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Abstract

The community of Arbuscular mycorrhizal fungi (AMF) was compared between the soils obtained from
wetlands, rice agricultural land and artificial forest. In order to explore the influence of human activities on the
soil ecology of Sanjiang wetland in China, total microbial DNA was isolated from the soil and AMF-specific
amplicons were sequenced by high-throughput sequencing on an Illumina MiSeq platform. The observed
variation in soil AMF community structures for the three land-use type soils was presented here for 30 OTUs
with high relative abundance and for 14 AMF genera that could be recognized. The total OTU abundance and
diversity was highest in wetland soil, lower in agricultural land and lowest in forest soil. Members of
Claroideoglomus, Funneliformis, Gigaspora and Diversispora were commonly detected genera in all the three
samples. RDA analysis showed that these dominant AMF genera correlated negatively with the acidity of the
soil, with the exception of Diversispora, which correlated negatively with nutrient (N, P) content. This
indicated that long-term farming and forestry practices have a significant impact on soil AMF community
structures in wetland ecosystems.

Introduction

Wetlands account for 5 to 8% of the earth's surface area and represent the most active terrestrial
ecosystems for the exchange of biomatter and energy on the earth (Lv and Liu 2008, Sui et al.
2016). Wetlands function as a source, sink and converter in the biogeochemical cycle (Huang et al.
2018). Nevertheless, these lands are also exploited by reclamation of land for agricultural
utilization (Zhang et al. 2015, Huang et al. 2018). In recent years, climate change has added to the
impact of human activities on wetland environments (Li et al. 2009). Northeast China contains vast
areas of wetlands (Ping et al. 2011), where their exploitation is important for grain production
(Huang et al. 2008). Reclamation of wetlands has caused multiple changes in land use patterns,
which has led to a decline of water levels, changes in wetland ecosystems, a poor soil quality, and
changes in soil microbial communities (Li et al. 2013, Zhang et al. 2013).

Arbuscular mycorrhizal fungi (AMF) represent an important microbial community in soil,
which can form a mycorrhizal network in symbiosis with plants, improving plant nutrition and
driving an environmental nutrient cycle. AMF communities play an important role for plant growth,
community competition and succession, the formation of local species diversity and stabilization of
an ecosystem (Jin et al. 2016). Cultivation of land affects the bacterial community in soil (Ping
et al. 2011) and fungi (Sato et al. 2005), but research of changes in AMF communities is sparse. In
particular, AMF communities in wetlands and their changes after land reclamation have not been
studied so far.
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This study reports changes in the community structure of soil AMF in the Sanjiang plain
wetland of China after wetland was reclaimed for forestry and rice production. The relationship
between soil AMF diversity and soil environmental factors was investigated, which provide a
scientific basis for assessing the changes of regional ecosystems and develop more sustainable
means of development, protection and utilization of wetland resources.

Materials and Methods

The study area is a part of the Honghe National Nature Reserve, located in the Sanjiang Plain
wetland area in Heilongjiang Province, China (47°42°38”-47°52°00”N, 133°34°38”-133°46°29”E).
The study was performed at the Inner Mongolia Wetland Ecological Field Experiment Station, Art
of the Natural and Ecological Research Institute of Heilongjiang Academy of Sciences. The study
area measures a total of 21, 836 hm” and at an altitude of 55 - 65 m, which with an average annual
temperature of 1.9°C (frost free period of about 125 days per year) and an average annual
precipitation of 550 - 600 mm. The vegetation of undisturbed wetland is mainly formed by
Deyeuxia angustifolia, drifting rafts of Carex pseudocuraica, and hairy Carex (Carex lasiocapa).

The soil of three land use types: Meadow wetland covered mostly by wetland Deyeuxia
angustifolia, coniferous production forest and an agricultural rice field was investigated in July
2016. For each type, a plot of 20 m x 20 m was defined which was sampled at 5 points (four at the
corners and one at the center). Soil samples were collected at a depth of 0 - 20 cm with a soil drill
(diameter 10 cm). The soil of these five samples was mixed to reduce the influence of local
heterogeneity and large plant rests, litter and small stones were removed. The soil was then grinded
and divided into 2 parts, stored in the laboratory at —20°C prior to analysis. One part was used for
characterization of AMF community structure and the other part to determine soil physicochemical
parameters.

