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Both fungal and bacterial communities in soils play key roles in driving forest ecosystem
processes across multiple time scales, but how seasonal changes in environmental
factors shape these microbial communities is not well understood. Here, we aimed to
evaluate the importance of seasons, elevation, and soil depth in determining soil fungal
and bacterial communities, given the influence of climate conditions, soil properties
and plant traits. In this study, seasonal patterns of diversity and abundance did not
synchronize between fungi and bacteria, where soil fertility explained the diversity and
abundance of soil fungi but soil water content explained those of soil bacteria. Model-
based clustering showed that seasonal changes in both abundant and rare taxonomic
groups were different between soil fungi and bacteria. The cluster represented by
ectomycorrhizal genus Lactarius was a dominant group across soil fungal communities
and fluctuated seasonally. For soil bacteria, the clusters composed of dominant genera
were seasonally stable but varied greatly depending on elevation and soil depth.
Seasonally changing clusters of soil bacteria (e.g., Nitrospira and Pelosinus) were
not dominant groups and were related to plant phenology. These findings suggest
that the contribution of seasonal changes in climate conditions, sail fertility, and plant
phenology to microbial communities might be equal to or greater than the effects of
spatial heterogeneity of those factors. Our study identifies aboveground—belowground
components as key factors explaining how microbial communities change during a year
in forest soils at mid-to-high latitudes.

Keywords: forest ecosystems, model-based clustering, soil bacteria, soil fungi, temporal dynamics

INTRODUCTION

Learning about the temporal patterns and processes of microbial communities can help us
understand the drivers of community stability and ecosystem functioning (Shade et al., 2012).
Some studies have found that temporal dynamics can be identified in microbial communities
as well as other biological communities (Faust et al., 2015; Buscardo et al., 2018). Indeed, the
temporal dynamics of microbial communities has been observed across different time scales:
rapid responses associated with dissolved organic matter within minutes (Fenchel, 2002), seasonal
periodicity (Gilbert et al., 2012), and succession over several years or decades relating to growth
and development of host organisms (Koenig et al., 2011; Clemmensen et al., 2015). Among them,
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clarifying the seasonal dynamics of soil microbial communities is
of particular importance for improving ecosystem management
policy, as well as understanding microbial community assembly.
In mid-to-high latitude areas, seasonal climatic events drive
forest ecosystems through plant photosynthetic activities (e.g.,
nutrient uptake and litter production) and soil freeze-thaw cycles
(Groffman and Tiedje, 1989; Scott-Denton et al., 2003). The
carbon (C) cycle in mid-to-high latitude forests is also expected
to have more pronounced effects on global warming than in other
areas of the globe (Lal, 2005). Because soil microbial communities
play a major role in regulating climate feedbacks to the C
cycle (Bardgett et al., 2008), predicting the impacts of seasonal
changes in climate conditions on the diversity and composition
of soil microbes should be a high priority for management of
these forested areas (Allison and Treseder, 2008). Nevertheless,
how periodic seasonal changes in environmental factors shape
soil microbial communities remains poorly understood in forest
ecosystems at mid-to-high latitudes.

Soil microorganisms, especially fungi and bacteria, are the
main actors driving forest ecosystem functioning, given the
immense diversity and abundance of these taxonomic groups. In
comparison to soil fauna, fungal and bacterial communities show
high respiration rates (Setdld et al., 1988) and transcription of
carbohydrate-active enzymes (Zif¢akova et al., 2017). For fungi
and bacteria, the composition of both community members
can change dramatically with the seasons because taxonomic
groups of soil microbes differ in response to soil properties and
plant phenology (Schmidt et al., 2007). For example, although
the fungal genus Russula dominated during the plant growing
season, the fungal genus Mortierella dominated during autumn
and winter (Voriskova et al., 2014; Santalahti et al., 2016). In
temperate forest soils, the relative abundance of the bacterial
phylum Actinobacteria increases during winter, which can be
offset by a decrease in the abundance of Acidobacteria and
Proteobacteria (Kuffner et al, 2012). In comparison to soil
bacteria, soil fungi tend to utilize recalcitrant organic matter
in soils and plant litters, highlighting that seasons can also
influence the relative abundance of fungi and bacteria through
plant litter inputs and soil properties (Bardgett et al., 2005).
However, because most soil microbial studies on seasonal
dynamics have been conducted during distinct seasons (e.g.,
spring, summer, autumn, and winter; Voriskova et al., 2014;
Zifeakovéa et al, 2017), continuous seasonal patterns in soil
fungal and bacterial communities are not well understood. There
is a lack of knowledge about how soil microbial communities
continuously change and what the roles of environmental factors
are in shaping soil fungal and bacterial communities through all
seasons. Because fungi and bacteria have different physiological
traits and related functional roles in forest ecosystems (Baith
and Anderson, 2003; Schneider et al., 2012), these features might
create the differences in seasonal dynamics between soil fungi
and bacteria. However, continuous seasonal patterns have not
been explored simultaneously for both soil fungi and bacteria
in forest ecosystems. In forest soils, clarifying the differences
in seasonal dynamics of the diversity, taxonomic composition,
and abundance between fungi and bacteria are essential for
understanding microbial community assembly.

