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Loss of belowground biodiversity by land-use change can have a great impact on ecosystem functions,
yet appropriate investigations remain rare in high-elevation Tibetan ecosystems. We compared
arbuscular mycorrhizal (AM) fungal communities in arable soils with those in native forest and grassland
in southeast Tibet and investigated their potential contribution to carbon sequestration. The AM fungi
were abundant and diverse. AM fungal diversity was significantly higher in grassland than in forest or
arable land. Significant differences in AM fungal community composition were found among different
land use types. The relative abundance of operational taxonomic units (OTUs) in forest and grassland
were positively related to glomalin-related soil protein (GRSP), soil organic carbon, macroaggregates,
and the unprotected and physically protected carbon, while the AM fungal community in arable soils
was dominated by a few OTUs which were positively linked to soil pH. Changes in GRSP content were
closely related to water-stable macroaggregates and carbon storage in grassland and forest soils but
not in arable soil. Given the inevitable trend toward agricultural management this study emphasizes the
need to implement effective agricultural practices that can enhance AM fungal activity to maintain soil
quality and carbon sequestration for the sustainable development of this fragile ecosystem.

Soil is the largest organic carbon (C) reservoir in the terrestrial biosphere. It contains more than 1.5 trillion tonnes
of C, roughly three times the C contained in all the vegetation worldwide and twice the amount of C stored in the
atmosphere as CO,'. Hence, relatively minor changes in soil organic carbon (SOC) storage will result in substan-
tial alterations in atmospheric CO, concentrations. The Tibetan Plateau is the largest and highest plateau in the
world with an average altitude of 4000 m above sea level (a.s.l.) and it contains ca. 33.5 Pg C in the top 75cm of
the soil profile, accounting for 2.5% of global soil C storage®. Given the vast storage of C in alpine ecosystems and
their high sensitivity to climate change and anthropogenic activities, changes in soil C in high-elevation alpine
ecosystems are of great concern, yet information on soil C changes and the fate of this enormous soil C stock
remain uncertain. A regional scale survey suggests that topsoil carbon stocks in the Tibetan grasslands from 1980
to 2004 were not vulnerable to climate change®. However, other studies indicate that 1.01 Pg SOC has been lost in
Tibet from the 1980s to the 2000s*. This seemingly contradictory evidence calls for a deeper mechanistic under-
standing of the accumulation and stability of soil C in alpine ecosystems.
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Land-use change, in particular the conversion of natural vegetation to agricultural ecosystems, is regarded as
one of the large sources of soil C losses™°. There is no exception to this principle in China*” including the Tibetan
Plateau. Several studies have shown that soil C status is impacted by land management®, land degradation’® and
grazing intensity'’. Recent research conducted at Haibei Alpine Meadow Ecosystem Station, Qinghai Province,
reported aloss of SOC stock of 15 Mg C ha™! (about 10.1% of total SOC) ten years after conversion from Kobresia
pasture to arable land'!. Land-use change is also a major threat to biodiversity and ecosystem services in addition
to Closs. Land use can impose major influences on belowground soil biota, leading to changes in microbial com-
munities and activities'>!* or species loss'* which may have great impacts on ecosystem processes and properties
including C cycling. Hence, it is suggested that the maintenance of appropriate SOC content and soil microbial
biomass is essential for sustainable productivity, profitability and carbon sequestration'.

Soil microbes are directly responsible for the decomposition and the turnover of organic matter'® and con-
tribute to soil C sequestration due to the formation and degradation of microbial byproducts, and/or indirectly
affect C stability by increasing soil aggregation'’. Arbuscular mycorrhizal (AM) fungi are an important group of
soil microbes that are involved in carbon cycling. AM fungi can form potentially symbiotic associations with the
majority of vascular plant species'®. It is widely acknowledged that AM fungi can increase plant productivity'®
and enhance host plant resistance to biotic and abiotic stresses'®. In terms of C cycling, AM fungi are intimately
involved in mediating C translocation from host plants to their hyphae and the soil matrix* at both individual
(e.g. increasing host biomass) and community (increasing plant productivity) levels. The extraradical mycorrhizal
hyphae (EMH) comprise 20-30% of the soil microbial biomass®'. In addition, EMH have been shown to affect soil
structure and stabilize soils*?, or they may act as a long-term binding agent through the production of glomalin
(quantified from soil samples as glomalin-related soil protein, GRSP), a structural component of hyphae and
spore walls which is released after decomposition®. Glomalin deposition contributes on average 5-10% of SOC.
This has been suggested to be an important mechanism mediating soil C sequestration® 2.

AM fungi are vulnerable to land-use change. An increase in land use intensity is often accompanied by a
decrease in AM fungal species diversity® 2® or EMH?, although studies also indicate that AM fungi have some
resilience to disturbance®®?. Only a limited number of studies have focussed on the influence of land use on AM
fungi in China, and these have been restricted to AM fungi associated with a few specific plant species in small
regions®. One larger scale study in the farming-pastoral ecotone of north China suggests that both available P
and soil texture were significantly correlated with EMH and AM fungal richness and community composition®.
AM fungi promote the sustainability of ecosystems by improving soil structure®’. A previous field study in a tall
prairie indicates that loss of AM hyphal abundance led to a concomitant cost in soil aggregation for which no
other processes compensated®?. Hence, land use-induced belowground changes in AM fungal community and
abundance may be of great concern with respect to ecosystem function.

AM fungi are abundant on the Tibetan Plateau and some novel taxa are habitat specific’?. As high-elevation
ecosystems are increasingly threatened by intensified human perturbance and climate change, the alteration of
AM fungal diversity and community structure due to land use is expected to have profound long-term effects on
C sequestration. However, to date no information on the effect of land use on AM fungi is available in this fragile
ecosystem. In the present study, therefore, we collected soil samples from three land use types (forest, arable land
and grassland) in the southeast of the Tibetan Plateau where SOC in the arable land declined rapidly as a result
of several decades of traditional cropping systems. This study aimed to investigate the effects of land use on AM
fungal diversity and community composition and the relationship between AM fungi and soil aggregation. We
also attempted to understand whether the alteration in AM fungal community affects soil C pools that are divided
by different stabilization mechanisms (i.e., unprotected C, physically protected C, chemically protected C and
biochemically protected C) based on the conceptual model proposed by Six et al.*. Soil C pools with different
stabilities are important indices determining the turnover rates of SOC and soil C sequestration®*. The present
study aimed to provide a novel insight into the impact of anthropogenic influence on AM fungal diversity on the
Tibetan Plateau and its potential ecological function in this vast, yet fragile, region.

