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Abstract 

Background 

Understanding the microbial linkages among the soil, plants and animals is crucial for 

maintaining the balance of the ecosystem in grazed grasslands. However, previous study 

always focused on the biotopes of soil, phyllosphere and faeces respectively and little has been 

known about the microbial distribution and migration among these biotopes. Here, a systematic 

survey to investigate the alteration and overlap among the various microbiotas of biotopes and 

how the microbial cycle served for the ecosystem was conducted on the molecular ecological 

level. 

Results 

Our findings revealed that the biotopes drived the distinct microbial community 

assemblages with various richness, β-diversity and composition. The substantial overlaps 

between soil and phyllosphere in fungi, bacteria and archaea indicated that soil played the role 

of the microbial source for phyllosphere. Nevertheless, Ascomycota were the only 

microorganisms definitely migrating among all the biotopes. After rhe long-term impact of 

faeces via grazing, the soil and phyllosphere microbiota were altered significantly.  

Conclusions 

Biotopes driving leads the discrepancy of microbiota distribution among soil, 

phyllosphere and faeces. Soil could potentially perform as the microbial reservoir for 

phyllosphere. However, there was only fungal migration running through the ecosystem to link 

all the biotopes. These findings improved our understanding of microbial linkages among the 

biotopes in the grazed grassland ecosystem and better managing the soil, plants and animals 

for the pasture ecosystem service.      
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Background 

Soil, plant and animal, as the primary objects of grassland study, have been investigated 

in the traditional researches respectively. Nevertheless, these issues are all the interconnected 

components in the entirety of the grassland ecosystem. Thus, a new insight of internal 

connections among biotopes of soil, phyllosphere and faeces in the ecosystem are urgently 

needed to investigate the grassland. To evaluate the components of the ecosystem, the term 

“biotope” has been applied for a long history. The concept of biotope has evolved with quite 

different definitions along the development of ecology theory [1, 2]. With the evolution of the 

relative accompanying ideas, a new definition of the concept biotope has been accepted 

extensively with the contemporary meaning of the combination of the substantial environment 

and the assembled organism species [3, 4]. The abiotic components are attributed to “habitat”, 

which means the physical and chemical environment with distinctive physiographic features 

and geographical locations. The biotic components are attributed to “community”, which 

means groups of organism species in a specific environment with the interaction of each other 

or the interconnection between the organisms and environment [1, 2]. Notably, Olenin and 

Ducrotoy pointed out that the summation of all the biotopes does not involve the energy flow 

and other linkages between the ecosystem components, compared to the entire ecosystem [1].  

In a temperate grazed steppe, the ecosystem could be divided into three biotopes of great 

importance: soil, phyllosphere and the faeces. All of the biotopes include the distinctive 

environmental features of abiotic conditions. These abiotic conditions could also regulate and 

control the distribution and migration of the microbial community among the three biotopes. 

Thus, every biotope with unique abiotic and biotic characteristics is shaped into a sub-system 

of the pastureland ecosystem. Concurrently, all these sub-systems interact with each other by 

the web of food and predation. In such an environment, microbes play a role of the vector and 

transporter for the energy flow [5-7]. This function made microbiota as an important inhibitor 



for the environmental disturbance to regulate and maintain the ecosystem [8].    

As the main assembled organisms, soil, phyllosphere and fecal microbiota play an 

essential role to regulate and control the ecosystem in the grazed steppe. Initially, soil 

microbiota is a deeply engaged participant in the grassland ecosystem. Soil microbiota is the 

engine of the biogenic elements in the soil-plant system to immobilize and regulate the 

migration and transportation of nutrient elements owing to its role of decomposer. Concurrently, 

soil microbiota plays a key role in the soil assimilation process to the contaminant because the 

microbial biotransformation is considerably correlated to the occurrence and fate of the soil 

contaminants [9-12]. The last function of soil microbiota is regulation of the greenhouse gas 

emission by affecting the biogeochemical process of the elements [13-17]. Another critical 

microbial community controlling the grazed steppe ecosystem is phyllosphere microbiota. 

Phyllosphere microbiota is termed as the microbes who colonize in the aerial habitat on the 

surface of leaves [18, 19]. The primary phyllosphere microbial modification is the alteration to 

the properties of plant surface [20]. The substantial heterogeneous aggregates of microbes also 

modify the traits of their microhabitat to develop the nutrient availability expression of 

phenotypes by the phylloplane [21-24]. The phyllosphere epiphytic microbiota modifies the 

plant by controlling plant disease and frost injury as well [18, 25-27]. In addition, the microbial 

adaption regulates the resistance to the stress of the phyllosphere [19, 28-30]. The last crucial 

compound to regulate the pasture is fecal microbiota. The fresh faeces microbiota originates 

from the intestinal tracts of large livestock. In a grazed grassland, 60-99% of the nutrients 

ingested by the herbivorous livestock are returned into soil as the excreta [31]. After entering 

to the soil through the faeces coverd patches, the fecal microbiota could regulate the 

decomposition process of the faeces and control the release of the nutrient element [32-34]. 

