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Abstract: Unexpected vegetation shift is a serious problem caused by climate change, resulting in
considerable damage to local communities. It is necessary to be continuously monitored, and the soil
microbial community is expected to reflect the pressure on forest ecosystems due to climate change.
We investigated soil bacterial and fungal communities in Odaesan at a four-year interval through
eDNA meta-barcoding and analyzed the compositional and functional differences between forest types
(Mongolian oak (Quercus mongolica) forest with and without Manchurian firs (Abies holophylla)) and
sampling years. As a result, denitrifiers predominated in the presence of Manchurian firs, but there
was no difference in the influence of climate change by forest type. Although tree vegetation remained
stable, the microbial communities significantly changed over four years. This result demonstrates that
climate change significantly shifts the microbial communities, even if not enough to trigger a vegetation
shift, thus a microbial indicator can be developed to assess the press disturbance accumulated on
the forest ecosystem. Through this study, we identified the influence of Manchurian firs and that of
climate change on soil microbial communities in temperate forests and demonstrated the potential of
the microbial community as a proactive indicator of vegetation shift due to climate change.

Keywords: ecological function; forest ecosystem; rhizosphere; soil microbiome

1. Introduction

Currently, climate change is one of the greatest concerns for humanity. It is causing a variety of
problems, one of which is forest vegetation shift. The vegetation shift due to climate change causes
direct or indirect economic damage to local communities, such as the loss of indigenous bioresources
and cultural tourism resources, which can be fatal depending on the country or region. It can also
increase the probability, intensity and extension of ecological perturbations, and even affect local
climate. Therefore, it is necessary to continuously monitor, manage and respond vegetation shifts
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appropriately. Recently, the mortality rate of conifers in the subalpine zone in Odaesan National Park,
such as Korean fir (Abies koreana), Khingan fir (Abies nephrolepis), and Yezo spruce (Picea jezoensis),
has increased rapidly due to climate change [1]. The colonies of Manchurian fir (Abies holophylla),
the main subalpine conifer of Odaesan, are still stable, but many experts warn that they are under
threat as climate change continues [1]. Monitoring vegetation itself is effective in detecting vegetation
shifts and responding to subsequent changes but not for predicting and assessing them in advance.
Vegetation shift occurs when the selection pressure exerted on forest ecosystems exceeds the limit of
adaptation of existing vegetation. We expected that the soil microbial community could reflect the
pressure on forest ecosystems due to climate change because they are more sensitive to environmental
disturbances than plants [2].

Understanding the structure and characteristics of soil microbial communities in forests and their
responses to climate change is important for sustainable forest management. Soil microorganisms are
essential components involved in a variety of important processes in forest ecosystems [3]. They have
various relationships with plants, such as litter decomposition and nitrogen fixation, which makes
nitrogen available to plants, and until now it has been assumed that their composition varies depending
on the vegetation [2]. In this context, soil microbial communities are considered to reflect the state of the
forest ecosystem, and the influence of climate change on soil microbial communities has been studied
in various ways. However, since most of the studies have analyzed microbial communities using
techniques with low taxonomic specificity, such as phospholipid fatty acid analysis and denaturing
gradient gel electrophoresis analysis, it was not possible to accurately identify microorganisms
affected by climate change [4,5]. This might be due to the short read length and high cost of the
meta-sequencing techniques in the past, but continuous technological progress has greatly enhanced
the read length and cost of high-throughput sequencing (HTS) [4]. Since the maximum read length
of the current HTS technology is long enough to read most of the barcode sequences, environmental
microorganisms can be identified to a low taxonomic level through eDNA meta-barcoding using
HTS. This technological advance enabled more accurate and detailed analysis of the forest soil
microbial community. Furthermore, the improved taxonomic specificity of meta-barcoding has enabled
genome-based prediction of the functional abundance of microbial communities.