Results

Land use impacts on soil properties and SOC pools. There were significant differences in soil phys-
ico-chemical properties among land use types (Table 1 and Supplementary Table S2). Across all three sampling
sites soil pH had on average the highest value in arable land, with lower values in forest and grassland (Table 1).
Available phosphorus (AP) content showed a similar trend. In contrast, soil total nitrogen (TN), total carbon
(TC), soil organic matter (SOM), C:N ratio and available nitrogen (AN) in forest and grassland were generally
higher than in cropped soils (Supplementary Table S2). The proportion of macroaggregates was significantly
lower in arable land than in grassland or forest, while the microaggregate proportion showed the opposite trend.
SOC storage in soils of arable land (11.3 gkg™! soil) accounted for 37.8% and 44.3% of that in forest (29.9 gkg™!
soil) or grassland (25.5 gkg ™ soil) (Table 1). Across the three sites the unprotected C pool was the major fraction
of SOC in forest and grassland but was significantly lower in arable land. The physically protected C pool showed
a similar trend. In contrast, the concentration of chemically protected C did not differ significantly among the
three land use types. The biochemically protected C pool had the lowest values among the SOC fractions, and the
variation was site dependent, with significant differences among land use types at Sites 1 and 3 (Supplementary
Table S3).

Diversity and abundance of the AM fungal community. A total of 273,062 valid sequences with a
length > 300 bp were obtained from soil samples. Of these, 230,421 sequences belonged to Glomeromycota and
42,641 to non-Glomeromycota (i.e. 15.62% of the total). After trimming of the low quality sequences, 229,403
high quality sequences were used for subsequent analysis. The sequence number of each sample ranged from
2275 to 9583 (Supplementary Fig. S1). These sequences were assigned to a total of 84 AM fungal operational
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Land use type ‘ Forest ‘ Grassland ‘ Arable land
Soil property

pH 541+0.06c |6.01+£0.05b |7.53+0.07a
TC (g kg ! soil) 33.234+3.93a | 28.824+3.25a | 13.94£0.65b
TN (g kg ! soil) 2.54+031a |251+023a |1.534+0.08b
CN 13.214+0.33a | 11.394£0.60b | 9.20+£0.30 ¢
SOM (%) 553+049a |547+0.55a |2914+045b
AP (mg kg" soil) IS66L74 11 864175b | 181341904
AN (mg kg ! soil) 10.76 +£1.37a | 8.53+1.36a |3.16+0.66b

Water-stable aggregates (%)
Macroaggregates (250-2000pm) | 69.97+1.78a | 63.46+2.40b | 44.56+2.01 ¢
Microaggregates (20-250 jum) 25.57+1.89c | 33.01£2.34b | 50.51+£2.08a
SOC fractions (g kg ! soil)

Unprotected C 16.6+252a |11.3+2.16a |23+0.24b
Physically protected C 6.3+0.96a 6.1+0.63a 1.74+0.16 b
Chemically protected C 6.3+0.78a 7.3+£0.74a 6.8+£0.48a
Biochemically protected C 0.7£0.06ab | 0.8+0.08a 0.5£0.04b

Table 1. Chemical properties, proportions of water-stable aggregates, SOC and N stock and four SOC fractions
in soils of different land use types. Data are mean =+ SE (n = 15). Means followed by the same letter do not differ
significantly at P <0.05 by Duncan’s multiple range test.

taxonomic units (OTUs) based on the BLAST hits in NCBI and examination of the NJ-tree with 97% similarity
(Supplementary Fig. S2). The observed OTUs covered nine AM fungal families, namely Glomeraceae (average
relative abundance: 66.14%), Gigasporaceae (15.54%), Acaulosporaceae (13.41%), Diversisporaceae (2.84%),
Claroideoglomeraceae (0.76%), Archaeosporaceae (0.81%), Ambisporaceae (0.08%), Paraglomeraceae (0.02%)
and Pacisporaceae (0.01%). Two OTUs which could not be assigned to known families were defined as putative
new taxa (0.39%).

Land use type (but not sampling site) had a strong impact on AM fungal diversity indices (Supplementary
Table S4). Irrespective of sampling site the average diversity indices of AM fungi (richness, Shannon-Wiener
index, Simpson index and evenness) in grassland were significantly higher than in forest or arable land, while the
latter two did not differ significantly from each other (Table 2). Both the abundance of AM fungi (hyphal length
density, HLD) and total GRSP concentrations (T-GRSP) and easily-extractable GRSP (EE-GRSP) were signif-
icantly lower in cropped soil compared to forest and grassland soils (Table 2). However, within each site HLD
did not differ significantly among the three land use types (except at Site 2). Compared to grassland, EE-GRSP
in forest varied with site but was generally significantly higher than in arable land (Supplementary Table S4).
T-GRSP concentrations were highest in grassland and did not differ significantly between forest and arable land
(except at Site 1).

Composition of the AM fungal community. Land use had a strong impact on the AM fungal community
by influencing the proportion of the three dominant AM fungal families. Glomeraceae were substantially lower in
forest than in grassland and arable fields. Gigasporaceae were less abundant in grassland compared to arable fields
and forest, and Acaulosporaceae in arable land comprised a minor proportion compared to forest and grassland
(Fig. 1). The AM fungal community in arable land was dominated by a few OTUs of which Glo44 was predomi-
nant, followed by Gig 5, and the remainder were less abundant (Fig. 1c). The OTUs in forest were dominated by
Glo31, Aca7, Gig9, Aca8, Glo20 and Gig8 (Fig. 1a), and the remaining OTUs in grassland were relatively homo-
geneously distributed (Fig. 1b). Out of the total of 84 OTUs, 24 OTUs of AM fungi were found to be indicator
species of arable land (12), grasslands (7), or forests (5) (Fig. 2). We also observed 6 OTUs from both arable land
and grasslands, and 10 OTUs from arable land and forests.

NMDS ordination revealed significant differences in AM fungal community composition among the three
land use types (Supplementary Fig. S3). Differences in community structure were significantly correlated with soil
pH, total C, available N, C:N ratio and available P. Variation partition analysis shows that approximately 45.1%
of the variation in AM fungal community composition was explained uniquely by land use type, sampling site,
soil properties and their joint effects (Supplementary Fig. S4). Soil physico-chemical properties and land use type
were the main factors and their joint effects explained 20.5% of the variation.

Relationship between AM fungal factors and C storage. CCA analysis shows that the relative abun-
dance of dominant AM fungal OTUs in forest and grassland were positively related to EE-GRSP, T-GRSP, SOC,
macroaggregates, and the unprotected and physically protected C fractions (Fig. 3). However, the abundance
of several OTUs in arable land was positively linked to soil pH. The abundance of EMH and glomalin content
were both significantly correlated with macro- and microaggregate distribution across all sampling sites, and
these parameters were correlated with the soil C stock and the two C pool fractions (Supplementary Table S5).
However, most of these correlations remained highly significant across all sampling sites in grassland and forest,
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Figure 1. Relative abundance (%) of AM fungal operational taxonomic units (OTUs) in soils sampled
from three land use types. The relative abundance of AM fungal OTUs grouped by families, and the relative
abundance of 20 dominant AM fungal OTUs (average relative abundance across all samples > 1.1%) in (a)
forest, (b) grassland and (c) arable land.

but became insignificant or marginally significant in arable land (Supplementary Table S5). Regression analysis
shows that soil TC and two major C pools (unprotected and physically-protected C) increased exponentially with
increasing glomalin concentration in forest and grassland (Fig. 4). In arable land, however, there was no signifi-
cant, or only a weak, relationship between glomalin concentration and soil C stabilization.

