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Summary  

We tested the generality of increasing diversity of fungi and bacteria along arctic sand dune  

succession. Microbial communities were examined by high-throughput sequencing of 16S rRNA  

genes (bacteria) and internal transcribed spacer (ITS) regions (fungi). We studied four microbial  

compartments (inside leaf, inside root, rhizosphere and bulk soil) and characterized microbes  

associated with a single plant species (Deschampsia flexuosa) across two sand dune successional  

stages (early and late). Bacterial richness increased along succession in bulk soil and leaf  

endosphere. In contrast, soil fungal richness remained constant while root endosphere fungal  

richness increased along succession. There was, however, no significant difference in Shannon  

diversity indices between early and late successional stage in any compartments. There was a  

significant difference in the composition of microbial communities between early and late  

successional stage in all compartments, although the major microbial OTUs were shared between  

early and late successional stage. Co-occurrence network analysis revealed successional stage- 

specific microbial groups. There were more co-occurring modules in early successional stage  

than in late stage. Altogether, these results emphasize that succession strongly affects distribution  

of microbial species, but not microbial diversity in arctic sand dune ecosystem and that fungi and  

bacteria may not follow the same successional trajectories.  
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Introduction 

Vegetation succession is one of the oldest theoretical concepts in ecology (e.g. Cowles, 1899). It 

is generally conceived that in progressive ecosystem succession, the number of plant (Bazzaz, 

1975) and animal species (Tews et al., 2004) and amount of soil organic matter increases with 

time (Berendse et al., 1998, Walker and del Moral, 2003; Chapin et al., 1994). In soil, the 

number of microbial taxa (richness), their abundance, and a combined measure of richness and 

the evenness of their abundance (diversity) have been shown to increase along a successional 

trajectory from early successional stages to later ones (Nemergut et al., 2007; Brown and 

Jumpponen, 2014; Brown and Jumpponen, 2015). These studies mainly focused on vegetated or 

non-vegetated soil microbial succession. However, microbes have the ability to colonize 

different plant parts for nutritional (Belnap and Lange, 2003) or non-nutritional (Diaz et al., 

1993) purposes. Nevertheless, comparisons of plant-associated microbial successional dynamics 

are rare (Blaalid et al., 2012) and could elucidate whether the general concept of increasing 

species richness and diversity along successional trajectory is also applicable to microbial 

communities.  

 

Microbial communities that live in close association with plants are known as plant-associated 

microbiomes. The plant microbiome can be divided into external (phyllosphere, rhizosphere) and 

internal (endosphere) compartments. Many of the plant-associated microbes are known to have 

various beneficial effects on host plants (Berg et al., 2014; Bardgett and Chan, 1999; Kumari, 

2016; Wilson, 1940; Yang et al., 2009). Plant-associated microbial diversity and community 

composition (abundance and identity of taxa) are affected by compartment, host genotype, 

sampling location, and season, but the effect of these factors varies between different studies 

Page 3 of 43

Wiley-Blackwell and Society for Applied Microbiology

This article is protected by copyright. All rights reserved.



 

Page | 4 

 

(Gottel et al., 2011; Bulgarelli et al., 2012; Peiffer et al., 2013; Bulgarelli et al.,  2015; Edwards 

et al., 2015; Coleman‐Derr et al., 2016).  

 

Soil is traditionally considered to be the source of rhizosphere microbes (Berg and Smalla, 2009; 

Normander and Prosser, 2000; Philippot et al., 2013; Singh et al., 2007) and, in turn, rhizosphere 

as the source of endosphere microbes (Bulgarelli et al., 2012; Edwards et al., 2015; Long et al., 

2008; Lundberg et al., 2012). If plant-associated microbes are horizontally acquired from the soil 

as is frequently argued, successional changes in soil microbial communities should be reflected 

in plant-associated microbial community. However, it has recently been shown that a significant 

portion of the root endosphere microbes (Johnston-Monje et al., 2014; Johnston-Monje and 

Raizada 2011), and a few of the rhizosphere microbes (Johnston-Monje and Raizada 2011; 

Hardoim et al. 2012; Puente et al. 2009) are vertically inherited through seed. Consequently, if 

the plant-associated microbiome is to a large extent vertically inherited, its community 

composition should be relatively constant along a successional gradient.  