To study the influence of long-term factors such as climate change in natural environments other
than laboratory facilities, unpredictable variables should be excluded as much as possible. In this
respect, stable forests are advantageous in controlling the variables. Odaesan has well-preserved forests
with more advanced ecological succession than that in other forest areas in central South Korea [6].
The broad-leaved trees and conifers in the forests of Odaesan mostly consist of Mongolian oaks
(Quercus mongolica) and Manchurian firs, respectively, which are shade-tolerant trees [7,8]. Since the
shade-tolerant trees are relatively free from canopy competition due to their low need for light, the two
species coexist in many areas of Odaesan, and the mixed forest is the main type of forest distributed in
Odaesan along with the Mongolian oak forest. These shade-tolerant forests are regarded as the last
stage of forest succession, formally called climax, where vegetation reaches equilibrium and remains
stable [9]. Besides, the annual climate data in Odaesan region showed that annual precipitation has
been steadily decreasing and that the sunshine duration has been increasing over the past 15 years,
resulting in a continuous decrease in relative humidity and an increase in temperature (Figure 1).
Therefore, the forests of Odaesan are highly suitable for studying the influence of climate change on
soil microbial communities.
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Figure 1. Annual climate data for the Odaesan region (Daegwallyeong, 832 m a.s.l.) during 2003-2017.
The dotted lines show the linear trend of each variable.

Here, we investigated the soil bacterial and fungal communities in 15 areas of Odaesan at a four-year
interval through amplicon-based MiSeq sequencing of the 165 V3-V4 region and internal transcribed
spacer 2 (ITS2) region, respectively. Then, we analyzed the compositional and functional differences in the
soil microbial communities between the forest types and the sampling years using various biostatistical
techniques. The goals of this study were to investigate the differences in the structure and functions of
soil microbial communities between the two main types of forest in Odaesan and to reveal the impact of
climate change on them and evaluate the microbial community as a proactive indicator of vegetation shift.

2. Materials and Methods

2.1. Study Areas and Soil Sampling

Odaesan is a 1563 m a.sl. high mountain at the border of Gangneung-si, Pyeongchang-gun,
and Hongcheon-gun in Gangwon-do, South Korea (37°42’-52" N 128°28'—46’ E) (Figure 2). It is located in
the center of Baekdu-Daegan (1400 km in length), the largest mountain range, which crosses the Korean
Peninsula from Baekdusan (2744 m a.s.l.) in North Korea to Jirisan (1563 m a.s.l.) in South Korea [2].
Fifteen sampling points were selected to capture differences in forest and topographical characteristics.
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Figure 2. Map showing the sampling locations, altitudes, and forest types.
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Decadal data are suitable for understanding trends in long-term factors, and three to five years is
an appropriate sampling interval when targeting natural ecosystems, where controlling the variables
is difficult [10]. Thus, we studied forest soil microbial communities at a four-year interval, which was
sufficient to identify the factors that contribute to long-term changes. Sampling was conducted in
September 2013 and 2017 to analyze the effect of long-term changes in the stable temperate forest.
To exclude the temporary effects of rainfall, ssmpling was performed at least five days after rainfall
events of over one millimeter. The climate data were obtained from the National Climate Data Center
of the Korea Meteorological Administration. The mean annual temperatures in 2013 and 2017 were 7.5
and 7.3 °C, respectively. Fifty grams of topsoil (0-10 cm) samples were collected using a sterile 50 mL
conical tube. The collected soil samples were filtered using a 2 mm sieve and stored at —80 °C until use.

2.2. Soil Properties Analysis

Environmental parameters in the forest soil samples were measured at the National Instrumentation
Center for Environmental Management (NICEM, Seoul, Korea). The samples were air-dried and
filtered through a 150 pm sieve and then used for analysis. The pH was measured in a 1:5 dilution of
soil and distilled water using an HM-30R pH meter (DKK-TOA, Tokyo, Japan). The total organic carbon
(TOC) contents were measured according to the Walkley—Black method [11]. The total nitrogen (TN)
content was determined by the Kjeldahl method using a Kjeltec auto 2400/8400 system (Tecator AB,
Hoganas, Sweden).

2.3. DNA Library Preparation and Amplicon Sequencing

Environmental DNA was extracted from 0.5 g of soil using a Power Soil DNA Isolation
Kit (MoBio, Carlsbad, CA, USA) following the manufacturer’s instructions. Using the
Illumina MiSeq platform, a DNA library was constructed by analyzing bacterial and fungal
communities with 16S rRNA and ITS gene amplicons, respectively. The extracted DNA
was amplified with primers specific to the V3-V4 region of the 165 rRNA gene (forward
primer 5-CCTACGGGNGGCWGCAG-3’; reverse primer 5-GACTACHVGGGTATCTAATCC-3)
and to the ITS2 region (between 5.8S and 28S) of the fungal rRNA gene (forward primer
5’-GCATCGATGAAGAACGCAGC-3'; reverse primer 5 -TCCTCCGCTTATTGATATGC-3’) including
the Illumina overhang adaptor (forward, 5'-TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG-3/;
reverse, 5'-GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG-3’). The PCR thermal cycling
program consisted of 25 (bacterial amplification) and 8 cycles (fungal amplification) of denaturation
at 95 °C for 30 sec, primer annealing at 55 °C for 30 sec, and extension at 72 °C for 30
sec, followed by 72 °C for five minutes. Paired-end read sequences were generated by HTS
technology. The data underlying this article are available in the GenBank BioProject Database
at https://www.ncbi.nlm.nih.gov/bioproject/679161, and can be accessed with PRINA679161.