Besides, the physiochemical properties, biological activities and plant growth are also 

influenced by fecal microbiota [35, 36]. In the pasture, the fecal microbial composition and the 



behavior of microbial community is a vital attribute to impact the strategy and the method of 

livestock utilization and management [33, 34, 36]. Unfortunately, there is surprisingly little 

knowledge about the migration and cycle of the microbial community among three substantial 

biotopes: soil, phyllosphere and faeces in a grazed grassland. Although the studies on soil, 

phyllosphere fecal microbiota have been carried out respectively, the lack of the demonstration 

for microbial transportation among these three biotopes limits the perspicuity explanation of 

the link among components and energy flow path in the ecosystem. Neither any study for how 

these microbial linkages served for the stability of the ecosystem has been surveyed.  

In this study, we investigated the distribution of soil, phyllosphere and fecal microbiota to 

figure out the microbial migration and cycle among these biotopes using molecular methods 

such as high-throughput sequencing and real-time Polymerase Chain Reaction (qPCR). The 

hypotheses are raised up as following: (1) Are there significant different distributions among 

soil, phyllosphere and fecal microbiota? (2) What are the interactions of the microbiota among 

three biotopes? (3) What are the dominant microorganisms playing key role in this migration 

and cycle? 

Result 

A total of 535430 bacterial 16S rRNA V4 amplicon sequences were obtained from 9 samples 

covering 3 biotopes: soil, phyllosphere and faeces in the grazed temperate steppe in Inner 

Mongolia and further clustered into 2136 OTUs. Simultaneously, 840851 ITS gene sequence 

and 614820 16S gene sequence were also generated and clustered into 1340 fungal and 621 

archaeal OTUs respectively.  

The α-diversity revealed distinct communities among biotopes of soil, phyllosphere and 

faeces (Table S1). The shannon and simpson index indicated that the soil fungal and bacterial 

diversity were induced in phyllosphere and faeces contrasted to soil while fungi and bacteria 

showed diversity at lowest level in faeces. The ace and chao index demonstrated the highest 



fungal richness in soil than the other two biotopes. The fungal and bacterial richness also 

diminished in faeces. 

All the microbiotas showed significant different distribution among biotopes of soil, 

phyllosphere and faeces. The microbial communities were visualized via polar coordinate 

analysis (PCoA) (Fig. 1a). The PCoA graphs indicated that distinct clusters were shaped 

among biotopes of soil, phyllosphere and faeces for fungal, bacterial and archaeal phyla (Fig. 

1a). These clusters were confirmed by the sample within-between analysis which consisted of 

permutational multivariate analysis of variance (ADONIS) and similarity analysis 

(ANOSIM) (Table 1). These examinations also revealed that the bacterial community varied 

among the three biotopes more significantly than fungi and archaea. The Hierarchical 

clustering tree on order level based on bray- curtis distance, further supported these microbial 

phylogenetic differentiations among three biotopes (Figure S1).  

The network-like venn analysis revealed that soil was the potential microbial source reservoir 

of the phyllosphere while faeces was a much less relevant biotope to them. Figure. 3A 

indicated that phyllosphere shared large amount of OTUs with soil. However, faeces shared 

much fewer OTUs with the other two biotopes, especially rarely with soil. The OTUs shared 

by all the three biotopes also contributed a fraction of low percentage (Fig. 2a). To be precise, 

the venn analysis of fungi, bacteria and archaea (Fig. 2b) showed that the main proportion of 

shared OTUs are contributed by fungi and bacteria. 916 and 419 OTUs were shared by soil 

and phyllosphere for fungi and bacteria respectively while only 26 OTUs for archaea. 

However, with respect to the OTUs between soil and faeces, only 20 occurred in fungi, and 

both the OTUs numbers in bacteria and archaea are 0. The OTUs shared among all the three 

biotopes were also mainly in fungi. The three biotopes communal OTUs numbers are 104, 33 

and 6 for fungi, bacteria and archaea successively.  

The microbial composition also showed remarkable differentiation among the biotopes of soil, 



phyllosphere and faeces. For the fungi, samples from soil biotope were more diverse than the 

phyllophere and faeces biotopes. Ascomycota (62.94%) was the dominant phylum followed 

with Zygomycota (14.97%) and Basidiomycota (10.01%) in soil. Ascomycota was also the 

most predominant phylum in phyllosphere while its relative abundance increased to 89.69% 

and it was 2.63% and 5.99% for Zygomycota and Basidiomycota respectively. Moreover, 

Ascomycota (97.36%) almost completely dominated in the faeces fungal microbiome (Fig. 3a). 