Discussion

Our study is the first to investigate the AM fungal community as affected by land use on the Tibetan Plateau. Our
results are similar to those of other studies?*~?’, showing higher averaged AM fungal diversity in grasslands than
in forests or arable land (Table 2). This may be associated with the relatively high plant diversity in grassland,
and diverse plant species provide more niches hosting AM fungi. An early study conducted in grassland showed
a positive relationship between plant diversity and AM fungal diversity®. In addition, perennial herbs such as
Potentilla spp., Carum carvi, Gueldenstaedtia, and Duchesnea indica can form dense root mats and consistently
invest large proportions of C in the roots and also likely host diverse AM fungi. Furthermore, the relatively lower
AP content in grassland soil (Table 1) may also promote AM fungal diversity. Within each sampling site the
diversity index was higher in grassland while the significant effect was site-specific (Supplementary Table S4).
The relatively lower diversity of AM fungi in forests compared to grassland is in accordance with other studies in
temperate forests® and worldwide®. Trees are often associated with ectomycorrhizal fungi and forest soils are rich
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Molecular Query Max Land
me_virtual taxon Related species coverage identity IndVal use
IHE R Glo44 VTX00065 Glomus geosporum 100%  100% 0.997
Glo45 VTX00065 Glomus geosporum 81% 100% 0.994
Glo46 VTX00065 Glomus geosporum 76% 100% 0.959
Glo11 VTX00156 - 98% 99% 0.865
Gig7  VTX00039 Gigaspora margarita 100% 97% 0.626
Gigé  VTX00039 Gigaspora margarita 100% 99% 0.62 Arable
Div5  VTX00354 - 100% 99% 0.577 land
Gig4  VTX00039 Gigaspora margarita 80% 97% 0.577
Glo41  VTX00063 Glomus viscosum 100%  99% 0.577
Gig3  VTX00039 Gigaspora margarita 100% 98% 0.569
Gig1  VTX00039 Gigaspora margarita 100% 96% 0.558
Aca4  VTX00026 Acaulospora spinosa 100% 99% 0.514
Glo6  VTX00159 - 100% 99% 0.95
Glo17 VTX00166 92% 100% 0.807
Glo32 VTX00256 100% 99% 0.779 Grass
Glo1  VTX00137 100% 99% 0.764 land

Glo28 VTX00345
Glo24 VTX00371
Glo33 VTX00083

| - [ ] -Glo37 VTX00074

79% 98% 0.68

79% 100% 0.891

100%  100% 0.889

100%  100% 0.728

Glo29 VTX00074 83% 100% 0.667

Glo30 VTX00074 - 86% 100% 0.573  Forest
Gig10 VTX00049 Scutellospora dipurpurescens 90% 99% 0.564

Aca6  VTX00378 - 98% 99% 0.531

Glo14 VTX00125 - 100%  100% 0.516

Glo15 VTX00130 - 100%  100% 0.863 Arable
Glo13 VTX00222 Glomus indicum 98% 9% 009 'and
09 Glo10 VTX00143 - 99% 98% 0.805 Grass
Glo12  VTX00222 Glomus indicum 96% 99% 0.784 land
Arc3  VTX00005 - 100% 99% 0.752
| ] Aca7  VTX00230 Acaulospora brasiliensis 100%  100% 0.729
0.6 | Glo16  VTX00166 - 100%  100% 0.913
. Aca8  VTX00231 - 96% 99% 0.886
. Gig9  VTX00049 Scutellospora dipurpurescens ~ 100%  100% 0.876  Grass
Aca9  VTX00231 - 81% 100% 0.86 land
03 Amb1  VTX00283 Ambispora fennica 100%  100% 0.753 +
) Glo20 VTX00149 - 100%  100% 0.73 Forest
Glo22 VTX00191 - 100%  100% 0.721
Cla4  VTX00055 - 100% 99% 0.683
Gig11__ VTX00052 Scutellospora aurigloba 100% 98% 0.676

Figure 2. Heatmap of relative abundances of AM fungal indicator species that were found to differ significantly
among arable lands, grasslands and forests. The 45 columns represent samples in arable lands (15 columns),
grasslands (15 columns) and forests (15 columns). The ranked OTUs were indicator species of each land-use
type and two land-use types combined (arable lands and grasslands or arable lands and forests).
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Figure 3. Sample and species plot derived from the canonical correspondence analysis (CCA) of AM fungal
communities in soils sampled from three land-use types. The CCA is based on all AM fungal OTUs (84)

but only the 34 OTUs that on average represented at least 0.5% of the total amplicon are shown. The relative
abundance of each OTU is indicated by dot size. The environmental variables explained 10.9% and 7.1% of the
variations in the first two axes. HLD, hyphal length density; T-GRSP, total glomalin related soil protein; EE-
GRSP, easily-extractable glomalin related soil protein; Non-C, unprotected C; Phy-C, physically protected C;
Macroagg, macroaggregates.

in decomposing fungal species, and consequently the richness of AM fungi may be low. The average AM fungal
diversity of arable land was more comparable to that of forest (Supplementary Table S4). This result contrasts with
the general conclusion of negative correlation between land use intensity and AM fungal richness in soils*>*” and
roots®®, but is consistent with a recent study conducted in a range of habitats in Estonia comparing forested and
structurally open habitats with a gradient of land use intensity®. Agriculture in the local region is characterized
by low inputs and less intensive management, which is reflected by the relatively low nutrient concentrations, in
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Figure 4. Relationships between EE-GRSP and soil C storage and soil aggregation. Regression analyses
showing the relationship between EE-GRSP and (a) soil TC, (b) proportion of macroaggregates, and (c) C
concentrations in the unprotected C fraction and (d) physically protected C fraction. In a, ¢ and d, the dashed
line with the same color of symbols indicates the predicted relationship between EE-GRSP and soil C storage
for each land use type. In b, the solid line indicates the predicted relationship between EE-GRSP with soil
aggregation across all three land use types.

particular available P concentrations. Local farmers are not in pursuit of high grain yields which are used mainly
for brewing. Arable land is not intensively managed, e.g. no/few applications of inorganic fertilizers and infre-
quent applications of yak dung, and with reduced tillage or no tillage as compared with intensive agriculture in
other regions of China. In addition, the occurrence of weeds increases plant diversity in the arable fields and may
also act as hosts for AMF. Finally, arable land accounts for only a small proportion of a landscape that is domi-
nated by forests and grasslands. The adjacent forests and grasslands may also act as reservoirs to sustain expansion
and colonization by AM fungi in the arable land.