2.4. Sequence Processing and OTU Clustering

The sequences obtained from MiSeq were processed using QIIME 2 2019.10 [12]. Raw sequence
data produced by the Illumina platform were demultiplexed and quality filtered using the q2-demux
plugin followed by denoising with DADAZ2 [13] (via q2-dada2). All amplicon sequence variants
(ASVs) were aligned with mafft [14] (via q2-alignment) and used to construct a phylogeny with
fasttree2 [15] (via q2-phylogeny). Taxonomy was assigned to ASVs using the q2-feature-classifier [16]
classify-sklearn naive Bayes taxonomy classifier against the SILVA 132 and UNITE version 18.11.2018
99% OTU reference sequences [17,18]. Operational taxonomic units (OTUs) were clustered using
VSEARCH [19] (via q2-vsearch). Functional abundances were predicted from the amplicon sequences
using PICRUSt2 v2.3.0 [20].
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2.5. Bioinformatics and Statistical Analysis

Bioinformatics and statistical analysis were performed with R version 3.5.3 [21]. Alpha diversity
analysis, nonmetric multidimensional scaling (NMDS), and permutational multivariate analysis of
variance (adonis2) were performed using the package “vegan” [22]. Indicator species analysis (ISA) and
randomForest analysis were performed using the packages “labdsv” and “caret”, respectively [23,24].
The PICRUSt2 results were analyzed using STAMP v2.1.3 [25].

3. Results

3.1. Environmental Properties

The environmental properties of the soil samples collected from Odaesan are shown in Figure 3.
There were significant differences in the soil properties by forest type. The soil pH was significantly
higher and slightly acidic (range 4.6—6.5) in the mixed forests than in the broad-leave forests (range
4.0-5.1). TOC and TN were significantly lower in the mixed forest soils (4.8% and 0.37%, respectively)
than in the broad-leaved forest soil (10.0% and 0.78%, respectively). On the other hand, there were no
significant differences in any soil properties between the soil samples collected in 2013 and 2017.

Mixed forest l 4.7 e I .
Broad-leaved forest + ' -

4 5 6 5 10 15 0.25 0.50 0.75 1.00 125

2013 | — — EE—

4 5 6 5 10 15 0.25 0.50 0.75 1.00 1.25
pH TOC (%) TN (%)

Figure 3. Environmental properties of forest soils in Odaesan by sampling year and tree vegetation
type. Asterisks indicate significant differences at t-test (*** = p < 0.001). Green and gray color represent
forest types and sampling years, respectively.

3.2. llumina Sequencing Results and Diversity Indices

The HTS of the bacterial and fungal DNA generated 2,698,341 and 3,930,234 reads and then
were assembled into 892,389 and 3,066,202 OTUs, respectively (Table S1). The GC percentages in the
sequence reads of the 165 rRNA V3-V4 region and the ITS2 region ranged from 45.6%—48.7% and
54.9%-57.2%, respectively. All downstream analyses were performed using these data.

The Shannon-Weiner and Gini-Simpson indices were estimated using the integrated microbial
community data, including both bacterial and fungal OTUs of the forest soils, and were summarized
in Table 1. Shannon-Weiner index values in the forest soils ranged from 4.20-5.32 (mean 4.72, n = 30),
and Gini-Simpson index values ranged from 0.93-0.98 (mean 0.97, n = 30). The variation in the
Shannon-Weiner index was only significant between the forest types, which was significantly higher
(p = 0.05) in the mixed forests than in the broad-leaved forests. On the other hand, the variation in the
Gini-Simpson index of the forest soils was not significant (p > 0.05). The maximum alpha diversity
was observed in the soil sample P15 collected in 2017 and minimum in P9 in 2013 and P14 in 2017.
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Table 1. Alpha diversity comparison for the soil microbial community in Odaesan.