For the bacterial community, the fecal microbiota was not as diverse as soil and phyllosphere 

microbiota. The dominant bacterial phyla in soil and phyllosphere were both Actionobacteria, 

Fimicutes, Proteobacteria, Bacteroidetes, Acidobacteria, Chloroflexi and Cynobacteria. 

Actinobacteria (soil: 44.02%, phyllosphere:34.69%) contributed most in both biotopes. The 

relative abundance of Bacteroidetes (soil: 0.92%, phyllosphere:10.99%) and Acidobacteria 

(soil: 20.29%, phyllosphere:1.83%) increased or decreased most acutely from soil to 

phyllosphere biotopes. Nevertheless, Firmicutes (61.71%) and Bacteroidetes (24.63%) 

dominated in the fecal microbiota. In the archaeal community, the dominant phyla in soil and 

phyllosphere biotopes were Thaumarchaeota while Euryarchaeota dominated in the faeces 

biotope (Fig. 3a).  

To further understand the association of the microbial structure among soil, phyllosphere and 

faeces, the fungal, bacterial and archaeal composition of three biotopes were visualized by 

ternary analysis (Fig. 1b). Plenty of fungal classes were shared between soil and phyllosphere 

with low abundance. Few fungal classes coexisted between Faeces and the other two 

biotopes. Several fungal classes with a certain amount of relative abundance were communal 

among three biotopes. Most of these classes belonged to phylum Ascomycota and some 

classes with low abundance belonged to Basidiomycota. As for bacteria, classes shared 

between soil and phyllosphere were also common while much fewer classes occurred 

between faeces and phyllosphere. Furthermore, there was no bacterial class between soil and 



faeces. In the archaeal community, all the classes shared by soil and phyllosphere belonged to 

Thaumarchaeota. A few classes belong to Euryarchaeota were shared by faeces and 

phyllosphere but it was at low level of abundance in phyllosphere. The archaeal classes did 

not coexist between soil and faeces either (Fig. 1b). The radar analysis and coxcomb analysis 

of the microbial composition also solid these statements. It was found that Ascomycota and 

Basidiomycota were communal among three fungal microbiota but the relative abundance of 

Basidiomycota was lower than Ascomycota. Actinobacteria, Proteobacteria and Acidobacteria 

were the shared bacterial phyla between soil and phyllosphere while Bacteroidetes were 

shared between phyllosphere and faeces. As for archaea, Thaumarchaeota abounded in both 

soil and phyllosphere biotopes. Euryarchaeota abounded in faeces but it occurred rarely in 

phyllosphere (Fig. 3b and 3c).  

To identify the influence of faeces input to the soil and phyllosphere microbiota, the 

microbial community of soil and phyllosphere biotopes from grazed and ungrazed grassland 

were presented via network analysis. Multiple network topological metrics were employed to 

reveal the remarkable difference between the microbial assemblages of grazed and ungrazed 

grassland. Although the co-occurrence networks constructed by significant correlation 

indicated a larger proportion of bacterial and fungal OTUs were included in the networks of 

grazed grassland, there were similar edges in these assemblages with grazing (Fig. 4a and 

4b). The average weigh degree, which indicated the normalized number of connections to a 

node, diminished under the grazing conditions. The decreasing cluster coefficient and 

increasing average path length also exhibited the attenuated connectivity of fungal and 

bacterial networks in grazed grassland. Likewise, the margin attenuation of fungal and 

bacterial networks density with grazing conditions reflected that enormous potential 

connection between nodes of fungal network lost efficacy in the grazed grassland. 

Nevertheless, the modularity index indicated that the bacterial and fungal assemblages were 



more modular in the grazed grassland than ungrazed grassland while it was reverse in the 

archaeal assemblages (Table S2).  

To clarify the influence factor of the microbiota among the biotope of soil, phyllosphere and 

faeces, the environmental characteristics were determined (Table S3). The Mantel Test 

revealed that total nitrogen (TN), pH and temperature influenced all the fungal, bacterial and 

archaeal microbiota extremely significantly and total organic carbon (TOC) also influenced 

fungi very remarkably (Table S4). Although all the environmental factors such as TOC, TN, 

total phosphorus (TP), nitrate nitrogen (NO3--N), ammonia nitrogen (NH4+-N), carbon 

nitrogen ratio (C/N), pH, temperature and moisture could influence the fungal and bacterial 

communities, there were only TOC, TN, pH and temperature exerting impact on archaeal 

community. The canonical correspondence analysis (CCA) indicated that there was no 

predominant influence factor in these environmental variables (Fig. 5). Carbon, nitrogen and 

phosphorus impacts were strongly positive correlated while they were negative correlated to 

pH impact. Moisture and ammonia nitrogen were in another strongly positive correlated 

impact pair while they were significantly negative correlated to nitrate nitrogen. Notably, soil 

bacteria were most strongly influenced by nitrate nitrogen and the phyllosphere bacterial 

community was most correlated to temperature.  