The soil moisture content was determined by weight reduction after drying.The pH was
determined after addition of deionized water. The content of total nitrogen (TN), available nitrogen
(AN) and total organic carbon content (OC) was measured using a CN element analyzer. The
content of total phosphorus (TP) was determined by the colorimetric method based on molybdenum
antimony and available phosphorus (AP) was measured by the leaching rate as determined by the
NaHCOj; colorimetric method.

Total DNA of microorganisms in the soil was extracted by DNeasy Power Soil Kit
(QiagenMOBIO 12888) starting with 0.5 gram soil. The total DNA was dissolved in 100 pl
deionized water. The DNA integrity and relative concentration was visually checked by 1.0%
agarose gel electrophoresis of S5ul DNA.

PCR amplification was carried out with a two-step PCR in 50 pl that contained 10 ng DNA
template, 5 ul 10 x PCR buffer, 0.5 ul ANTP (10 mmol/l each), 0.5 ul Taqg DNA polymerase (5 U/pl),
0.5 pl of each primer (10 pumol/l). The primers AMV4.5NF and AMDGR are specific for arbuscular
mycorrhizal fungi and have been described previously by Schloss et al. (2011). Amplifcation was
performed by initial denaturation at 95°C for 5 min, and 25 cycles of 95°C for 15 s, 55°C for 30 s
and 72°C for 30 s with a final extension at 72°C for10 min. The PCR product was separated on an
1.5 % agarose gel, excised and recovered with SanPrep column DNA Gel Recovery Kit (Berruti
et al. 2017). The recovered product was quantified by Qubit 2.0 DNA Detection Kit (Life
Technologies, USA), and adjusted to a standard relative concentration before sequencing (Mago¢
and Salzberg 2011).

[llumina MiSeq sequencing was performed by an external commercial sequencing company.
Pairwise reads were filtered by quality control and valid sequences were obtained by the barcode
and primer sequences at both ends of the sequence. Quality control (using Flash (v1.2.3)
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(Schmieder and Edwards 2011)) included removal of short fragments (< 250 bp), sequences with
incorrect barcode or primers and sequence with read quality control scores < 20 after assembly.
Prinseq (v0.20.4) was used for sequence alignment (Hao et al. 2011).

Sequences classified according to dissimilarities and Operation Taxonomic Units (OTUs) were
classified at a 97% similarity cut off using CROP method (Opik et al. 2010). Blast N was used to
compare sequences to the GenBank database to exclude OTUs of the non-balloon bacteria and to
sequences present in the Maarj AM database (Yang et al. 2017).

By using mothur software the sequences were used to determine the coverage index, and
community diversity and richness was assessed by Ace, Chaol, Shannon and Simpson indices as
described by Wang et al. (2013). Cluster analysis was performed with Mega and heatmaps were
produced by R software.

A beta diversity distance matrix was constructed and an unweighted group average was
calculated using Qiime software (Zhang et al. 2015).

Redundancy analysis (RDA) was performed based on a Principle Component Analysis as
described before by Hao et al. (2011).

Results and Discussion

The pH of the rice field, wetland, and pine forest soil was acidic (Table 1). The organic carbon
(OC) content was highest in forestland, lower in wetland and least in agricultural land, presenting a
two-fold difference between agricultural and forestland soil. The total nitrogen content also differed
highly, with much higher levels (2.7 times) in wetland than agricultural soil or forestland. This
difference was also observed for alkaline nitrogen which was a factor of 3 higher in wetland than in
agricultural land or forestland. The total phosphorus levels were also higher in wetland than in
agricultural land or forestland.

Table 1. Physico-chemical characteristics of soil.

Soil type pH ocC N AN (mg/kg) and TP AP (mg/kg) and
(g’kg)  (mg/kg) AN/TN (%) (mg/kg) AP/TP (%)
Wetland 5.65 46.57 8160 613.6 (7.5) 1230 41.2 (3.3)
Forest land 558 5609 3000 2145 (7.2) 520 26.5 (5.1)
Agriculture land  5.77 27.05 3010 197.6 (6.6) 380 20.7 (5.3)

A factor of 2 compared to forestland and of 3 compared to agricultural land I of which 3~5%
was present in available form (AP). In wetland the relative levels of AP were lowest (3.3% of TP)
but the absolute content was still higher than in forest or agricultural land.