Y Study Area Alpha Diversity Index
e Forest Vegetation Type Location Shannon ! Simpson 2

2013 Mixed forest P01 4.787 0.980

(Mongolian oak & Manchurian fir) P06 4.965 0.977

P07 5.044 0.982

P13 4.821 0.973

P14 5.046 0.980

P15 5.119 0.976

mean 4.964 0.978

Broad-leaved forest P02 4.832 0.976

(Mongolian oak) P03 4.403 0.966

P04 4.429 0.959

P05 4912 0.982

P08 4.988 0.983

P09 4.195 0.943

P10 4.963 0.983

P11 4.564 0.961

P12 4.405 0.935

mean 4.632 0.966

2017 Mixed forest P01 5.140 0.980

P06 4.862 0.977

P07 4.452 0.946

P13 4.288 0.942

P14 4.326 0.926

P15 5.323 0.983

mean 4.732 0.959

Broad-leaved forest P02 4.755 0.969

P03 4.440 0.964

P04 4.669 0.970

P05 4.408 0.956

P08 4.824 0.974

P09 4.834 0.972

P10 4.795 0.979

P11 4.665 0.973

P12 4.296 0.950

mean 4.632 0.967

I Shannon-Weiner diversity index (>0, higher, more diverse). 2 Gini-Simpson diversity index (0-1, 0 = most simple).

The NMDS plots were constructed based on the composition of the OTUs by calculating the
Bray—Curtis dissimilarity index (Figure 4). The microbial communities were clustered by forest vegetation
type and sampling year and showed more similarity in taxonomic composition. Similar results were
obtained when only bacteria or fungi were analyzed separately, but the ordination of the bacterial
communities (stress = 0.109) was more reliable than that of fungal communities (stress = 0.235).
Permutational multivariate analysis of variance showed that the dissimilarity between the microbial
communities by sampling vegetation (p = 0.001) or year (p = 0.001) was significant, and there was no
significant interaction (p = 0.243) between the two variables. In addition, the influence of environmental
factors, soil pH, TOC, TN, and altitude, on the composition of the microbial communities was elucidated
by plotting the fitted data on the NMDS plot. As a result, soil pH, TOC and altitude appeared to be
strong predictors of mixed forest and broad-leaved forest cluster directions, respectively. The mixed
forests were found to be distributed at lower altitudes (approximately 900 m a.s.l.) than the broad-leaved
forests, which is consistent with a report that Manchurian firs are rarely found above 1000 m in Korea,
and the optimal potential habitat elevation was 903.2 m (Figures 2 and 4) [26].
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Figure 4. Non-metric multidimensional scaling plot based on Bray—Curtis distances generated for
(a) integrated microbial communities and (b) bacterial (left) and fungal (right) communities in the
forest soils in Odaesan. Fitted environmental variables are scaled by Pearson correlation coefficient.

3.3. Microbial Community Compositions

The taxonomic distribution and relative abundance of the major genera are summarized in
Figure 5, and the detailed composition of the soil samples is presented in Figure S1 and S2. In the
case of bacteria, over half (53.2%) of the 165 rRNA sequences were related to Proteobacteria (29.0%)
and Acidobacteria (24.2%), and they dominated all soil samples. In addition to these two phyla,
Actinobacteria (11.1%), Verrucomicrobia (9.6%), and Bacteroidetes (7.6%) occupied a major portion of the
mixed forest soils, while the broad-leaved soils were dominated by Chloroflexi (9.4%), Verrucomicrobia
(9.1%), and Actinobacteria (7.7%). Actinobacteria (11.4%), Chloroflexi (9.9%), and Verrucomicrobia
(9.5%) occupied a major portion of the 2013 samples, while the 2017 samples were dominated by
Verrucomicrobia (9.2%), Bacteroidetes (8.7%), and Planctomycetes (8.1%), in addition to Proteobacteria
and Acidobacteria. In the case of fungi, most (86.5%) of the ITS region sequences were related to
Basidiomycota (42.4%), Ascomycota (32.5%), and Mortierellomycota (11.5%), and they dominated all
soil samples. The relative abundance of Basidiomycota was higher in the broad-leaved forest soils
(45.8%) than in the mixed forest soils (37.3%) and higher in the 2017 samples (45.3%) than in the 2013
samples (39.5%).



