt to document the mycobiota associated 
with the mycorrhizal and non-mycorrhizal root of R. campanulatum from Kashmir Himalaya. The study encour-
ages and permits the carrying out of re-synthesis experiments and the evaluation of nutrient transfer systems 
to resolve the ability of some mycorrhizal strains occurring in mycorrhizae symbiosis with this plant species to 
improve the growth and conservation of this ericaceous species.

Data availability
The datasets generated and analysed during current study are available in the National Center for Biotechnology 
Information (NCBI), https://​www.​ncbi.​nlm.​nih.​gov/​sra/?​term=​PRJNA​669306.
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