In contrast to AM fungal diversity, the AM fungal community exhibited different structures among the three
land use types investigated (Fig. 1 and Supplementary Fig. S3). Similar results have been obtained in numerous
other studies®”*°. Changes in vegetation, soil pH*>*, available P¥/, soil type? and intensity of soil disturbance
may account for the community change. Our results show that, in addition to biotic factors, soil pH, total N
and C, and AP were the major abiotic variables affecting community structure (Supplementary Figs S3 and S4).
In the present study it was not possible to distinguish the separate contributions of biotic and abiotic factors to
community change. However, joint effects between land use types and soil factors accounted for a large pro-
portion of community variation (Supplementary Fig. S4). The AM fungal community in arable land was domi-
nated by Glomeraceae (in particular Glo44, Funneliformis caledonium; Fig. 1c). This is consistent with the notion
that arable farming generally favors AM fungi within this family*!. The indicator OTU Glo44 is highly affiliated
with VTX00065 (MaarjAM database), which is widely distributed in various ecosystems often characterized
by high soil pH (>7)***. In addition to the dominance of Glo20 and Glo31, prevalent OTUs in forest were
Acaulosporaceae (Aca7, Acaulospora brasiliensis) and Gigasporaceae (Gig8 in Site 1, Gigaspora rosea) and Gig9
(Scutellospora dipurpurescens) (Fig. 1a). In contrast, plant species richness in grassland may provide broad niches
for more diverse AM fungi, as the AM fungal community in grassland is more homogeneously distributed, except
for the three dominant OTUs from the Glomeraceae (Glo16 and Glo25) and Aca7 (Fig. 1b). Relatively high abun-
dance of Acaulosporaceae has been observed in high-elevation regions with harsh climatic conditions compared
with temperate systems*¢, and may correspond to low pH environments*. In the present study Gigasporaceae
were prevalent in forest and arable land. Similar results have been reported in roots of Polylepis australis from
forest on the high mountains of central Argentina* and arable land*’. Compared with other phylogenetic groups,
members of the Gigasporaceae invest more biomass in extraradical hyphae than in root-borne structures*.
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Several isotope tracer studies have also provided direct evidence that members of the Gigasporaceae are stronger
sinks for plant C than other lineages®.

We found that dominant AM fungal OTUs detected in grassland and forest were positively correlated with
HLD, GRSP, SOC and the two C pools, while OTUs in arable land were correlated with soil pH (Fig. 3). It is
generally acknowledged that soil pH acts as a strong filter on AM fungi *>*. In the present study it is interest-
ing to find that a positive correlation between HLD/GRSP and soil C was found only in grassland and forest,
but not in arable land (Supplementary Table S5). In addition, we found strong positive correlations between
GRSP and the cPOM-C (coarse non-protected particulate organic matter-C) fraction (unprotected C) and the
microaggregate-associated C fraction (physically stabilized C). Cultivation consistently reduced the abundance
of AM hyphae and glomalin concentrations at three sampling sites, and on average HLD and glomalin (T-GRSP
and EE-GRSP) in arable land decreased by nearly 50% when compared to grassland and forest (Table 2). Our
results indicate that the influence of EMH and GRSP on soil C storage is likely much stronger in natural habitats
or less disrupted ecosystems than in arable land where physical disturbance or monoculture may have disrupted
the extraradical hyphal network. Similar results were also reported from a long-term field experiment in a prairie
field*? in which the authors show a linear reduction in SOC storage due to loss of AM hyphal network following
six years of fungicide use. In contrast to their study, we found that the decline in soil C was more associated with
the loss of GRSP across the land use gradient as shown by the exponential model (Fig. 4a) and by correlation anal-
ysis (Supplementary Table S5). Glomalin C was shown to represent up to 4-5% of total soil C in a tropical forest
soil*®. In addition, the hyphal mesh can facilitate the production of glomalin to contribute to soil aggregation. In
the present study the higher abundance of Acaulosporaceae observed in forest and grassland soils (Fig. 1a and b)
may be responsible for their higher GRSP contents, as pot experiments show that Acaulosporaceae species yielded
the highest levels of glomalin followed by Gigasporaceae and Glomeraceae species®'. In addition, the higher
richness and diversity of plants and AM fungi may affect soil aggregation at different levels, e.g. at community,
individual root system and mycelium levels®'. As the AM fungal community varied greatly among the three land
use types, whether or not community change reflects changes in functional traits and the underlying mechanisms
by which AM fungi affect soil aggregation and soil C stocks warrant further investigation.

Southeast Tibet contains various vegetation types and may act as a potential C sink due to the large living bio-
mass and productivity as a result of the high forest cover and slow decomposition rate due to low temperatures®.
Based on the data of the current study, soil C stored in the top 20 cm soil of forest and grassland is estimated to be
approximately 0.212 Pg in Nyingchi region (Supplementary Methods) with a higher SOC density of 7.23kgm™—
than the vast Tibetan grassland (4.42kgm ™2 in top 30 cm)®. The area of land use change on the Qinghai-Tibetan
Plateau is relatively small compared to the remainder of China%. Nevertheless, a slight change can lead to serious
consequences, given the fact that C loss is mainly attributed to decreases in unprotected and physically protected
C which may lead to negative feedback to climate change in these sensitive alpine ecosystems. Furthermore,
changes in soil macroaggregates may have long-standing consequences for ecosystem properties such as soil
porosity, gas exchange, water infiltration and erosion resistance®>. As AM fungal community composition is fun-
damentally changed in arable land after long-term crop cultivation, changes in or losses of specific taxa may
lead to the loss of some key ecological functions that may not be easily compensated. Furthermore, it remains
unknown whether changes in the AM fungal community are reversible in the long run. While the prevalence of
agricultural management is inevitable due to the increasing demand of the increasing population and economic
development, it is therefore imperative to implement more effective agricultural practices to compensate losses in
soil C for the sustainable development of this fragile ecosystem.

Methods

Site description and sampling. The study was conducted in Nyingchi region (26°52’-30°40’ N, 92°09’-
98°47' E) in the southeast part of the Tibetan Plateau. The average altitude is approximately 3000 m above sea
level. The mean annual temperature (MAT) ranges from 7 to 16 °C and the mean annual precipitation (MAP) is
600 to 800 mm, about 92.4% of which is distributed from April to October. About 46% of the land area is covered
by forest (2.64 x 10° ha) which accounts for nearly 80% of the total forested area on the Tibetan Plateau. The
area of grassland is 2.91 x 10° ha of which 5.25 x 10* ha is suitable for pasture. Nyingchi region is also one of the
most important and historical areas for agriculture in Tibet. The typical traditional tillage system is fallow and
mono-cropping of annual crops with low fertilizer inputs®®. The main grain crops are winter wheat (Triticum
aestivum L.) and hull-less barley (Horderum vulgare L. var. nudum Hook. f.) and the production of fruit and veg-
etables has also increased in recent years. The area of land currently under cultivation is about 1.87 x 10* ha, and
has expanded rapidly in recent years due to the increasing demand by the dense human population and the rapid
development of the regional economy. According to the Statistics Department of Nyingchi Region, the cultivated
area increased at a rate of about 1.4% per year from 2011 to 2013 and the rates of increase of the wheat and vegeta-
ble cultivation areas were 4% and 1.6% per year, respectively (from ‘the Statistical Bulletin of National Economic
and Social Development of Nyingchi Region’, http://linzhinews.com/economy/qnc;j/).

Arable fields, grasslands and forests were selected from three sampling sites at least 20 km apart
(Supplementary Table S1). The agricultural fields in these sites have been cultivated for more than 60 years. The
arable fields at Sites 1 and 2 are cultivated with wheat and at Site 3 with hull-less barley. These arable fields have
received low fertilizer inputs (household manure) and no herbicides. The native forests are temperate coniferous
and broad-leaved mixed secondary forests. The grasslands were not managed and were slightly to moderately
grazed. The dominant plant species in the forest and grassland at each site are shown in Supplementary Table S1
online.