The total DNA isolated from the three soil types was amplified to assess the presence of AMF.
To assess the coverage of the sequences, rarefaction curves were produced which revealed that the
curves were flattening out but not saturated (Fig. 1A). This showed that the coverage was
reasonable though it may not be fully inclusive of the actual AMF community. To assess the
coverage of the data further, a Coverage index was calculated, which expresses the probability of
all sequence that were present and were actually detected in the dataset. With a coverage index of
0.9987, the obtained dataset for soil from forest was relatively complete, and so was that of soil
from agricultural land (0.9984), while soil from the wetland plot resulted in a slightly lower index
0f 0.9928. In combination, these results indicate that the sequencing data can accurately reflect the
real situation of the tested soil samples.
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The obtained sequences were grouped into 18,490 OTUs, with 13,518 detected in wetland soil,
6436 in agricultural land and 5075 in forest soil. Thus, the vast majority of different OTUs (73%)
were detected in wetland soil. A Venn diagram (Fig.1B) was created to show differences and
overlaps between the three soil types. A total of 1633 AMF OTUs were detected in 3 plots. The
overlap between wetland and agricultural land (2989) and between agricultural land and forestland
(3099) was of the same order, and larger than the overlap between wetland and forestland (2084).
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Fig. 1. Rarefation curves (A) and Venn diagram (B) of OTUs at a cutoff level
of 3% in the three soil types.

The ACE index and Chaol index were used to estimate the total number of different species
and the richness, respectively. The ACE index of wetland soil was much higher than of the other
two land use types, while forestland resulted in lower values than agricultural land (Table 2). This
indicated that the total number of different AMF species and their abundance was highest in soil
from the wetland plot. In contrast, the Chaol index of agricultural land was higher than the other
two land use types, implying that more diverse species were typically present here.
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The Shannon and Simpson indices estimated the alpha diversity and evenness of microbial
communities, respectively. The Simpson index, as a measure of evenness of the data, did not vary
much between the three soil types (Table 2) but the Shannon index was higher for wetland than for
agricultural land and lowest for forestland soil. This suggested that the amount of information from
the wetland soil AMF was the maximum with a highest level of community complexity. There are
many reasons for this, including variation in plant host species and diversity (Huang et al. 2018),
differences in available oxygen (Huang et al. 2018) and water (Duan and Guo 2004), soil pH (Liu
et al. 2012) and nutrient content (Jin et al. 2016), which can all affect the alpha diversity and
evenness of the soil microbial communities (Shi et al. 2017).

Table 2. Diversity indices of OTUs from each soil type at cutoff level of 3%.

Soil type Ace index Chaol index Shannon index  Simpson index
Wetland 34,071 39,170 9.9844 0.9977
Forest land 6423 6619 8.4912 0.9935
Agriculture land 8172 80,431 9.1793 0.9963

According to relative abundance of AMF types in the different soil samples, the 30 most
abundant OTUs were compared by cluster analysis and a heatmap was plotted to reflect the
differences in community structure of the different soil types on the level of OTU. From Fig. 2, it
can be seen that the 30 relative abundant AMF OTUs fall into two major clusters and one outlier.
Cluster 1 was mainly distributed in forest land plots, with 18 members. The relative abundance of
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Fig. 2. Heatmap and cluster tree based on the AMF OTU sequences.
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these members in forest land soil was rather even, varying between 2.18% (OTU_369) and 6.69%
(OTU _53) of the data. Only three members of Cluster 1 were present at relatively high levels in
agricultural land (OTU_1048, OTU 53 and OTU_8004) but members of Cluster 1 were nearly
absent from wetland soil. The soil was extremely high in content of OTU 449, which made up
41.98% of the data, and forms an outlier in the cluster analysis. The OUT was absent from the other
two soil types. The other abundant OTUs detected in wetland soil were members of Cluster 2, in an
uneven distribution. Agricultural land contained members of both the clusters at variable
abundance.