 

Co-occurrence of plant-associated microbes has been rarely studied and the few studies mainly 

focus on prokaryotic microbes (Cardinale et al., 2015; Edwards et al., 2015). Furthermore, there 

has been little attention on fungi-fungi and inter-kingdom relationships such as bacteria-fungi 

coexisting in environmental samples. Facilitative interactions between plants are more important 

in early than late successional stage (Bertness and Callaway, 1994; Brooker and Callaghan, 

1998). Similarly, positive intra or inter-kingdom interactions may also be of particular 

importance in nutrient limited early succession stage co-occurring microbial communities as they 

are likely to exchange metabolites and nutrients for survival (Frey-Klett et al., 2011; Zelezniak et 
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al., 2015). Ecologically important co-occurrence patterns in microbial systems help to identify 

potential biotic interactions, habitat limitation and physiological similarity (Barberán et al., 2012; 

Williams et al., 2014).  

 

Based on the current knowledge on ecosystem succession, we hypothesized that soil and plant-

associated microbes could follow the same trajectories as other organisms (e.g. Bazzaz, 1975, 

Walker and del Moral, 2003). We chose Deschampsia flexuosa as a focal plant species because 

of its ecological importance in circumboreal ecosystems. In the present study, we tested the 

following predictions in arctic sand dune primary succession ecosystem: (i) plants and soil 

contain more numerous microbial species in late successional stage than in early successional 

stage (ii) the successional stage of the ecosystem affects microbial community composition 

significantly and (iii) co-occurring microbes are successional stage specific.  

 

Results 

High-throughput sequencing of 16S rRNA (bacteria) genes and ITS regions (fungi) 

We investigated microbial communities of bulk soil, rhizosphere soil, and D. flexuosa leaf and 

root endosphere. These are collectively referred to as “compartment” hereafter. We collected 

compartment samples from early successional stage (monospecific D. flexuosa stands) and late 

successional stage (D. flexuosa  stands together with other plant species) of arctic inland aeolian 

sand dunes in four different areas between 150 and 2250 meters distance apart (Figure 1). These 

areas are referred to as ‘block’ hereafter. Within each block, the distance between early and late 

successional stage was 10-20 meters. We examined microbial community diversity and 

composition by ion torrent sequencing of 16S rRNA (bacteria) genes and internal transcribed 
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spacer (ITS) regions (fungi). Altogether, we obtained 334,382 bacterial and 470,567 fungal good 

quality sequences. In one sample, there was between 1,701 and 12, 831 bacterial sequences and 

between 1,304 and 11, 613 fungal sequences. A total of 20 bacterial and 5 fungal phyla were 

found across four compartments and two successional stages (Supplementary figures: 

Supplementary figure 1).   

 

Microbial species richness but not Shannon diversity was moderately affected by 

succession  

To gain insights into the effect of succession on microbial species richness, we compared the 

observed and estimated OTU richness of the communities retrieved from early and late 

successional stage bulk soil, rhizosphere and the endosphere compartments. A global trend of 

higher mean microbial OTU richness (observed and estimated) was observed in late successional 

stage compartments in comparison to early successional stage (Table 1). Out of the eight 

comparisons, the OTU richness was significantly higher (P< 0.05) in late successional stage 

when compared to early in bulk soil bacteria, leaf bacterial endosphere and fungal root 

endosphere compartments (Supplementary file1: Richness). The distance between sampling sites 

(i.e., block) had no effect on microbial taxa richness (P>0.05; Supplementary file1: Richness).  

 

There were no significant differences observed in Shannon diversity indices between early and 

late successional stage in any compartment (P>0.05; Supplementary file1: Richness). Also, there 

were no significant differences in Shannon diversity indices (P>0.05) between different blocks 

(Supplementary file1: Richness). 
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Microbial community composition was primarily affected by succession 

Unconstrained principal coordinate analyses (PCoAs) were used to identify clustering pattern of 

microbial communities. The PCoAs were performed using both abundance (Weighted PCoAs)   

and the presence/absence data (Unweighted PCoAs). We performed PCoAs for each individual 

compartment separately to observe the microbial community clustering pattern according to the 

successional stage. In all the compartments, both weighted and unweighted PCoAs (data not 

shown) microbial (both bacteria and fungi) communities clustered strongly according to 

successional stage (Figure 2.1 and Figure 2.2). Permutational Multivariate Analysis of Variance 

(PERMANOVA) confirmed that the observed clustering patterns in PCoAs were statistically 

significant (P<0.05; Supplementary file1: PERMANOVA). We performed Canonical Analysis of 

Principal coordinates (CAP) analysis for a few samples (Bulk soil-16S rRNA, bulk soil-ITS and 

rhizosphere-16S rRNA) not having equal variances as was clearly visible in PCoAs (Figure 2.1 

and Figure 2.2). The results of CAP analyses were consistent with PERMANOVA (data not 

shown). There were no significant differences in microbial community composition between 

different blocks sampled except for fungi in bulk soil and in root endosphere compartments 

(Supplementary file1: PERMANOVA).  