The structure equation model (SEM) was also constructed to assess the direct and indirect 

environmental impacts on the microbiota of the grazed grassland ecosystem which consisted 

of biotopes of soil, phyllosphere and faeces (Fig. 6). The multigroup modelling approach was 

applicated to assess the hypothesized relationship among significant environmental 

physicochemical factors and microbial communities. Temperature directly and strongly 

influenced fungal and bacterial communities. Nevertheless, moisture and carbon were weakly 

correlated to fungal community. Nitrogen directly influenced fungal and bacterial 

communities, meanwhile, it was impacted by carbon, temperature, moisture, fungal and 



bacterial communities. The only factor directly linked to fungal, bacterial and archaeal 

community was pH. The fungal impact on bacterial community was weak while there was 

strong correlation between bacterial and archaeal communities.  

Discussion 

Previous studies focus on the biotopes of soil, phyllosphere and faeces in a grazed steppe 

ecosystem respectively while the connections of microbiota among these biotopes, which 

played a role to carry out the energy flow in the ecosystem, were neglected. This study 

investigated the diversity, structure and interaction of the microbial communities in these 

biotopes on the molecular ecological level. It provided direct evidence to reveal the microbial 

distribution, migration and ecosystem function of the microbiota among these biotopes. 

Soil, phyllosphere and faeces all maintained distinct microbiota and the type of biotopes 

explaining majority of this microbial variation. As for the α-diversity, the soil fungal richness 

was higher contrasted to the fungal microbiota from the other biotopes (Table S1). This 

community diversity variation was due to the complicate and distinctive soil environment. 

Soil encompasses numerous microcosms to harbour distinct microbial communities rather 

than one single environment. Although these soil environments were limited in the only 

micrometer or millimeter scale, they provided niches of unique abiotic habitat and biotic 

communities to filter the microbial activities, diversities and compositions [37]. In addition, 

compared to bacteria, soil fungi were considered more adaptive to the vastly different 

environment. Fungi were regarded as the mediators of slower carbon cycling because of their 

low growth rate and tolerance of low temperature and aridity [38-40]. Furthermore, the great 

priority effect influence on fungi and made it easier to survive in the extensive environments 

[41]. Meanwhile, fecal richness was of the lowest level in the fungal and bacterial community 

among all the biotopes (Table S1). The fecal microbial communities were considered similar 

to those residing to the livestock intestinal tract [42]. Obviously, the extreme environment of 



intestinal tract limited the fungal and bacterial richness of gut and faeces via filtering the 

microbiota with pH, moisture and temperature stress and anaerobic environment. With 

respect to the β-diversity, all the microbiome also showed distinct microbial clusters among 

the three biotopes. This was due to the environmental filter driving the microbial community 

assembling in a dynamic ecosystem. Rothschild et al revealed that the environment 

dominated in shaping microbiome although it was only considered as a minor factor in the 

previous studies [43]. The biotope preferences of the microbiota were associated with the 

environmental and ecological characteristics such as physicochemical properties and 

physiological capabilities [44-46].  

Although all the three biotopes harboured distinct microbial communities from each other, 

the overlaps among these microbiotas revealed the microbial migration in the grazed steppe 

ecosystem (Fig. 2). The largest proportion of OTUs overlap occurred between soil and 

phyllosphere. These overlaps mainly contributed by bacteria and fungi suggested that the 

majority of phyllosphere bacteria and fungi originated from soil. In other words, soil showed 

its potential as a microbial source reservoir of phyllosphere [47]. This was consistent to the 

common view that phyllosphere microbiota was influenced by the microbiota of surrounding 

environmental sources initially and then they were selected by the leaf taxa [48, 49]. 

However, the specific environmental source influencing phyllosphere microbiota most 

strongly depends on the growing condition of the leaf species. Each leaf shaped a unique 

environment to thrive for specific microorganisms [19, 28]. For instance, Copeland et al 

found the phyllosphere microbiota of several annual crops mainly originated from soil 

microbiota in the field condition [48]. Nevertheless, on the A. thaliana leaves, the 

phyllosphere microbiota mirrored airborne microbiota initially in the sterile soil [49]. A small 

proportion of fecal OTUs also occurred in phyllosphere while most of them were at low level 

of abundance. Phyllosphere microbiota was colonized on the leaf surface exposed to rapidly 



fluctuating temperature, moisture and relatively alternative humidity and nutrient resource 