A number of the obtained sequences could be assigned to fungal genera. In total, 2 orders,
7 families and 14 genera of AMF were recognized. The 7 dominant genera in the three soil types
and their relative abundance (expressed as the fraction of total recognized genera in that soil type)
are presented in Table 3. Less abundant genera included Rhizophagus, Scutellospora and Glomus,
while the genera Pacispora, Entrophospora, Racocetra, Cetraspora and Redeckera were detected
in very low numbers (the latter was absent from wetland soil).

Table 3. Relative abundance of genera recognized in each soil type.

Genus Wetland Forest land  Agriculture land
Acaulospora 5.19% 5.82%
Claroideoglomus 12.88% 15.16% 10.62%
Dentiscutata 6.4% 7.32%

Diversispora 11.41% 7.30% 11.94%
Funneliformis 9.01% 12.26% 11.66%
Gigaspora 10.85% 11.46% 5.86%
Scutellospora 5.88%

Based on the hierarchical clustering analysis of a beta diversity distance matrix, an unweighted
group averaging algorithm was used to construct a tree to compare the similarities and differences
of soil AMF genera in the three soil types (Fig. 3). Based on these data there was a similarity
between the AMF community structure of AMF and agricultural land, and the difference between
them and forest land was great.

A correlation between the physico-chemical properties of the three soil samples and their AMF
communities was assessed by RDA (Fig. 4). The abundance of Acaulospora, Scutellospora and
Funneliformis was positively correlated with soil organic carbon content and negatively correlated
with soil pH. The contents of soil nutrients (both total and available N and P) were all grouped
together in the third quadrant, and this correlated positively with the abundance of
Claroideoglomus, Gigaspora, and Glomus but negatively with presence of Diversispora. The
results of RDA showed that the structural characteristic of AMF community was distributed over
three quadrants, which was related to differences in physical and chemical properties of the soil
types. The contents of N and P, both total and available contents, decreased from wetland to forest
to agricultural land soil. This corresponded to the obtained Ace, Chaol, and Shannon indices of the
detected AMF OTUs. By RDA analysis it was also shown that the response of AMF communities
varies, with noticeable differences between Diversispora sp. on the one hand, and other
Glomeromycetes members on the other hand. Similar findings were reported by Bonfim et al.
(2016) and Liu et al. (2012) from an Atlantic coast forest reported that soil organic matter, nitrogen
and phosphorus fertilizers can significantly affect the AMF diversity results. However, those
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findings are not consistent with the report by Liang (Liang et al. 2015) who found AFM content is
negatively correlated with soil nutrient content. In addition, soil pH was also an important factor
affecting the composition of soil AMF community (Jiang et al. 2014, Liang et al. 2015). In the
present study, this is particularly observed for Acaulospora, Scutellospora and Funneliformissp.
which were negatively correlated with soil pH values.
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Fig. 3. Histogram based on AMF genera that could be identified from the sequences.
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AMF communities are important members of soil microbial flora and can collectively
comprise the largest microbial biomass in soil (Jiang et al. 2013). The changes in land use and other
human activities affect the physical and chemical properties of the soil (Jin et al. 2016, Liu et al.
2016), the activity of soil microbes and their enzymes (Huo et al. 2013), and the composition of the
microbial community (Zhang et al. 2006). The results of RDA showed that the structural
characteristic of AMF community was distributed over three quadrants, which was related to
differences in physical and chemical properties of the soil types. By RDA analysis it was also
shown that the response of AMF communities varies, with noticeable differences between
Diversispora sp. on the one hand, and other Glomeromycetes members on the other hand. Similar
findings were reported by Bonfim et al. (2016) and Liu et al. (2012) who from an Atlantic coast
forest reported that soil organic matter, nitrogen and phosphorus fertilizers can significantly affect
the AMF diversity results. However, those findings are not consistent with Liang (Liang et al. 2015)
who found AFM content is negatively correlated with soil nutrient content. In addition, soil pH was
also an important factor affecting the composition of soil AMF community (Jiang et al. 2014, Liang
et al. 2015). In the present study, this is particularly observed for Acaulospora, Scutellospora and
Funneliformis sp, which were negatively correlated with soil pH values.

At present, there are still many limitations in the research of AMF, with imperfect research
methods, lack of database, and knowledge gaps in the clarification of the community maintenance
mechanism. Only through continuous research and data collection such as presented here, this
situation can be improved. In that respect the present results with assist to provide a theoretical and
technical basis for further research on AMF communities.
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