Sustainability 2020, 12, 10591 8of 16

n N/

Relative abundacne (%)

Mixed Forest Broad-leaved Mixed Forest Broad-leaved Mixed Forest Broad-leaved Mixed Forest Broad-leaved

orest orest orest orest
2013 2017 2013 2017
Bacteria Fungi
Planctomycetes | M Gemmataceae genus Herpotrichiellaceae genus
Actinobacteria 1 m Aci Archaeorhizomyces
Bacteroid Chi genus Pseudogymnoascus Ascomycota
Chloroflexi | B Chloroflexi genus Ascomycota genus B
W HSB OF53-F07 genus Helotiales genus W
Verrucomicrobia | W Candidatus Xiphinematobacter Mortierella ® | Mucoromycota
W Candidatus Udaeobacter Thelephoraceae genus
Acidibacter Inocybe
Bradyrhizobium Saitozyma
Pr b ia|m genus Hygrocybe
B Xanthobacteraceae genus 2 Cortinarius
B Xanthobacteraceae genus Agaricales genus Basidiomycota
Acidobacteria Subgroup 6 genus Clavulina ™
Acidobacteriia Subgroup 2 genus 2 Laccaria W
Acidobacteria Aci iales genus Solicoccozyma W
W Acidobacteriia Subgroup 2 genus Sebacina W
W Bryobacter Russula W
W Candidatus Solibacter

Figure 5. Community composition of the major genera that contributed more than 2% of the total
abundances. In each kingdom, the group with the highest total abundance of the major genera was
presented as maximum.

Furthermore, the sequences classified at the genus level varied among the sample groups, and
the major genera (relative abundance of above 2%) of both bacteria and fungi occupied a higher
proportion of the total abundance in the broad-leaved forest soils (85.6% and 96.9%) compared with
the mixed forest soils (60.8% and 71.8%). Bacterial genera such as Candidatus Udaeobacter (10.4%),
a Xanthobacteraceae genus (8.1%), Candidatus Solibacter (6.7%), Bryobacter (5.7%), an Acidobacteriia
Subgroup 2 genus (5.4%), and an HSB OF53-F07 genus dominated the forest soil samples. In the
case of the fungal genera, Mortierella (22.3%), Russula (10.8%), Sebacina (10.0%), and Solicoccozyma
(6.9%) dominated.

3.4. Biomarkers and Their Correlations with Environmental Factors

The microbial communities were analyzed by forest type and sampling year using ISA and
randomForest. To avoid statistical errors as much as possible, the microbial taxa of interest were selected
considering the results of both analyses (Table S2 and Figure S3). In both analyses, most indicator genera
represented mixed forest by forest type and 2017 by sampling year. As a result, Terrimonas, Helicodendron,
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Mesorhizobium, a Chloroflexi KD4-96 genus, Hyphomonadaceae SWB02, Pyrinomonadaceae RB41, and a
genus of Pirellulaceae Pir4 lineage were identified as biomarkers for the mixed forest soils, and Fluviicola,
Arcticibacter, a Parachlamydiaceae genus, Arachidicoccus, Asticcacaulis, a Sphingobacteriales env.OPS 17
genus, Mucilaginibacter, Massilia, and a Planctomycetes vadinHA49 genus for the soils in 2017.

To evaluate the correlation of the selected biomarkers and environmental factors, the Pearson
correlation test was used. As shown in Figure 6, there were no significant correlations between the
abundance of the biomarkers for soils in 2017 and any of the environmental variables. On the other
hand, all the environmental factors with the abundance of the biomarkers for the mixed forest soils
were significantly correlated. They were positively correlated with pH and negatively correlated with
TOC, TN, and altitude. However, it is difficult to claim that these microbial genera have a specific
causal relationship with the soil properties, since the soil properties were significantly different between
the two forest types.
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Figure 6. Correlation between the biomarkers contributing to the differences in the microbial
communities by (a) sampling year and (b) forest vegetation type. Statistical analysis of correlation was
performed by the Pearson test. The X symbol indicates that the correlation is not significant (p > 0.05).

3.5. Genome-Based Prediction of Functional Abundance

Functional abundances in the microbial communities were predicted using PICRUSt2, and the
biological pathways that differed significantly by forest type or sampling year are summarized in
Figure 7. Seven pathways showed significant differences by forest type. The 4-Coumarate degradation
(anaerobic) and coenzyme B biosynthesis were more abundant in the broad-leaved forest soils, and the
other five pathways were more abundant in the mixed forest soils. Another seven pathways showed



Sustainability 2020, 12, 10591 10 of 16

significant differences by sampling year. Sitosterol degradation to androstenedione was more abundant
in the 2013 samples, and the other six pathways were more abundant in the 2017 samples.
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Figure 7. Extended error bar plots for the pathways that passed Welch'’s t-test (Bonferroni correction
and Benjamini-Hochberg FDR correction applied, respectively) performed on the PICRUSt2 analysis
by (a) forest vegetation type and (b) sampling year. Pathways with effect size (ratio of proportions) of
less than 1.5 and 3, respectively, and with mean abundance of less than 1000 were excluded.