 

Successional stage affected the rhizosphere compartment the most and 37 % and 24 % of 

variation [(Factor sum of squares) / (total sum of squares) * 100] in bacterial and fungal 

community composition in rhizosphere was explained by successional stage (Supplementary 

file1: PERMANOVA). Leaf endosphere was the least affected compartment and 16 % and 10 % 

of variation in bacterial and fungal community composition was explained by successional stage 

(Supplementary file1: PERMANOVA).   
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Venn diagrams were used to illustrate shared bacterial and fungal OTUs in different 

compartments in early and late succession stages (Figure 3 and Figure 4; Supplementary file1: 

Shared OTUs). A substantial fraction of bacterial OTUs was shared between early and late 

successional stages in bulk soil (39% shared), rhizosphere (32% shared), leaf (28% shared) and 

root endosphere (24% shared) compartments (Figure 3). These shared OTUs represent on 

average 86% of total sequences in bulk soil (85%), rhizosphere (78%), leaf (94%) and root 

endosphere (87%) compartments.   

 

In comparison to bacteria, fewer fungal OTUs were shared between early and late successional 

stages in bulk soil (19% shared), rhizosphere (11% shared), leaf (16% shared) and root 

endosphere (14% shared) compartments (Figure 4). These shared OTUs represent on average 

48% of the total sequences in bulk soil (56%), rhizosphere (35%), leaf (53%) and root 

endosphere (46%) compartments.   

 

Since the most abundant microbial OTUs were largely shared between early and late 

successional stages, we performed Kruskal Wallis test with log transformed (log [X+1]) relative 

abundance data to identify the OTUs that are responsible for community separation between 

successional stages in different compartments. To exclude rare OTUs, we included OTUs with at 

least 5% abundance in at least three samples, which resulted in 85 bacterial and 146 fungal 

OTUs. There were 71 bacterial and 62 fungal OTUs that displayed significant differences 

(FDR<0.05) in their abundance across the succession in at least one compartment 

(Supplementary file1: Differential-OTUs abundance). The rhizosphere and bulk soil 
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compartments contained the majority of the differentially abundant bacterial and fungal OTUs 

across the succession. The leaf endosphere compartment was least affected by succession.  

 

Higher order taxa are more affected by succession in rhizosphere than in other 

compartments 

We performed Kruskal Wallis test with log transformed (log [X+1]) relative abundance data to 

identify the bacterial phyla and fungal classes that differed across the succession in the different 

compartments. A number of bacterial phyla were differentially abundant (FDR<0.05) between 

early and late successional stage in bulk soil (7 phyla), rhizosphere (11 phyla), and leaf (3 phyla) 

endosphere compartments (Supplementary file1: Differential-taxa abundance). For example, 

Acidobacteria were significantly (FDR<0.05) more abundant in late than early successional stage 

bulk soil and rhizosphere compartments. In contrast, Actinobacteria were significantly 

(FDR<0.05) more abundant in early successional stage bulk soil and rhizosphere compartments. 

Successional stage did not affect the relative abundance of any bacterial phylum in root 

endospheres. 

 

There were 22, 22, 20, and 15 different fungal classes identified in bulk soil, rhizosphere, leaf 

and root endosphere compartments, respectively. A few fungal classes were differently abundant 

(FDR<0.05) between early and late successional stage in bulk soil (3 classes), rhizosphere (11 

classes), and root endosphere (2 classes) compartments (Supplementary file1: Differential-taxa 

abundance). For example, Dothideomycetes were significantly (FDR<0.05) more abundant in 

early than late successional stage rhizosphere and root endosphere compartments. In contrast to 
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bacteria, successional stage did not affect the relative abundance of higher order fungal taxa in 

the leaf endospheres. 

 

Co-occurring microorganisms are specific to successional stage 

To identify modules of co-occurring microorganisms (bacteria and fungi combined) within 

communities, we carried out co-occurrence network analyses as described by Williams et al., 

(2014). We identified modules containing potential co-occurring microbial communities with a 

correlation of 0.6 or greater within the same module (Supplementary file1: Co-occur). We found 

all three possible combinations of co-occurrence: bacteria-bacteria, bacteria-fungi and fungi-

fungi (Table 2). Of the 25 modules identified, six consisted of bacterial OTUs, 16 consisted of 

fungal OTUs, and three contained co-occurring bacterial and fungal OTUs (Table 2).  

 

Phylogenetically diverse bacteria and fungi were involved in the co-occurrence modules 

(Supplementary file1: Co-occur). For example, module number two involved different bacterial 

phyla such as Proteobacteria, Acidobacteria, and Actinobacteria and fungal phyla such as 

Ascomycota, Basidiomycota and Zygomycota. Also, we observed modules containing 

phylogenetically related OTUs. For example, module number 1 involved two bacterial OTUs 

(OTU 6 and 35) which are classified in genus Mucilaginibacter. 