[20]. Thus, although the fecal microbiota originated from a specific environment with 

extreme stresses quite different from most of other biotopes, there were still some OTUs 

shared by these two biotopes since phyllosphere could offer a temporary microenvironment 

similar to the fecal microbiota. However, the drastic fluctuation of environment conditions 

made phyllosphere an extreme and hostile habitat for the microbial community [20]. For 

instance, a large majority of bacterial colonists in phyllosphere had to face threat of being 

washed or killed by water, peroxide and UV light [50, 51]. The availability of nutrient 

sources such as glucose, fructose, and sucrose were also limited for the phyllosphere 

epiphytic colonization [52]. Hence, phyllosphere microbiota maintained at a low level of 

abundance because it had to tolerate such environment. Nevertheless, OTUs rarely occurred 

in both soil and faeces biotopes. Soil lacked of the drastic fluctuation of environmental 

conditions like phyllosphere to fit the extreme environment condition of faeces. To put it 

another way, the rapid fluctuation of environment conditions limited the growth and activity 

of phyllosphere microbiota, but it made phyllosphere a most extensively adaptive biotope for 

microbiota. Therefore, phyllosphere played the role of bridge to link the microbial 

communities among biotopes of soil, phyllosphere and faeces in such a grazed steppe 

ecosystem.   

Referring to the community structure, the microbial migration among biotopes was 

predominated by specific taxa. ADONIS and ANOSIM described the increasing community 

discrepancy among three biotopes with the successive order of fungi, archaea and bacteria 

(Table 1). The similarity for bacteria was mainly contributed by the shared taxa between soil 

and phyllosphere. With high relative abundance, Actinobacteria and Proteobacteria occurred 

in both biotopes of soil and phyllosphere as the dominant phyla (Fig. 3). Whipps and 

Laforest‐Lapointe also found α‐ and γ‐Proteobacteria the most common classes within the 



phyllosphere. However, the proximity of the relative abundance of these two phyla in 

phyllosphere varied from the low abundance of Actinobacteria within tree phyllosphere while 

the patterns of some Conifer species were consistent to our study [23, 53]. Actinobacteria 

were the most dominant bacteria in the soil biotope to decompose the plant litters and debris 

[54]. In addition, the genus of Streptomyces, which belonged to Actinobacteria, played role in 

inhibiting the fungal pathogens within rhizosphere. It was supposed to perform a similar 

function in the biotope of phyllosphere [55]. Nevertheless, the bacteria in the faeces biotopes 

showed significant discrepancy from the other two biotopes. The dominant phyla Firmicutes 

and Bacteroidetes occurred rarely in soil and phyllosphere. The observed dominance of these 

phyla was due to the extreme environment in the intestinal tract of livestock. Firmicutes were 

resistant to harsh environmental conditions, especially the desiccation stress, through their 

Gram-positive cell walls and spore-forming ability [56, 57]. Bacteroidetes were the primary 

gateway to take advantage of glycans and carbonhydrates for the metabolism of the 

microbiota in the anaerobic and extreme environment in intestinal tracts [58-61]. In contrast 

to the diversity in bacteria domain, the archaea showed more homogeneous within three 

biotopes. Thaumarchaeota predominated in both soil and phyllosphere. This distribution was 

similar to the previous study in the two biotopes respectively [62-64]. Thaumarchaeota were 

known as a novel phylum serving for the aerobic ammonia oxidization and the nitrification in 

archaea independent to Crenarchaeota and Euryarchaeota [46, 65, 66]. In the fecal archaea, 

Euryarchaeota replaced Thaumarchaeota as the dominant phylum. Methanobacteria and 

Methanomicrobia (belonged to Euryarchaeota) composed the primary assemblages. Both 

these classes were methanogenic archaea colonized by gut to reduce carbon dioxide into 

methane through present hydrogen in the intestinal tracts [67, 68]. Therefore, with the 

environmental filtering and functional selection, bacteria and archaea migrated between 

biotopes of soil and phyllosphere, rather than faeces. 



The only communal phyla migrating among all the three biotopes were Ascomycota and a 

small amount of Basidiomycota belonging to fungi. It indicated that these fungal phyla 

possessed robust environmental resistance and extensive environmental adaptability. In most 

of the previous studies focusing on the fungal communities of soil, phyllosphere and faeces, 

Ascomycota all occupied the significant place of the dominant phyla order [69-71]. In all the 

three biotopes of soil, phyllosphere and faeces, the Ascomycota behaviours were saprophytic 

and played role in decomposing the various substrates such as plant and animal residues to 

transform them into nutrition for the direct usage of relative biota. Meanwhile, Nectriaceae, a 

parasitic and saprophytic family belonging to Ascomycota, generally occurred in the 

livestocks and monocotyledons. Nectriaceae were pivotal for maintaining the balance of the 

grazed grassland ecosystem because of their function of regulating the host genotypes and 

environments [70]. Only a few sequences classified into Basidomycota were shared by all the 

three biotopes. Most of them belonged to Cryptococcus. Cryptococcus occurred commonly in 

the animal to cause systemic infection and its primary risk factor was HIV infection [72, 73]. 

The Cryptococcus from animal faeces could be carried into other biotopes such as soil and 

phyllosphere with the niches of sufficient utilizable carbon and nitrogen source [74]. 