Soil sampling was conducted in July 2012. Five quadrats (5m X 5m) approximate 20-30 m apart were ran-
domly selected in each arable field for soil sampling. At each quadrat three soil monoliths (20 cm x 20 cm) of
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Land use type ‘ Forest ‘ Grassland ‘ Arable land
AM fungal community diversity

Richness 2240+1.34b | 32.004+2.24a | 23.87+1.93b
Shannon-Wiener index | 1.58+£0.14b |221+0.11a |1.59+0.14b
Simpson 0.66+0.05b |0.82+0.02a |0.62+0.05b
Evenness 0.51+0.04b | 0.64+£0.02a |0.50+0.04b
HLD (m g’ soil) 38.44+3.96a | 35.60+5.30a | 19.57+2.00b
Glomalin content (mg g~ soil)

T-GRSP 3.654+0.24b | 451+022a |[227+£0.05¢
EE-GRSP 2.104+0.10a |2.144+0.11a |1.07+0.04b

Table 2. Diversity indices of AM fungal community, hyphal length density (HLD) and glomalin content in soils
of three different land use types. Data are mean + SE (n = 15). Means followed by the same letter do not differ
significantly at P <0.05 by Duncan’s multiple range test.

topsoil (0-20 cm) were randomly collected and combined to give one composite sample from each of the five rep-
licate quadrats. Soil samples were also collected from adjacent forest and grassland (within a distance of 500 m)
using the same sampling strategy to ensure that the soil had similar soil texture. A total of 45 soil samples (3 land
use types X 5 replicates X 3 sites) were obtained. The soil samples were placed in polyethylene bags, stored on ice
and transported to the laboratory. The soil samples were sieved (<2 mm) to remove visible stones, animals, root
fragments and plant material. Sub-samples of fresh soils were used for DNA extraction and N;, (NH,"-N and
NO; -N) extraction and stored at —80°C and 4°C, respectively. The remaining portions of the soil samples were
air-dried and stored at room temperature for further analysis.

Determination of soil physico-chemical properties. Soil pH was measured in 1 M KClI (soil:water
ratio 1:2.5). SOM content was determined using 0.25 mm sieved soil by wet oxidation followed by titration with
ferrous ammonium sulfate. Soil AP was extracted with 0.5 M NaHCO; and then determined by colorimetry.
For the determination of N,,;;, (NH,"-N and NO;-N), soil samples were extracted with a 1:10 suspension of
soil in 0.01 M CaCl, solution and analyzed using a continuous flow analyzer (TRAACS 2000, Bran and Luebbe,
Norderstedt, Germany). Soil AN content was thus calculated as the sum of NH,"-N and NO;-N. TC and TN in
the soil were analyzed using an elemental analyzer (EA1108, Carlo Erba, Torino, Italy). Water-stable aggregates
were divided into macroaggregates (250-2000 pm size fraction) and microaggregates (20-250 pm size fraction)
and were measured following the method of Leake et al.?2.

Soil C pool fractionation.  Various soil C pools were separated by a combination of physical and chemical
fractionation techniques in a three-step process based on the conceptual SOC fraction model proposed by Six
et al.>* and a detailed methodological description is given in Stewart et al.*’. The separated SOC fractions are
grouped into four C pools (unprotected, physically protected, chemically protected and biochemically protected)
based on the assumed linkages between the isolated fractions and the protection mechanisms involved in the
stabilization of organic C within that pool. The unprotected C pool consists of the cPOM fraction (>250 pm)
and the LF fraction (fine non-protected POM). The physically protected C pool refers to the pagg fraction
(microaggregate, 53-250 um) as a whole and the iPOM fraction (microaggregate-protected POM). The chem-
ically protected C pool corresponds to the H-dSilt and H-dClay fractions (hydrolysable easily dispersed silt and
clay, < 53 pm) which is stabilized due to the chemical or physico-chemical binding between SOC and soil min-
erals (i.e. clay and silt particles). The biochemically protected C pool refers to the NH-dSilt and NH-dClay frac-
tions (non-hydrolysable easily dispersed silt and clay) which is stabilized due to its own chemical composition
(e.g. recalcitrant compounds such as lignin and polyphenols) and through chemical processes (e.g. condensation
reactions) in soil®>.

Assessment of hyphal length density and extraction of soil glomalin. Extraradical hyphae were
extracted from each soil sample and stained with Trypan blue and the HLD of AM fungi was determined using
the grid line intersect method in which AM fungal hyphae were distinguished from non-AM hyphae by the pres-
ence of irregular septa, dichotomous branching, irregular wall thickness and/or connection to chlamydospores®.
The extraction of total glomalin related soil protein (T-GRSP) was done following the method of Wright and
Upadhyaya®. Protein content was determined by the Bradford dye binding assay with bovine serum albumin as
the standard®.

DNA extraction and 454 pyrosequencing.  Soil DNA was extracted from 0.5 g samples using a Fast DNA
SPIN Kit (MP Biomedicals LLC, Santa Ana, CA) following the instruction manual of the manufacturer. The
quality and quantity of the extracted DNA samples were checked on a 1.0% (w/v) agarose gel and then stored at
—20°C for subsequent analysis.

All DNA samples were subjected to nested PCR. The first PCR reaction was performed with AML1 and AML2
to amplify about 795 bp fragment of SSU rDNA®!. PCR reactions were carried out in a final volume of 25mL
with 2pL 10 x PCR buffer, 0.2 mM dNTPs, 0.3 pL of each primer (25uM stock), 1 U EasyTaq DNA Polymerase
(TransGen Biotech, Beijing, China) and 1L DNA template. The PCR program was as follows: 94 °C for 5 min;
30 % (94 °C for 305; 60°C for 45s and 72 °C for 1 min); and 72 °C for 10 min; 12 °C for 10 min. Successful products
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of the first amplification were diluted to 1:100 and then used as a template in the second PCR with NS31%* and
AM1*. This pair of primers was used to amplify Glomeromycota sequences in roots of Trachycarpus fortune using
454 sequencing® and in other natural ecosystem studies®. We amplified Glomeromycota sequences using the
Amplicon Fusion Primers 5'-A-x-NS31-3" and 5’-B-AM1-3/, where A and B represent the pyrosequencing adap-
tors (CCATCTCATCCCTGCGTGTCTCCGACGACT and CCTATCCCCTGTGTGCCTTGGCAGTCGACT)
and x represents a 10 bp-tag for sample identification. PCR reactions were run under the same conditions as
described above.

The second PCR reactions were carried out in a final volume of 50 pL with 5pL 10 x PCR buffer, 37.2uL
ddH,0, 0.2 mM dNTPs, 0.6 pL of each primer (25puM stock) each primer, 3U EasyTaq DNA Polymerase
(Trans Gen Biotech, Beijing, China) and 2 uL DNA template. The PCR program was as follows: 94 °C for 5 min;
25 % (94°C for 305; 60 °C for 45 s and 72 °C for 1 min); and 72 °C for 10 min; 12 °C for 10 min. PCR products from
each sample were purified with a PCR Purification Mini Kit (Aidlab Biotechnologies Co., Ltd, Beijing, China)
according to the manufacturer’s instructions and then sent to Majorbio Pharm Technology Co., Ltd., (Shanghai
201203, China) for 454-pyrosequencing.