 

Most of the co-occurrence modules were specific to successional stage (Table 2). Out of the 25 

co-occurrence modules identified, 17 were specific (relatively more abundant) to a successional 

stage. For example, module number four consisted of 12 bacterial OTUs specific to early 

successional stage bulk soil and rhizosphere compartments. In contrast, the module number one 
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consisted of two bacterial OTUs, included generalists and occurred in all compartments in both 

successional stages. Of the 17 successional stage specific modules, 11 and six modules were 

confined to early and late successional stages, respectively.  

 

Discussion 

To our knowledge no earlier studies have comprehensively examined plant-associated bacterial 

and fungal communities simultaneously in the same plant species in any primary successional 

site. In this study, we characterized in-depth the compositions of three different plant-associated 

compartments, rhizosphere and endosphere (leaf and root), along with bulk soil and gained 

insights into the effects of succession on each of these compartments. The studied successional 

stages differed significantly with respect to soil physio-chemical characteristics and plant species 

richness.   

 

Initially, we hypothesized that microbial species richness follows plant species richness. Our 

results partially supported this hypothesis as microbial richness in a subset of compartments 

tested mirrored successional stage. In our arctic sand dune ecosystem as well as in the primary 

succession of glacier forefront (Brown and Jumpponen, 2014; Brown and Jumpponen, 2015), 

soil bacterial richness increased along succession, but soil fungal richness remained constant. 

Similarly, soil bacteria have been shown to follow plant succession previously in a lake sand 

dune succession (Williams et al., 2013). The uniformity of soil fungal richness in early and late 

successional stage is in contrast with the general view that organic matter quantity and especially 

organic matter that is difficult to decompose drives fungal species richness (Read, 1989; 

Pennanen et al., 2001; van der Wal et al., 2013). Although we did not evaluate organic matter 
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quality, it is logical to assume that under the late successional stage woody plant canopy and 

moss layer the thick organic soil layer contained more resistant organic matter than the early 

successional stage sandy soil under a sparse grass cover. Moss litter has been shown to resist 

decomposition in forest soils whereas vascular plant litter is easy to decompose (Hobbie, 1996; 

Lang et al., 2009). Furthermore, amount of energy is considered one of the determinants of 

species richness in ecosystems (Evans et al., 2005). The early successional stage soil had very 

little carbon and thus energy for microbes which indicates that soil fungal species richness was 

not strongly determined by energy in our arctic sand dune ecosystem.  

 

The vegetation in the early successional stage was composed of the grass Deschampsia flexuosa 

only whereas the late successional stage was characterized by more complex plant community. 

Higher plant species richness may increase microbial species richness in rhizosphere 

compartments (Wang et al., 2015). This effect is thought to arise through higher availability of 

nutrients (de Ridder-Duine et al., 2005) and increased amount and diversity of root exudates 

(Compant et al., 2010) in more diverse systems. In the present study, rhizosphere microbial 

species richness was similar across the succession suggesting that host plant species specific 

selection rather than bulk soil characteristics determined microbial species richness in 

rhizosphere.  

 

We found that bacterial but not fungal OTU richness was higher in grass leaf endosphere in the 

late successional stage. These results suggest that bulk soil and leaf endophytic bacteria may 

follow the classic successional pathway towards increasing richness, but the richness of fungi in 

the same compartments may be more independent of ecosystem succession. Also, root 
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endosphere fungal richness detected in this study increased along the succession. In a previous 

study, the root-associated (including epi- and endophytes) fungal richness increased towards the 

climax vegetation (Blaalid et al., 2012). A similar trend of increase in leaf bacterial and root 

fungal endosphere richness was observed in another independent experiment conducted two 

years later in the same ecosystem (Poosakkannu et al., unpublished). Our present results suggest 

that both bulk soil characteristics and plant selection determined endosphere microbial species 

richness in our ecosystem.  

 

In this study, 73 % of total bacterial endosphere OTUs and 69 % of total fungal endosphere 

OTUs were also present in soil (Supplementary figures: Supplementary figure 2). These shared 

endosphere OTUs represented 96% and 94% of the total endosphere bacterial and fungal 

sequences. It suggests that bulk soil and rhizosphere were the main source of endosphere 

microbes in the present arctic sand dune ecosystem. Similarly, large proportions of wild 

perennial plant-associated bacteria are shared with soil in a natural ecosystem (Wagner et al., 

2016).    