However, whether the overlap of Cryptococcus could be applied to other terrestrial area was 

not clear since this overlap occurred rarely in taxa classification and this result may depend 

on the timing of the sampling. Thus, Ascomycota was the definite phylum migrating in the 

ecosystem to link all the biotopes. Yet more types of livestock should be brought into the 

survey to confirm this result since only sheep were investigated in this study.  

Physical environmental factors explained more variation of the microbial abundance among 

biotopes while nitrogen was the most remarkable nutrient source for the microbial 

distribution. SEM (Fig. 6) showed that temperature explained most of the impacts on fungi 

and bacteria abundance while pH was the only factor influenced fungi, bacteria and archaea. 



Mantel test (Table S4) also demonstrated that temperature influenced microbial diversity 

significantly. This discrepancy might be owing to the environmental sensitivity of the 

dominant species such as Actinobacteria, Zygomycota and Thaumarchaeota, so they were 

replaced by more extensively adaptive and stress-tolerant phyla such as Firmicutes, 

Ascomycota and Euryarchaeota in the intestinal tracts with harsh environmental conditions 

[46, 56, 67, 68, 75]. Nitrogen was also found to be the vital nutrition factor revealed by SEM 

(Fig. 6). This was mainly caused by Ascomycota, the communal and dominant phylum 

migrating among all the biotopes since it was highly associated with the nitrogen 

immobilization [75]. In addition, Fusarium oxysporum, Fusarium solani, Cylindrocarpon 

tonkinense and Gibberella fujiuroii, belonging to Ascomycota, all performed function of 

denitrification [76].  

Although soil showed its potential of the microbial reservoir for phyllosphere, only fungi 

migrated among all the biotopes of soil, phyllosphere and faeces. Thus, the biotopes in an 

ecosystem were linked by the energy flow through the fungal community. De Vries et al 

reported the fungal-based process and the carbon and nitrogen cycle governed by it leaded  

weak resilience and strong resistance of grassland ecosystem [8]. Our network analysis (Fig. 

4) confirmed it by exhibiting the significant discrepancy between the microbial community of 

grazed and ungrazed grassland after long-term moderate grazing. It was also noteworthy that 

fungi showed the most marginal variation in the co-occurrence networks. This was consistent 

to the slower response of fungi due to their lower growth rate and extensively adaptability in 

contrast to bacteria [6, 38-40]. Therefore, the fungal migration among biotopes made the 

ecosystem robust for the short-term but instable for the long-term.  

Conclusion 

In conclusion, this empirical study investigated the distribution and migration of the 

microbiota among biotopes of soil, phyllosphere and faece through the systematic survey. 



Our findings demonstrated that the type of biotopes led the microbial variation. The fungal 

richness of soil was the highest while the fungal and bacterial richness of faeces was the 

lowest among biotopes. All the biotopes showed distinct microbiota as for β-diversity and 

composition. Soil performed its potential of the microbial source of phyllosphere for fungi, 

bacteria and archaea. However, only Ascomycota belonging to fungi definitely migrated 

across all the three biotopes. This fungal migration made the microbial network of the 

ecosystem less resilient but more resistant. Overall, various biotopes of soil, phyllosphere and 

faeces harboured microbiotas with distinct discrepancy while soil was the microbial reservoir 

of phyllosphere, and the fungal migration linked all the biotopes. This study provides new 

insight to clarify the connection and interaction of the biotopes and better understand how to 

maintain the stability and sustainability of grazed grassland ecosystems with the ongoing 

ecological and environmental changes.   

Method 

Experiment design, study site and sample collection 

This study employed the soil, phyllosphere and faeces samples from the same grazed 

grassland to compare and contrast the microbial distribution and migration among them. 

Samples were collected in Research Station of Animal Ecology (44°18′N, 116°45′E,1079 m 

a.s.l) located in the Maodeng Pasture, Inner Mongolia Autonomous region, China. The 

sampling area belongs to the Xinlingol steppe with a continental temperate semi- arid 

climate. The mean annual temperate is 3 oC and the mean annual precipitation is 350mm. The 

dominant vegetation species of the study area is Leymus chinensis (Trin.) Tzvel, Stipa 

grandis, Cleistogenes squarrosa (Trin.) Keng, and Agropyron cristatum. The phyllosphere 

samples were collected by cutting the leaves approximately 10 cm above ground from 1m×

1m quadrat of selected plots with 3 replicates. The corresponding soil samples were also 

collected in the same plots from the depth of 0-20 cm using a 3 cm diameter earth boring 



auger in August 2017. The excreta collected immediately from Ujimqin sheep which is the 

primary herbivores of the pasture was studied as the fecal samples. 

Measurements of physicochemical properties 

The physicochemical characteristics of soil and faeces samples were measured as the Zhao et 

al [77] reported. The phyllosphere properties were measured by the similar methods after 

ultrasonic leave washing with 50MHz and buffer elution with potassium phosphate buffer [78]. 