454-pyrosequencing was conducted using the 454 GS-FLX Titanium sequencing platform of Roche (Basel,
Switzerland). Resulting sequence sets were subjected to the denoising and clustering pipeline of Quantitative
Insights Into Microbial Ecology (QIIME) pipeline for 18 S dataset (http://giime.sourceforge.net/tutorials/process-
ing 18S_data.html). In brief, the 454-pyrosequencing reads with ambiguous nucleotides, a quality score < 20, lack-
ing a complete barcode and NS31 primer, or shorter than 300bp (excluding the barcode and primer sequences)
were removed and excluded from further analysis. Chimeric reads were identified using Chimera Slayer® and
removed. Reads were trimmed and assigned into the same OTU using a 97% identity threshold and the most
abundant sequence from each OTU was selected as a representative sequence for that OTU. All the OTUs with
sequence numbers <5 were removed in subsequent analysis. Representative sequences from each OTU clade
were blasted against the GenBank non-redundant nucleotide database to detect non-Glomeromycota sequences.
We constructed a neighbor joining tree to further identify our OTU belonging to the family Glomeromycota.
Representative sequences from each encountered AM fungal OTU have been deposited in GenBank (accession
numbers KU167955-KU168037). We used the online database MaarjAM (http://maarjam.botany.ut.ee; status on
22 April, 2015)% to compare the OTUs obtained in the present study with the AM fungal OTUs in other ecosys-
tems. We first used one representative sequence per OTU to BLAST against the MaarjAM database and grouped
our sequences into the corresponding molecular virtual taxa with sequence identity > 97%. Virtual taxa corre-
sponding to OTUs were re-searched to confirm which morphospecies were related to the virtual taxa using the
“search by molecular virtual taxon” tool in the MaarjAM database.

Statistical analysis. Sequencing and sampling efficacy were assessed with rarefaction analysis of data sub-
sets using the ‘rarefy’ and ‘specaccum’ function from R package VEGAN®S. Relative abundance of an OTU or
family in a sample was calculated as the proportion of its sequence number in total sequences. The AM fungal
community-related analyses were based on relative abundances of OTUs per sample. Two-way analysis of var-
iance was used to examine the significance of land use type, sampling site and their interactive effects on the
relative abundance of each AM fungal OTU and family, AM fungal diversity indices (richness, Shannon-Wiener
index, Simpson index and evenness), HLD, glomalin content (EE-GRSP and T-GRSP), soil properties, aggregate
proportions and SOC fractions. Mean values were compared using Duncan’s multiple range test. Spearman corre-
lation analysis was used to test the relationship between T-GRSP, EE-GRSP, HLD, macroaggregates, microaggre-
gates and C fractions in the soil. Regression analyses were performed to simulate the relationship between GRSP
and soil C and aggregation. All the correlation and regression analyses and analysis of variance were performed
using the SPSS 18.0 software package.

Nonmetric multidimensional scaling (NMDS) was used to determine how land use structured the AM fungal
communities in the soil. The OTU data matrix was composed of the relative abundance of a particular AM fun-
gal OTU in each sample, and the data were square root-transformed in order to downweigh the importance of
abundant OTUs. All environmental variable data included in the NMDS plot were log.(x + 1) transformed and
fitted as vectors onto the NMDS plot using the function ‘envfit’ from the vegan library. We adopted the function
‘ordiellipse’ from the ‘vegan’ library to test the difference in AM fungal communities under different land use
types using the standard error of the average scores. The function ‘varpart’ from the ‘vegan’ library®® was used to
partition the variation in AM fungal communities into three explanatory factors: soil properties (soil pH, TC, TN,
C:N ratio, SOM, available P, available N and soil moisture), land use types and sampling sites. To determine AM
fungal indicator species for each land use type we conducted indicator species analyses for the AM fungal com-
munity of each land use type using the function ‘multipatt’ from the ‘indicspecies’ library®’. OTUs with IndVal
values > 0.5 and P < 0.05 were recorded as indicator species for a particular treatment. All the analyses above were
conducted in the R version 3.0.2.

Canonical correspondence analysis (CCA) was used to explore the relationships between AM fungal commu-
nities and HLD, GRSP, macroaggregates and C fractions using CANOCO 4.5 for Windows (Microcomputer Power
Inc., Ithaca, NY). AM fungal OTU data were square root-transformed during the CCA procedure. Forward selec-
tion tests were conducted using 499 permutations and the Monte Carlo permutation test with p < 0.05 was used.

References
1. Batjes, N. H. Total carbon and nitrogen in the soils of the world. Eur. J. Soil Sci. 47, 151-163 (1996).
2. Wang, G. X, Qian, J., Cheng, G. D. & Lai, Y. M. Soil organic carbon pool of grassland soils on the Qinghai-Tibetan Plateau and its
global implication. Sci. Total Environ. 291, 207-217 (2002).
3. Yang, Y. H. et al. Changes in topsoil carbon stock in the Tibetan grasslands between the 1980s and 2004. Global Change Biol. 15,
2723-2729 (2009).

SCIENTIFICREPORTS|7:3067 | DOI:10.1038/s41598-017-03248-0 9


http://maarjam.botany.ut.ee

www.nature.com/scientificreports/

10.

11.

12.

13.

14.

15.

16.

17.

18.
19.

20.
21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

40.

41.
42.

43.

44,

45.

46.

. Xie, Z. B. et al. Soil organic carbon stocks in China and changes from 1980s to 2000s. Global Change Biol. 13, 1989-2007 (2007).
. Guo, L. B. & Gifford, R. M. Soil carbon stocks and land use change: a meta analysis. Global Change Biol. 8, 345-360 (2002).
. Van Straaten, O. et al. Conversion of lowland tropical forests to tree cash crop plantations loses up to one-half of stored soil organic

carbon. P. Natl. Acad. Sci. USA 112, 9956-9960 (2015).

. Wu, H. B,, Guo, Z. T. & Peng, C. H. Land use induced changes of organic carbon storage in soils of China. Global Change Biol. 9,

305-315 (2003).

. Chang, X. F. et al. Impacts of management practices on soil organic carbon in degraded alpine meadows on the Tibetan Plateau.

Biogeosciences 11, 3495-3503 (2014).

. Wen, L. et al. The impact of land degradation on the C pools in alpine grasslands of the Qinghai-Tibet Plateau. Plant Soil 368,

329-340 (2012).

Hafner, S. et al. Effect of grazing on carbon stocks and assimilate partitioning in a Tibetan montane pasture revealed by *CO, pulse
labeling. Global Change Biol. 18, 528-538 (2012).

Qiao, N, Xu, X, Cao, G., Ouyang, H. & Kuzyakov, Y. Land use change decreases soil carbon stocks in Tibetan grasslands. Plant Soil
395,231-241 (2015).