 

In contrast to species richness, we did get support for our initial hypothesis that succession 

affects microbial community composition. Succession had a significant effect on microbial 

communities (i.e., both bacteria and fungi) in all compartments including the leaf and root 

endosphere compartments. In contrast to our work, bacterial root endosphere species 

composition remained unaffected by succession in salt marsh chronosequence (Wang et al., 

2015). At present, the progressive succession in our experimental ecosystem is extremely slow 

and mainly degradation from later successional stages towards earlier one is taking place. This is 
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because the area is intensively grazed by reindeer and aeolian activity causes disturbance beyond 

the carrying capacity of the ecosystem. In salt marsh chronosequence succession is progressive 

i.e., early to late successional stage formation (Wang et al., 2015). These differences along with 

the different span of chronosequence and the plant species studied are potential reasons for the 

difference in endosphere species composition observed between the two studies. Further studies 

on successional trajectory of endosphere microbial communities in different systems will reveal 

whether the endosphere microbial community is idiosyncratic or whether general patterns 

emerge.  

 

In our work, relative abundance of different microbial taxa (at phyla/class/OTU level) in 

rhizosphere was the most affected by successional stage followed by bulk soil. A total of 50 % or 

more bacterial and fungal taxa were differentially abundant in rhizosphere compartment between 

early and late successional stage. These dominant taxa possibly have a specific role in 

succession. For example, Actinobacteria are known to be successful under nutrient poor 

conditions (Dion and Nautiyal, 2008). Some of them are able to fix atmospheric nitrogen, which 

could explain their prevalence in the present study in the rhizosphere compartments in the early 

successional stage with low plant cover. Late successional stage soils in our system had clearly 

higher organic matter content and lower soil pH in comparison to the early successional stage, 

which could explain increased relative abundance of Acidobacteria. It is known that 

Acidobacteria dominate acidic, high organic matter content soils in arctic tundra and correlate 

negatively with pH (Jones et al., 2009; Männistö et al., 2013).   
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The direct and indirect interactions between microbial taxa coexisting in plant and soil habitats 

have rarely been studied. We applied network analysis to explore the co-occurrence of bacterial 

and fungal taxa in plant endosphere and in the associated soil samples. Diverse taxa were 

involved in co-occurrence networks and most of the co-occurrence patterns were specific to 

successional stage supporting our initial hypothesis. A total of 68 % of the potential co-occurring 

modules were successional stage specific. Of the 68 % of successional stage specific modules, 65 

% were specific to early successional stage, which stresses the importance of co-occurrence in 

nutrient poor early successional stage. In this study, some of the co-occurrence modules 

consisted of phylogenetically close OTUs indicating that closely related organisms could share 

similar ecology as shown by Cardinale et al., (2015). The limited taxonomic information at the 

lowest taxonomic level makes it difficult to infer the functional relevance of intra or inter-

kingdom co-occurrence patterns observed in this study. However, recognition of co-occurrence 

patterns is an important step in identifying microbial species interactions in microbial community 

dynamics and function (Schlatter et al., 2015).  

 

In conclusion, successional trajectories of plant-associated microbes are compartment-dependent 

and bacteria and fungi do not follow similar successional trajectories. Further comparisons of 

bacterial and fungal trajectories in different ecosystems and plant species (including different 

compartments) are needed to fully understand the successional differences between plant-

associated prokaryotic and eukaryotic microbes. 

 

Experimental procedures 

Study site 
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The present study site is located in an inland aeolian sand dune area in Northern Fennoscandia 

(68° 29' 16" N, 24° 42' 13" E). During and after ice age, glacial retreat and wind resulted in 

inland sand dunes that are today mostly covered by vegetation. Occasionally, the ecosystem has 

eroded to such an extent that large areas are devoid of vegetation. Loss of plant cover and 

resulting sand drifting has been occurring at least for the last 700 years (Seppälä, 1995). As a 

consequence, the present plant cover consists of a mosaic of different successional stages.  

 

In this study, we focused on an early and a late successional stage. The early successional stage 

is characterized by the presence of only one plant species, the grass Deschampsia flexuosa and 

most of the soil surface is exposed sand (here after referred to as “early”). Late successional 

stage is characterized by the presence of 10 different plant species which includes sparse 

mountain birch (Betula pubescens ssp. czerepanovii) and continuous ground cover composed of 

Deschampsia flexuosa together with Empetrum nigrum and the moss Pleurozium schreberi (here 

after referred to as “late”).  

 

The physio-chemical properties of the two successional stages are listed in Supplementary file1: 

Soil_properties. The 1981-2000 average annual temperature in the region was -1.3 °C, with 

extreme temperatures between -51.5 °C to +30.2 °C (Pirinen et al. 2012).  