The gravimetric water content was determined as the moisture with over-drying at 105 ℃ for 

24 h; the pH was measured in the shaken soil water suspension with 1:2.5 soil: water ratio; 

total organic carbon (TOC) of samples was measured by a TOC5000A Analyzer (Shimadzu 

Corp., Kyoto, Japan) [77]; total phosphate (TP) was determined with the method as previous 

described [79]; total carbon (TC) and nitrogen (TN) were analyzed with a Vario EL III 

Elemental Analyzer (Elementar, Hanau, Germany); C/N was calculated by the ratio value of 

TC and TN; NO3
--N and NH4

+-N of samples were determined by Continuous Flow Analyzer 

(AA3, SEAL analytical, Germany) [80]. 

DNA extraction and sequencing 

Soil and fecal DNA were extracted from the collected samples using the MoBio Powersoil 

and Qiagen Powerfecal isolation kits according to the manufacture instructions respectively 

(MoBio Laboratories, Carlsbad, CA, USA). The phyllosphere genomic samples were 

extracted using Mobio Powersoil isolation kits after ultrasonic leave washing. Leave samples 

were aseptically placed in the polypropylene tubes containing 0.1 mol/L potassium phosphate 

buffer (pH 7.0) as the washing buffer. After the ultrasonic clean bath and the membrane 

filtration, the microorganisms were dislodged for the nucleic acid extraction [78]. 

Subsequently, a quality and quantification assessment of the purified DNA was conducted by 

the Nana-Drop ND-1000 Spectrophotometer (NanoDrop Technologies Inc., Wilmington, 



DE). The final DNA samples obtained from three biotopes were diluted and stored at –80 C 

for further analysis. 

For the Illumina Miseq High-throughput sequencing, PCR amplification of 

16S rRNA was performed with universal bacterial primers 338F and 806R in the region V3-

V4 [81], universal fungal primers ITS1F and ITS2R [82] and universal archaeal primers 

524F-10-ext and arch958R in the region V4-V5 respectively [83]. The amplicon proceeded to 

be sequenced on an Illumina Miseq PE250 platform.  

Statistical analysis 

Forward raw sequences for the amplicons were filtered by QIIME to remove the noise and 

chimeras. After this process, the remained sequences were clustered as operational taxonomic 

units (OTUs) with the average neighbor algorithm of 0.03 distance. For the libraries of 

bacteria and archaea, the taxonomy of OTUs was performed using the Silva database (release 

128) by RDP classifier (v2.2), while OTUs were classified with the UNITE database (release 

6.0) for fungal library.  

For bacterial and archaeal libraries, the Silva database (release 128) was used for the 

taxonomic assignment of OTUs by using RDP classifier (v2.2) [84]. For fungal libraries, 

OTUs were classified against the UNITE database (release 6.0).  

All the statistic analysis were performed in R library using packages of “vegan”, “Hmisc”, 

“ggtern” and “ggplot2” except for the otherwise annotation. To determine the α-diversity, 

shannon and simpson index were calculated for microbial diversity while ace and chao index 

for richness and shannoneven index for evenness. To identify the microbial β-diversity among 

soil, phyllosphere and faeces, ANOSIM, ADONIS and Polar Coordinate Analysis (PCoA) 

were performed by the “ANOSIM”, “ADONIS” and “PCoA” function of the “vegan” 

package [85]. The OTUs overlaps were conducted into the Venn analysis using package of 

“venndiagramm”. A network-like venn plot was generated to reflect the comparison of OTUs 



among three biotopes by the software of gephi. The taxa were also clustered into Hierarchical 

clustering tree on Order level by the “stats” package built-in R library using the algorithm of 

bray-curtis. To clarify the alteration of the microbial community among biotopes, the relative 

abundance of the microbial communities on the phylum level was presented via ANOVA 

barplot, radar plot and coxcomb plot. The Ternary Analysis, which visually exhibited the 

microbial variation among three biotopes, was presented by the “ggtern” package [86].       

To examine the environmental impact on microbial community, the canonical correlation 

analysis (CCA) were visualized using the “CCA” function in the “vegan” package and 

embellished by “ggplot2” package with the environmental factors of “carbon”, “nitrogen”, 

“nitrate nitrogen”, “ammonia nitrogen”, “phosphorus”, “temperature”, “pH” and “moisture” 

[85, 87]. All these factors were also calculated for the Mantel test to confirm their respective 

influence on microbial communities through the “vegan” package [85]. A structure equitation 

model (SEM) was constructed to examine the effect of physical and nutrient factor effect on 

microbiota among biotopes via path coefficient. SEM was commonly used as a multivariate 

technique achieved by statistical methods and computer algorithms [88]. The appropriate 

variables were selected based on the test for pre-assumed causal relationships as an initial 

step of SEM. Such test was based on the statical criteria referring to the standard estimating 

results and path coefficients via Amos, 22.0 (SPSS Inc., Chicago, IL, USA) [89]. 