Bissett, A., Richardson, A. E., Baker, G. & Thrall, P. H. Long-term land use effects on soil microbial community structure and
function. Appl. Soil. Ecol. 51, 66-78 (2011).

Rodrigues, J. L. M. et al. Conversion of the Amazon rainforest to agriculture results in biotic homogenization of soil bacterial
communities. P. Natl. Acad. Sci. USA 110, 988-993 (2013).

Postma-Blaauw, M. B., De Goede, R. G. M., Bloem, J., Faber, J. H. & Brussaard, L. Soil biota community structure and abundance
under agricultural intensification and extensification. Ecology 91, 460-473 (2010).

Singh, A. K., Rai, A. & Sing, N. Effect of long term land use systems on fractions of glomalin and soil organic carbon in the Indo-
Gangetic Plain. Geoderma 277, 41-50 (2016).

Nielsen, U. N., Ayres, E., Wall, D. H. & Bardgett, R. D. Soil biodiversity and carbon cycling: a review and synthesis of studies
examining diversity-function relationships. Eur. J. Soil Sci. 62, 105-116 (2011).

Six, J., Frey, S. D., Thiet, R. K. & Batten, K. M. Bacterial and fungal contributions to carbon sequestration in agroecosystems. Soil Sci.
Soc. Am. ] 70, 555-569 (2006).

Smith, S. E. & Read, D. J. In Mycorrhizal symbiosis (Academic Press, Cambridge, 2008).

V D Heijden, M. G. A, Bardgett, R. D. & Van Straalen, N. M. The unseen majority: soil microbes as drivers of plant diversity and
productivity in terrestrial ecosystems. Ecol. Lett. 11,296-310 (2008).

Zhu, Y. G. & Miller, R. M. Carbon cycling by arbuscular mycorrhizal fungi in soil-plant systems. Trends Plant Sci. 8, 407-409 (2003).
Leake, J. R. et al. Networks of power and influence: the role of mycorrhizal mycelium in controlling plant communities and
agroecosystem functioning. Can. J. Bot. 82, 1016-1045 (2004).

Wilson, G. W,, Rice, C. W,, Rillig, M. C., Springer, A. & Hartnett, D. C. Soil aggregation and carbon sequestration are tightly
correlated with the abundance of arbuscular mycorrhizal fungi: results from long-term field experiments. Ecol. Lett. 12, 452-461
(2009).

Rillig, M. C. Arbuscular mycorrhizae, glomalin, and soil aggregation. Can. J. Soil Sci. 84, 355-363 (2004).

Lehmann, A. & Rillig, M. C. Understanding mechanisms of soil biota involvement in soil aggregation: A way forward with saprobic
fungi? Soil Biol. Biochem. 88, 298-302 (2015).

Oehl, F et al. Soil type and land use intensity determine the composition of arbuscular mycorrhizal fungal communities. Soil Biol.
Biochem. 42, 724-738 (2010).

Verbruggen, E. et al. Positive effects of organic farming on below-ground mutualists: large-scale comparison of mycorrhizal fungal
communities in agricultural soils. New Phytol. 186, 968-979 (2010).

Xiang, D. et al. Land use influences arbuscular mycorrhizal fungal communities in the farming-pastoral ecotone of northern China.
New Phytol. 204, 968-978 (2014).

Barto, E. K., Alt, E, Oelmann, Y., Wilcke, W. & Rillig, M. C. Contributions of biotic and abiotic factors to soil aggregation across a
land use gradient. Soil Biol. Biochem. 42, 2316-2324 (2010).

Dai, M. L,, Bainard, L. D., Hamel, C., Gan, Y. T. & Lynch, D. Impact of land use on arbuscular mycorrhizal fungal communities in
rural Canada. Appl. Environ. Microbiol. 79, 6719-6729 (2013).

Chen, Z., He, X. L., Guo, H.J., Yao, X. Q. & Chen, C. Diversity of arbuscular mycorrhizal fungi in the rhizosphere of three host plants
in the farming-pastoral zone, north China. Symbiosis 57, 149-160 (2012).

Rillig, M. C. & Mummey, D. L. Mycorrhizas and soil structure. New Phytol. 171, 41-53 (2006).

Li, X. L. et al. Contribution of arbuscular mycorrhizal fungi of sedges to soil aggregation along an altitudinal alpine grassland
gradient on the Tibetan Plateau. Environ. Microbiol. 17, 2841-2857 (2015).

Six, J., Conant, R. T,, Paul, E. A. & Paustian, K. Stabilization mechanisms of soil organic matter: Implications for C-saturation of soils.
Plant Soil 241, 155-176 (2002).

Silveira, M. L., Comerford, N. B., Reddy, K. R., Cooper, W. T. & El-Rifai, H. Characterization of soil organic carbon pools by acid
hydrolysis. Geoderma 144, 405-414 (2008).

V D Heijden, M. G. A,, Boller, T., Wiemken, A. & Sanders, I. R. Different arbuscular mycorrhizal fungal species are potential
determinants of plant community structure. Ecology 79, 2082-2091 (1998).

Belay, Z., Vestberg, M. & Assefa, E Diversity and abundance of arbuscular mycorrhizal fungi across different land use types in a
humid low land area of Ethiopia. Tropical Subtropical Agroecosystems 18, 47-69 (2015).

Davison, J. et al. Global assessment of arbuscular mycorrhizal fungus diversity reveals very low endemism. Science 349, 970-973
(2015).

Valyi, K., Rillig, M. C. & Hempel, S. Land-use intensity and host plant identity interactively shape communities of arbuscular
mycorrhizal fungi in roots of grassland plants. New Phytol. 205, 1577-1586 (2015).

Moora, M. et al. Anthropogenic land use shapes the composition and phylogenetic structure of soil arbuscular mycorrhizal fungal
communities. FEMS Microbiol. Ecol. 90, 609-621 (2014).

Wang, C. H. et al. Differences in arbuscular mycorrhizal fungal community composition in soils of three land use types in
subtropical hilly area of Southern China. PLoS ONE 10, 0130983 (2015).

Jansa, J. et al. Diversity and structure of AMF communities as affected by tillage in a temperate soil. Mycorrhiza 12, 225-234 (2002).
Helgason, T., Daniell, T. J., Husband, R., Fitter, A. H. & Young, J. P. W. Ploughing up the wood-wide web? Nature 394, 431-431
(1998).

Wu, Q. S., Cao, M. Q, Zou, Y. N. & He, X. H. Direct and indirect effects of glomalin, mycorrhizal hyphae, and roots on aggregate
stabiliLEty in rhizosphere of trifoliate orange. Sci. Rep 4, 5823 (2014).

Chagnon, P. L., Bradley, R. L., Maherali, H. & Klironomos, J. N. A trait-based framework to understand life history of mycorrhizal
fungi. Trends Plant Sci. 18, 484-491 (2013).

Oehl, E, Sykorova, Z., Redecker, D., Wiemken, A. & Sieverding, E. Acaulospora alpina, a new arbuscular mycorrhizal fungal species
characteristic for high mountainous and alpine regions of the Swiss Alps. Mycologia 98, 286-294 (2006).