 

Collection of soil and plant materials 

We collected a total of 96 samples comprised of four different compartments: Bulk soil, 

rhizosphere soil, Deschampsia flexuosa leaf and root samples. Each of these compartment 

samples comprised of 24 replicates, i.e., 12 replicates per each successional stage. Successional 
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stage samples were collected in four blocks, i.e., 3 replicates per block per successional stage per 

compartment.  

 

The sampling was conducted in 24th July 2011. Plants were carefully dug out with an intact root 

system. The loose soil was removed by gently shaking the roots. The rhizosphere soil tightly 

adhering to the roots was collected by vigorously shaking the roots on top of a sheet of tin foil. 

After that the roots were thoroughly washed and leaves and roots were separated from the 

rhizome. The surface sterilization of leaves and roots was carried out as described in 

Poosakkannu et al., (2015). One sample of rhizosphere soil, leaf and root each was collected 

from each individual plant. The bulk soil samples were taken within 3 meters distance of the 

focal plant. Each bulk soil samples are composite samples of 5 cups each c. 100 cm3 in volume. 

Bulk soil samples were processed to remove any plant material. The rooting depth of plants 

depends on the successional stage (approximately 2-20 cm for late and 7-50 cm for early 

successional stage). Therefore we harvested the soil (bulk soil and rhizosphere) profile that is 

common to both successional stages at 10-20 cm.  

 

DNA extraction, PCR and sequencing 

Microbial DNA was extracted from ca 0.5 g of bulk and 0.3 g of rhizosphere soil using the 

PowerSoil DNA isolation kit (MoBio, Carlsbad, CA, USA) following manufacturer’s 

instructions. DNA from plant samples was isolated from 1 g of root or leaf tissues using Qiagen 

DNeasy Plant Maxi Kit following manufacturer’s instructions.  
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For 16S rRNA region amplification, we used nested approach. Briefly, first round of PCR was 

performed with 799f/ 1492R primer pairs which resulted in differential size amplification of 

mitochondrial DNA and bacterial DNA and excludes plastid DNA amplification (Chelius and 

Triplett 2001). The second round of PCR was performed with 1062F/1390R primer pairs.  

For ITS region amplification, we used fITS7/ITS4 primer pairs to overcome strong bias against 

species with longer amplicons when using ITS1F and ITS4R primer combination (Ihrmark et al., 

2012).  

 

PCR reactions were performed in duplicate for each experimental unit to minimize PCR biases. 

We used M13 system for library preparation as described by Mäki et al., (2016).  Prior to 

sequencing, the 16S rRNA gene amplicons were size fractionated (Pippin Prep, Sage Science) to 

eliminate the mitochondrial amplicons. For primers used, PCR and library preparation details, 

see supplementary file 1:M13-primers and supplementary file 2. The sequencing was carried out 

using the Ion PGM Sequencing 400 Kit (Ion 314 chips; Life Technologies, Thermo Fisher 

Scientific, Waltham, Massachusetts, USA) following the manufacturer's instructions.  

 

Bioinformatics 

The bacterial 16S rRNA and fungal ITS sequences were reassigned to their respective samples 

and quality filtered using the Mothur v.1.35.0 (parameters: minlength = 200; maxambigs = 0; 

maxhomop = 8; qwindowaverage = 25; qwindowsize = 50; and bdiffs = 1).  

 

Further processing of bacterial 16S rRNA gene sequences in Mothur was performed following a 

standard procedure (Schloss et al., 2011).  Briefly, the bacterial 16S rRNA sequences were 
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aligned and chimeras checked using SILVA based reference database 

(http://www.mothur.org/wiki/Silva_reference_files). The sequences were further clustered at 

97% sequence similarity thresholds and classified using ribosomal database project (RDP) 

database (http://www.mothur.org/wiki/RDP_reference_files).  

 

Fungal ITS sequences were processed as described in Tedersoo et al., (2014). Briefly, ITSx 1.0.7 

software (http://microbiology.se/software/itsx) was used to remove the flanking 5.8S and 

28S rRNA regions of ITS sequences which ensure optimal resolution of ITS clustering and 

removal of non-target sequences. All the potential chimeric reads were identified and removed 

through Mothur embedded UCHIME 4.2 software (http://drive5.com/uchime). The quality 

filtered ITS sequences were clustered at 97% sequence similarity thresholds as implemented in 

CD-HIT 4.6.1 (cd-hit.org). Identities were assigned to the sequences using the UNITE+INSD 

datasets (http://www.mothur.org/wiki/UNITE_ITS_database).  

 

All the OTUs with five or less than five sequences across the samples were excluded from 

downstream analyses. For downstream analyses, all of the bacterial and fungal sequence samples 

were rarefied to the minimum sequencing depth (Bacteria-1,701; Fungi-1,304) and used to 

generate OTU abundance table. The raw sequence data are available in National Center for 

Biotechnology Information Sequence Read Archive under accession number SRP063711.  