Network construction 

The OTUs with relative abundance<0.01% were removed to reduce the rare OTUs in the 

dataset. Only the OTUs occurred in more than half of the samples were screened for the co-

occurrence networks. The co-occurrence networks were constructed based on the Spearman 

correlation matrix with “Hmisc” package [90]. The nodes of the networks indicated the 

species and the edges between them implied the correlation between the OTUs. The P values 

were controlling symmetrically for the further multiple test via the false discovery rate (FDR) 



procedure [91]. A cutoff wall was set up based on the Spearman correlation values and P 

values. All the cutoff of correlation coefficient were 0.9 via random matrix theory-based 

method. The cutoff of the P values for fungi and bacteria were determined as 0.001 [92]. To 

simplify the network for better visualization, only fungal and bacterial OTUs over than 30 

and archaeal OTUs over than 5 were employed. The matrix containing the information of 

nodes and edges was visualized into image by Gephi platform using the algorithm of 

Fruchterman Reingold [93].  
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Figure.1 (A) Weighed Unifrac PcoA plot of fungal, bacterial and archaeal community composition 

among biotopes. (B) Ternary plot depicting compartment relative abundance of fungal, bacterial and 

archaeal OTUs among biotopes of soil, phyllosphere and faeces. Each point corresponds to a class. Its 

position represents its relative abundance with respect to each biotope, and its size represents average 

relative abundance across biotopes. All the classes in the same phylum are exhibited in the same colour. 

 

Figure. 2 (A) Network like Venn plot of microbial communities across biotopes of soil, phyllosphere 

and faeces. OTUs in soil, phyllosphere and faeces and their mutual overlaps are presented with network 

topography. (B) Venn plot of fungal, bacterial and archaeal OTUs among biotopes of soil, phyllosphere 

and faeces. 

 

Figure. 3 Relative abundance analysis of fungal, bacterial and archaeal communities in biotopes of soil, 

phyllosphere and faeces on phylum level visualized by (A) barplot, (B) radar and (C) coxcomb analysis. 

 

Figure. 4 Fungal, bacterial and archaeal co-occurrence networks of soil and phyllosphere biotopes in 

(A) grazed and (B) ungrazed grassland. Nodes represents individual species; edges represent significant 

spearman correlations (|ρ| > 0.9, p < 0.001). All the species classified in the same phylum are visualized 

in the same colour.   

 

Figure. 5 Canonical correspondence analysis (CCA) of the environmental factor impacts on fungal, 

bacterial and archaeal community composition. 

 

Figure. 6 Structural equation model (SEM) of relationship between physical factors, nutrient properties 

and microbiota. For each significant relationship, standardized coefficient and p= values are given 

alongside arrow, and arrow weights are proportional to standardized coefficients.  
 

 

 

 

 



Figures

Figure 1

(A) Weighed Unifrac PcoA plot of fungal, bacterial and archaeal community composition among
biotopes. (B) Ternary plot depicting compartment relative abundance of fungal, bacterial and archaeal
OTUs among biotopes of soil, phyllosphere and faeces. Each point corresponds to a class. Its position
represents its relative abundance with respect to each biotope, and its size represents average relative
abundance across biotopes. All the classes in the same phylum are exhibited in the same colour.



Figure 2

(A) Network like Venn plot of microbial communities across biotopes of soil, phyllosphere and faeces.
OTUs in soil, phyllosphere and faeces and their mutual overlaps are presented with network topography.
(B) Venn plot of fungal, bacterial and archaeal OTUs among biotopes of soil, phyllosphere and faeces.



Figure 3

Relative abundance analysis of fungal, bacterial and archaeal communities in biotopes of soil,
phyllosphere and faeces on phylum level visualized by (A) barplot, (B) radar and (C) coxcomb analysis.



Figure 4

Fungal, bacterial and archaeal co-occurrence networks of soil and phyllosphere biotopes in (A) grazed
and (B) ungrazed grassland. Nodes represents individual species; edges represent signi�cant spearman
correlations (|ρ| > 0.9, P < 0.001). All the species classi�ed in the same phylum are visualized in the same
colour.

Figure 5

Canonical correspondence analysis (CCA) of the environmental factor impacts on fungal, bacterial and
archaeal community composition.



Figure 6

Structural equation model (SEM) of relationship between physical factors, nutrient properties and
microbiota. For each signi�cant relationship, standardised coe�cient and p = values are given alongside
arrow, and arrow weights are proportional to standardised coe�cients.

Supplementary Files

This is a list of supplementary �les associated with this preprint. Click to download.

supplementarymaterial.docx

https://assets.researchsquare.com/files/e9effa69-cc26-4b58-9a60-b96b3b5a2682/v1/supplementary%20material.docx