We further investigated the microbial genera that contributed the most to the differences in the
predicted abundance of the pathways representing ecological functions, such as nitrate reduction I
(denitrification), formaldehyde assimilation II (RuMP cycle) and formaldehyde oxidation I (dissimilatory
RuMP cycle). In the case of nitrate reduction I, the top five contributors to the higher abundance of the
pathway accounted for the majority (70.0%) of the total contribution. The highest contribution was from
Flavobacterium (20.86%), followed by Pedomicrobium (15.93%), a Gemmatimonadaceae genus (15.20%),
Terrimonas (8.45%), and Nitrospira (7.54%). Since both the RuMP cycle and dissimilatory RuMP cycle are
directly related to the utilization of formaldehyde, most contributors to the increase in these pathways
appeared to be redundant. In both pathways, the top five contributors accounted for approximately
half (47.3% and 51.5%, respectively) of the total contribution. The highest contributions were from
Candidatus Udaeobacter (10.1% and 15.5%, respectively), Mucilaginibacter (14.4% and 10.2%, respectively),
an Acidobacteriales genus (9.1% and 12.5%, respectively), a Chitinophagaceae genus (7.6% and 6.6%,
respectively), and Bryobacter (6.1% and 6.6%, respectively).

4. Discussion

Studies on microbial communities in forest soils have shown their importance in forest ecosystems
and how they respond to various patterns of environmental change [27]. However, few studies have been
conducted in natural environments, perhaps due to the difficulty in controlling variables, and fewer have
analyzed their response to climate change below the genus level. For example, Deltedesco et al. studied
the indirect effects of climate change through a manipulation experiment, and Barnard et al. revealed
the influence of different precipitation patterns through a simulation over four months [28,29]. In fact,
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common traits at a high taxonomic level, such as phylum, class, and order, are too broad to interpret their
ecological meaning [30]. Therefore, this study provides a comprehensive assessment of forest soil microbial
communities and the influence of climate change on them through HTS analysis at the genus level where
ecologically significant physiological characteristics begin to be grouped and distinguished.