The observed species richness, estimated species richness (Chao 1) and Shannon diversity 

indices were estimated in Mothur v.1.35.0.  

 

Statistical analyses 
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To visualize shifts in the microbial community composition, principal coordinate analysis 

(PCoA) based on Bray-Curtis dissimilarities was used. We performed PERMDISP (Anderson, 

2001) analysis to ascertain variance homogeneity across samples. The effect of successional 

stages on microbial community composition was tested using a Permutational Multivariate 

Analysis of Variance (PERMANOVA; Anderson, 2001). PERMANOVA was carried out using 

successional stage as a fixed factor and block as a random factor. All of the above statistical 

analyses were performed in PRIMER software v6 (Clark and Warwick, 2001).  

 

Co-occurrence network analysis 

Bacterial dataset was rarefied to the fungal sequence depth per sample (1304) before combining 

both bacterial and fungal OTU abundance data for further analysis. Further, we have included 

only the OTUs with 5% abundance in at least three samples. Spearman’s Pairwise correlations 

were calculated using the script named co_occurrence_pairwise_routine.R (Williams et al., 

2014). We only considered positive and negative co-occurrence relationships based on strength 

of correlation (i.e., ρ from the Spearman’s correlation) at values greater than or equal to 0.6 and 

less than or equal to -0.6. Based on the Spearman’s Pairwise correlations co-occurred microbes 

were allocated to their respective modules using comm_stat_function.R (Williams et al., 2014). 

Modules were allocated to successional stages or compartment based on relative abundances of 

modules OTU reads in different successional stage/compartment. The co-occurrence analysis 

was performed using R statistical software v.3.2.1. 
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Taxa Diversity 

indices 

Succes

-sional 

stage 

Bulk soil 

(mean ± 

SE) 

Rhizosphere 

(mean ± SE) 

Leaf 

endosphere 

(mean ± SE) 

Root 

endosphere 

(mean ± SE) 

Bacteria Observed 

OTU 

richness 

Early 251.67 ± 

34.5 

322.75 ± 

14.46 

58.92 ± 3.99 99.08 ± 7.70 

Late 388.50 ± 

10.69 

379.08 ± 

15.23 

88.83 ± 6.66 117.42 ± 

16.78 

Estimated 

OTU 

richness 

Early 377.02 ± 

56.12 

563.38 ± 

30.45 

100.89 ± 

7.83 

136.48 ± 

12.99 

Late 702.12 ± 

42.34 

703.34 ± 

37.13 

154.94 ± 

17.15 

210.45 ± 

34.68 

Shannon 

diversity 

index 

Early 4.07 ± 0.38 4.53 ± 0.12 1.46 ± 0.10 2.82 ± 0.18 

Late 4.90 ± 0.03 4.78 ± 0.09 2.21 ± 0.23 2.48 ± 0.20 

Fungi Observed 

OTU 

richness 

Early 122.33 ± 

10.48 

154.25 ± 

11.07 

62.83 ± 3.40 79.33 ± 5.51 

Late 161.42 ± 

6.01 

165.50 ± 

10.29 

55.83 ± 4.57 96.17 ± 5.46 

Estimated 

OTU 

richness 

Early 217.62 ± 

27.06 

254.27 ± 

17.66 

100.35 ± 

12.20 

127.29 ± 

10.36 

Late 278.56 ± 

16.80 

292.19 ± 

14.99 

89.54 ± 7.58 152.97 ± 

9.52 

Shannon Early 3.18 ± 0.18 3.47 ± 0.14 2.03 ± 0.12 2.41 ± 0.16 
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diversity 

index 

Late 3.62 ± 0.11 3.54 ± 0.14 1.96 ± 0.15 2.46 ± 0.16 

 

Table 1. Observed OTU richness (mean ± SE), estimated OTU richness (mean ± SE) and 

shannon-wiener diversity index (mean ± SE) of 16S rRNA bacterial OTUs and ITS fungal OTUs 

in bulk soil, rhizosphere, Deschampsia flexuosa leaf and root endosphere in early and late 

successional stages. OTUs were clustered at 97% similarity level. Statistically significant 