Soteras, F. et al. Arbuscular mycorrhizal fungal diversity in rhizosphere spores versus roots of an endangered endemic tree from
Argentina: Is fungal diversity similar among forest disturbance types? Appl. Soil Ecol. 98, 272-277 (2016).

SCIENTIFICREPORTS|7:3067 | DOI:10.1038/541598-017-03248-0 10



www.nature.com/scientificreports/

47. Alguacil, M. M. et al. The impact of tillage practices on arbuscular mycorrhizal fungal diversity in subtropical crops. Ecol. Appl. 18,
527-536 (2008).

48. Maherali, H. & Klironomos, J. N. Influence of Phylogeny on fungal community assembly and ecosystem functioning. Science 316,
1746-1748 (2007).

49. Lerat, S., Lapointe, L., Gutjahr, S., Piche, Y. & Vierheilig, H. Carbon partitioning in a split-root system of arbuscular mycorrhizal
plants is fungal and plant species dependent. New Phytol. 157, 589-595 (2003).

50. Rillig, M. C., Wright, S. E, Nichols, K. A., Schmidt, W. F. & Torn, M. S. Large contribution of arbuscular mycorrhizal fungi to soil
carbon pools in tropical forest soils. Plant Soil 233, 167-177 (2001).

51. Lovelock, C. E., Wright, S. E & Nichols, K. A. Using glomalin as an indicator for arbuscular mycorrhizal hyphal growth: an example
from a tropical rain forest soil. Soil Biol. Biochem. 36, 1009-1012 (2004).

52. Luo, T. X., Li, W. H. & Zhu, H. Z. Estimated biomass and productivity of natural vegetation on the Tibetan Plateau. Ecol. Appl. 12,
980-997 (2002).

53. Yang, Y. et al. Storage, patterns and controls of soil organic carbon in the Tibetan grasslands. Global Change Biol. 14, 1592-1599
(2008).

54. Liu, J. et al. Spatiotemporal characteristics, patterns, and causes of land-use changes in China since the late 1980s. J. Geogr. Sci. 24,
195-210 (2014).

55. Hartge, K. H. & Stewart, B. A. In Soil structure: Its development and function (CRC Lewis Publishers, Boca Raton, New York, London,
Tokyo, 1995).

56. Guan, W, Jiao, G., Liu, Q. & Gao, X. Present Situation and Reform Countermeasure on Agricultural Tillage System in the “YLN”
Region of Tibet (in Chinese). Tibet J. Agr. Sci. 34, 44-48 (2012).

57. Stewart, C. E., Paustian, K., Conant, R. T., Plante, A. F. & Six, J. Soil carbon saturation: Implications for measurable carbon pool
dynamics in long-term incubations. Soil Biol. Biochem. 41, 357-366 (2009).

58. Jakobsen, L, Abbott, L. K. & Robson, A. D. External Hyphae of Vesicular Arbuscular Mycorrhizal Fungi Associated with Trifolium-
Subterraneum L. 2. Hyphal Transport of P-32 over Defined Distances. New Phytol. 120, 509-516 (1992).

59. Wright, S. F. & Upadhyaya, A. A survey of soils for aggregate stability and glomalin, a glycoprotein produced by hyphae of arbuscular
mycorrhizal fungi. Plant Soil 198, 97-107 (1998).

60. Wright, S. E, Frankesnyder, M., Morton, J. B. & Upadhyaya, A. Time-course study and partial characterization of a protein on
hyphae of arbuscular mycorrhizal fungi during active colonization of roots. Plant Soil 181, 193-203 (1996).

61. Lee, ], Lee, S. & Young, J. P. W. Improved PCR primers for the detection and identification of arbuscular mycorrhizal fungi. FEMS
Microbiol. Ecol. 65, 339-349 (2008).

62. Simon, L., Lalonde, M. & Bruns, T. D. Specific Amplification of 18s Fungal Ribosomal Genes from Vesicular-Arbuscular
Endomycorrhizal Fungi Colonizing Roots. Appl. Environ. Microb 58, 291-295 (1992).

63. Moora, M. et al. Alien plants associate with widespread generalist arbuscular mycorrhizal fungal taxa: evidence from a continental-
scale study using massively parallel 454 sequencing. J. Biogeogr. 38, 1305-1317 (2011).

64. Opik, M. et al. The online database MaarjAM reveals global and ecosystemic distribution patterns in arbuscular mycorrhizal fungi
(Glomeromycota). New Phytol. 188, 223-241 (2010).

65. Haas, B. J. et al. Chimeric 16S rRNA sequence formation and detection in Sanger and 454-pyrosequenced PCR amplicons. Genome
Res. 21, 494-504 (2011).

66. Oksanen, J. et al. Vegan: community ecology package. R package version 2.0-10. URL http://CRAN.R-project.org/package=vegan
(2013)

67. De Caceres, M., Legendre, P. & Moretti, M. Improving indicator species analysis by combining groups of sites. Oikos 119, 1674-1684
(2010).

Acknowledgements

This work was funded by the National Basic Research Program of China (2015CB150500), the Inter-
Governmental International Science and Technology Innovation Cooperation (S2016G0053) and the National
Natural Science Foundation of China (Grant No. 31272251, 31421092 and 40461054).

Author Contributions
M.X,, X.L. and J.Z. designed the work. X.L., M.X. and X.C. conducted the field sampling. X.L. and M.X. performed
the experiment and data analysis. X.L., M.X., P.C., X.L. and ].Z. wrote the manuscript.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-03248-0

Competing Interests: The authors declare that they have no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2017

SCIENTIFICREPORTS|7:3067 | DOI:10.1038/s41598-017-03248-0 11


http://CRAN.R-project.org/package=vegan
http://dx.doi.org/10.1038/s41598-017-03248-0
http://creativecommons.org/licenses/by/4.0/

	Land use alters arbuscular mycorrhizal fungal communities and their potential role in carbon sequestration on the Tibetan P ...
	Results

	Land use impacts on soil properties and SOC pools. 
	Diversity and abundance of the AM fungal community. 
	Composition of the AM fungal community. 
	Relationship between AM fungal factors and C storage. 

	Discussion

	Methods

	Site description and sampling. 
	Determination of soil physico-chemical properties. 
	Soil C pool fractionation. 
	Assessment of hyphal length density and extraction of soil glomalin. 
	DNA extraction and 454 pyrosequencing. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Relative abundance (%) of AM fungal operational taxonomic units (OTUs) in soils sampled from three land use types.
	Figure 2 Heatmap of relative abundances of AM fungal indicator species that were found to differ significantly among arable lands, grasslands and forests.
	Figure 3 Sample and species plot derived from the canonical correspondence analysis (CCA) of AM fungal communities in soils sampled from three land-use types.
	Figure 4 Relationships between EE-GRSP and soil C storage and soil aggregation.
	Table 1 Chemical properties, proportions of water-stable aggregates, SOC and N stock and four SOC fractions in soils of different land use types.
	Table 2 Diversity indices of AM fungal community, hyphal length density (HLD) and glomalin content in soils of three different land use types.