First, we investigated the overall composition of microbial communities in the forest soils and
compared the structural and functional differences between the two types of forests in Odaesan. As a result,
microorganisms that are closely related to plants were dominant in the forest soils. The Xanthobacteraceae
genus, the second most abundant bacterial genus, is most likely to be a nitrogen-fixing bacterium,
since this family belongs to Rhizobiales that fixes nitrogen and lives symbiotically with plant roots [31].
The fungal genera Russula and Sebacina, the second and third most dominant genera in the forest soils,
are ectomycorrhizal fungi that have a symbiotic relationship with plant roots, allowing plants to survive in
environments with limited water and nutrients [32]. The overall composition of microbial communities
varied significantly depending on the forest type, and the Shannon-Weiner index of the soil microbial
community was significantly higher in the mixed forests, where Manchurian firs and Mongolian oaks
coexist, than in the Mongolian oak forests (Table 1). The Shannon-Weiner index is strongly affected by
species richness and rare species, whereas the Gini-Simpson index gives more weight to species evenness
and common species [33]. The results suggest that the mixed forest soils had a number of microbial
species that were selectively present at low abundance, and the biomarkers for the mixed forest soils were
analyzed. Among the biomarkers, the microorganisms involved in the nitrogen cycle were more abundant
in mixed forests than in Mongolian oak forests; the genus Mesorhizobium and the family Pirellulaceae include
nitrogen-fixing bacteria and ammonia oxidizers, respectively [34,35]. There was a significant positive
correlation between the abundance of the biomarkers and soil pH. Interestingly, the soil pH was significantly
higher in the mixed forests (Figure 3). Pine needles have a pH of approximately 4, so conifers are generally
known to lower soil pH. However, the amount of calcium in the leaves was an important variable affecting
soil pH [36]. Trees with calcium-rich leaves absorb a large amount of calcium from the soil, increasing the
capacity of calcium circulation in the forest ecosystem. This prevents the leaching of calcium and retains
more calcium in the forest ecosystem, which is introduced by weathering or lateral flux of groundwater [37].
Calcium occupies spaces on the surface of soil particles that are otherwise occupied by acidic ions, so the
higher the calcium content is, the higher the soil pH becomes. The high pH in the soils of the mixed forests
in Odaesan can be explained by the fact that the conifers in the mixed forest are Manchurian firs, one of the
conifers with calcium-rich leaves. The difference in the microbial communities between the forest types is
most likely due to the relatively high pH (mean 5.32) of the mixed forest soils (Figures 3 and 6); nitrification
and denitrification generally increase as the pH approaches neutral, and the abundance of microorganisms
involved follows the same pattern [38]. Considering that the TN in the soil of the mixed forests was
significantly lower than that in the soil of the broad-leaved forests, the denitrification process, which causes
nitrogen loss in soils, was expected to prevail. As expected, the PICRUSt2 analysis showed that nitrate
reduction I (denitrification) was significantly more abundant in the mixed forest than in the broad-leaved
forest (Figure 7A). Nitrate reduction I is a part of the denitrification process that occurs in anoxic conditions,
which indicates that the presence of Manchurian fir influenced the development of anoxic conditions in the
topsoil. The most likely cause of this influence is leaf litter; the fallen conifer needles provide an anoxic
microsite in which denitrification occurs [39]. Furthermore, dissimilatory nitrate reduction to ammonium
(DNRA), a competitive process in nitrate reduction, is promoted under high-carbon conditions; the mixed
forests had significantly lower TOC, and in general, the soil around conifers contains less organic matter
because the decomposition rate of conifer needles is slower than that of broad leaves [40]. Therefore,
denitrification has a competitive advantage in the mixed forest soils [41]. Unlike DNRA, which reduces
nitrate or nitrite to ammonium, denitrification causes nitrogen loss in the soil by reducing nitrate or nitrite
to Ny or N> O, which contributes to the low TN content of mixed forest soils [42]. Among the biomarkers
for the mixed forest soils, Terrimonas (8.45%) contributed the most to the increase in the abundance of
nitrate reduction I, followed by Pyrinomonadaceae RB41 (1.24%) and Mesorhizobium (0.17%) (Table S3).
We suggest that Terrimonas does function as a denitrifying bacteria in the topsoil, given that most Terrimonas
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species have been isolated from plant rhizospheres [43]. If Manchurian firs disappear from Odaesan as
climate change continues, their relative abundance is expected to decrease significantly.

Although Odaesan is composed of stable forests in the late successional stage, the differences
between the 2013 and 2017 sample groups showed clear shifts in the microbial ecosystem over the
four years (Figure 4). The forests of Odaesan have been well preserved without being affected by
particular natural phenomena, disasters, or human interference. We have confirmed that there have
been no significant changes in environmental variables for four years, and there were no predictors in
the dimension 2 direction where the communities shift over time. (Figure 4). Moreover, there was
no significant interaction in dissimilarity between forest type and sampling year, which implied
that the four-year change had the same effect on the soil microbial community regardless of the
forest type. Microbial community shifts were only caused by environmental conditions that deviated
significantly from the usual, implying that the environmental conditions of the Odaesan region have
changed significantly over the years [27]. The equilibrium of the soil microbial community may fail
to recover after being broken due to press disturbances (long-term), and climate change is the only
press disturbance acting on the natural environment that is not directly affected by human activity.
Since there were no extreme pulse (short-term) disturbances around the sampling date in either
year, we concluded that climate change eventually led to the microbial community shifting to an
alternative equilibrium.