(P<0.05) differences are shown in bold letters. 
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Successional stage (Compartments) Module 

no 

No. Of 

OTUs  

Co-occurrence 

type 

Generalist (All compartments) 1 2 Bacteria-bacteria 

Generalist (Bulk soil and rhizosphere) 2 48 Bacteria-fungi 

Generalist (leaf, root and rhizosphere) 3 2 Bacteria-bacteria 

Early (Bulk soil and rhizosphere) 4 12 Bacteria-bacteria 

Generalist (leaf, root and bulk soil) 5 3 Bacteria-bacteria 

Early (Rhizosphere) 6 10 Bacteria-fungi 

Early (Root) 7 2 Bacteria-bacteria 

Early (Bulk soil, rhizosphere and root) 8 8 Bacteria-fungi 

Early (Rhizosphere) 9 2 Bacteria-bacteria 

Early (Root and rhizosphere) 10 5 Fungi-fungi 

Generalist (leaf and rhizosphere) 11 2 Fungi-fungi 

Early (Bulk soil) 12 10 Fungi-fungi 

Late (Bulk soil, rhizosphere and root) 13 2 Fungi-fungi 

Late (Leaf) 14 4 Fungi-fungi 

Late (Bulk soil and rhizosphere) 15 2 Fungi-fungi 

Early (Bulk soil) 16 4 Fungi-fungi 

Generalist (leaf and rhizosphere) 17 2 Fungi-fungi 

Early (Leaf and rhizosphere) 18 4 Fungi-fungi 

Late (Root) 19 8 Fungi-fungi 

Late (Bulk soil and rhizosphere) 20 4 Fungi-fungi 

Early (Leaf and rhizosphere) 21 2 Fungi-fungi 

Page 35 of 43

Wiley-Blackwell and Society for Applied Microbiology

This article is protected by copyright. All rights reserved.



 

Page | 36 

 

Late (Root) 22 5 Fungi-fungi 

Generalist (Root) 23 2 Fungi-fungi 

Early (Rhizosphere and root) 24 2 Fungi-fungi 

Generalist (Bulk soil, rhizosphere and 

root) 

25 2 Fungi-fungi 

 

Table 2. Number of co-occuring modules and number of OTUs in every module with their co-

occurrence type and successional stage specificity. 
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Figure legends 

Figure 1.  Map of the geographic location of the sampling sites in Northern Fennoscandia (68° 

29' 16" N, 24° 42' 13" E), Finland. The numbers (1, 2, 3 and 4) represent different blocks. The 

detailed view represents the “1st block” and sampling scheme. The location of the blocks was 

defined by the scarcity of the late successional stage vegetation. Figure contains data from the 

National Land Survey of Finland Topographic Database 10/2015. 

 

Figure 2.1 and 2.2. Clustering pattern of bacterial (2.1) and fungal (2.2) community composition 

in bulk soil, rhizosphere, Deschampsia flexuosa leaf and root endosphere in the early and late 

successional stage. OTUs were clustered at 97% similarity level. The weighted and constrained 

principal-coordinate analysis (PCoA) based on Bray-Curtis dissimilarity on standardized and 

square-root transformed data was performed in PRIMER software v6.  

 

Figure 3.  Venn diagram showing the number of shared and unique bacterial 16S rRNA OTUs in 

(A) bulk soil, (B) rhizosphere, (C) Deschampsia flexuosa leaf and (D) Deschampsia flexuosa 

root endosphere in the  early and late successional stage. OTUs were clustered at 97% similarity 

level. Venn diagrams were generated in Mothur v.1.35.0 and modified using Venn diagram 

plotter software. 

 

Figure 4.  Venn diagram showing the number of shared and unique fungal ITS OTUs in (A) bulk 

soil, (B) rhizosphere, (C) Deschampsia flexuosa leaf and (D) Deschampsia flexuosa root 

endosphere in the early and late successional stage. OTUs were clustered at 97% similarity level. 
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Venn diagrams were generated in Mothur v.1.35.0 and modified using Venn diagram plotter 

software. 

Page 38 of 43

Wiley-Blackwell and Society for Applied Microbiology

This article is protected by copyright. All rights reserved.



  

 

 

 

Figure 1  

203x168mm (96 x 96 DPI)  

 

 

Page 39 of 43

Wiley-Blackwell and Society for Applied Microbiology

This article is protected by copyright. All rights reserved.



  

 

 

 

Figure 2.1  

290x196mm (96 x 96 DPI)  

 

 

Page 40 of 43

Wiley-Blackwell and Society for Applied Microbiology

This article is protected by copyright. All rights reserved.



  

 

 

 

Figure 2.2  

290x196mm (96 x 96 DPI)  

 

 

Page 41 of 43

Wiley-Blackwell and Society for Applied Microbiology

This article is protected by copyright. All rights reserved.



  

 

 

 

Figure 3  

243x141mm (96 x 96 DPI)  

 

 

Page 42 of 43

Wiley-Blackwell and Society for Applied Microbiology

This article is protected by copyright. All rights reserved.



  

 

 

 

Figure 4  

243x142mm (96 x 96 DPI)  

 

 

Page 43 of 43

Wiley-Blackwell and Society for Applied Microbiology

This article is protected by copyright. All rights reserved.