The pattern of climate change is different depending on the location and topography of the region.
According to the European State of the Climate (http://climate.copernicus.eu/ESOTC/2019), the climate
change pattern in Odaesan region is similar to that in Europe, where the sunshine duration and
temperature have increased steadily over the past 40 years, resulting in a decrease in soil moisture
(Figure 1). Likewise, this pattern of climate change accelerates the loss of moisture in the soil pores,
resulting in a prolonged aerobic state of the topsoil. The soil microbial communities in Odaesan have
changed significantly over four years as they adapt to climatic conditions that have changed. Among the
selected biomarkers for the soils in 2017, Arachidicoccus includes the plant-growth-promoting bacteria
A. rhizosphaerae, and Massilia and Mucilaginibacter are root-colonizing bacteria [44—46]. The increase
in the abundance of these plant symbiotic bacteria can be interpreted as having benefited from the
increased amount of photosynthetic product provided by plants due to the increased sunshine duration.
However, if photosynthesis had increased, the TOC in the soils would have increased, but it did not.
(Figure 3). It was presumed that the lack of water due to the decreased precipitation and increased
transpiration of plants suppressed photosynthesis. Rather, it is possible that microorganisms with
aerobic metabolic capabilities have benefited from these climatic trends. Therefore, the pathways of
which abundance increased significantly were investigated. The predicted pathway analysis showed
that the abundance of the RuMP cycle and the dissimilatory RuMP cycle were significantly higher in the
soils in 2017 (Figure 7B). These methanotrophic pathways belong to type I and type X methanotrophs,
the aerobic methanotrophs that use oxygen as an electron acceptor for CH, oxidation [47]. Thus,
the increase in the predicted abundance of these two pathways indicates that the aerobic methanotrophs
became more active and abundant as climate change strengthened the aerobic conditions in the forest
topsoil in Odaesan. They oxidize atmospheric CHy and CHy produced by methanogens to HCHO and
use it for assimilation or dissimilation [48]. They condense HCHO and RuMP to D-arabino-3-hexulose
6-phosphate and finally to pyruvate or dihyroxyacetone phosphate, the three-carbon intermediates
of central metabolism, and generate reducing power by forming NADH and NADPH using HCHO
through the D-ribulose 5-phosphate (RuMP) cycle and the dissimilatory RuMP cycle, respectively [49].
Among the biomarkers for the soils in 2017, Mucilaginibacter contributed the most to the increase in the
abundance of these pathways, followed by Sphingobacteriales env.OPS 17 genus, the Planctomycetes
vadinHA49 genus, and Massilia (Table S4). None of them is a member of Gammaproteobacteria to
which type I and type X methanotrophs are known to belong, but we suggest that Mucilaginibacter does
function as an aerobic methanotroph in the topsoil, given that its methylotrophic strains have been
reported [50]. We expect Mucilaginibacter to be used as an indicator of the level of press disturbance
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accumulated in the ecosystem due to a continuous decrease in precipitation and an increase in sunshine
duration in temperate forests.

5. Conclusions

In this study, we analyzed and compared the composition, diversity, and function of soil microbial
communities in northern temperate forests in Odaesan using various biostatistical techniques. The microbial
communities were significantly different by forest type and sampling year. First, the presence of Manchurian
firs had various effects on soil properties, consequently affecting the microbial communities and their
functions. The calcium-rich leaves of Manchurian firs raise soil pH, lower TOC due to their relatively slow
decomposition rate, and create anoxic microsites in the center. This results in increased denitrifying bacteria,
thereby lowering TN in the soil. The microbe that benefited most from the presence of Manchurian firs
was Terrimonas. Terrimonas was a biomarker whose abundance was significantly higher in the presence
of Manchurian fir and was also one of the bacteria that contributed most to the high abundance of
the denitrification pathway. We suggest that this rhizobacterium is the major denitrifying bacterium in
Manchurian fir forests. To date, the vegetation communities remain stable in this region, but regardless
of the forest type, the soil microbial communities were significantly shifted in the 2017 soils. This result
demonstrates that continuous climate change in a certain direction has a significant effect on the microbial
community, causing the shift of equilibrium, even though its intensity is weak to change vegetation.
The forest ecosystem in the Odaesan region has been affected by press disturbance due to climate change.
Over the past decades, the precipitation in the region has been decreasing, while the sunshine duration
has been increasing, which has consequently increased the persistence of aerobic conditions in the topsoil.
This phenomenon resulted in a significant increase in aerobic methanotrophs that belong to type I and
type X methanotrophs over 4 years. The microorganism that benefited the most from this climate change
was Mucilaginibacter, a biomarker in soil in 2017 that also contributed the most to the increase in both
the RuMP cycle and dissimilatory RuMP cycle. We suggest this bacterium as the aerobic methanotroph
that most reflects climate change in the region. Mucilaginibacter is expected to increase in abundance as
climate change continues and to be used as an indicator of the level of press disturbance accumulated
in the ecosystem due to this pattern of climate change in temperate forests. This study revealed the
influence of the presence of Manchurian firs on Mongolian oak forest soil microbial communities for a
better understanding of forest ecosystems and revealed the impact of climate change on soil microbial
communities in temperate forests. We demonstrated that microbial communities can be developed to
assess the press disturbance accumulated in forest ecosystems by climate change to proactively warn of
vegetation shifts in temperate forests.
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