Not only seasons but also spatial variations can be important
factors determining microbial diversity and community
structures in forest soils (Ettema and Wardle, 2002). For
soil bacteria, Fierer and Jackson (2006) found that spatial
differences in community structures could be explained by soil
pH, shaping biogeographical patterns. In our previous study,
elevational diversity gradients of soil bacteria were controlled
by the indirect effects of climate conditions, via plant functional
diversity and soil properties (Shigyo et al., 2019). Even in the
study of elevational diversity gradients of fungal and bacterial
communities in forest soils, there was evidence that elevation
has differential effects on soil fungal and bacterial communities
(Peay et al., 2017). Besides, because of the uneven distribution of
microbially available nutrients and plant roots, the contributions
of soil depth can be higher than those of geographical differences
for soil microbial communities (Eilers et al., 2012). Recently,
Engelhardt et al. (2018) pointed out that drying-rewetting cycles
depending on soil depth influence the diversity and community
structures of soil fungi and bacteria. Clarifying whether a
particular taxonomic group of microbes depends on spatial or
temporal dynamics is not only essential for understanding the
ecology of focal taxa, but also for the processes of microbial
community assembly. Despite a growing number of studies
considering both space and time that are used to explain soil
microbial communities (Lazzaro et al., 2015; Siles et al., 2017),
there has been no study to examine the importance of seasonal
dynamics in comparison to elevation and soil depth.

Several abiotic and biotic conditions have direct contributions
to both temporal and spatial dynamics of soil microbial
communities in forests. First, climate conditions, particularly soil
temperature (ST) and soil water content (SWC), can be crucial
factors driving the seasonal dynamics of microbial communities
in forest soils because of the physiological responses of microbes
to climate conditions (Baldrian et al., 2013). For example, Allison
and Treseder (2008) conducted soil warming experiments in
boreal forests and found an increase in fungal diversity with
soil ammonium and nitrate availability in response to warming
and drying, where the relative abundance of thelephoroid fungi
decreased while those of Ascomycota and Zygomycota increased.
Second, the seasonal changes in soil microbial communities can
be dependent on changes in soil chemical properties. In forest
ecosystems at mid-to-high latitudes, for example, increasing the
supply of inorganic nitrogen (N) at snow melting season can
affect soil microbial communities (Schmidt et al., 2007). Finally,
plant phenology can influence the seasonal dynamics of soil
microbial communities because plants affect C and N availability
for soil microbes as a result of exudation of labile C through roots
and substrate input by litterfall (Bardgett et al., 2005). To identify
the processes structuring the seasonal dynamics of soil microbial
communities, it is necessary to consider the possible factors
including climate conditions, soil properties, and plant traits.

This study aimed to clarify the seasonal dynamics of soil fungal
and bacterial communities and their taxonomic differences in
cool-temperate montane forests. At four soil layers in three
elevation sites, soil samples were collected every month for a
year. Both fungal and bacterial communities were investigated
by high-throughput sequencing. In this study, we addressed the
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following three questions: (i) How do the soil fungal and bacterial
communities change with seasons? (ii) How significant are these
changes relative to those of elevation and soil depth? (iii) How
are seasonal dynamics in soil fungal and bacterial communities
affected by climate conditions, soil fertility, and plant phenology?

MATERIALS AND METHODS
Study Site

The study was conducted at three elevations in cool-temperate
and sub-alpine forests in the University of Tokyo Chichibu
Forest (35°56’ N, 138°52’ E) in central Japan. The study area
was composed of a mosaic of old-growth and secondary forest
stands with a minimum age of about 50 years. The understory
was sparsely covered by the dwarf bamboos Sasa borealis and
S. hayatae in this area. In 2011, three survey plots (30 m x 30 m),
hereafter referred to as high, middle and low elevation plots,
were established at 1831.8, 1334.2, and 880.4 m above sea level
(a.s.L.), respectively (Supplementary Table S1). Each of the three
survey plots was divided into nine 10 m x 10 m grids, and
the central grid was chosen for sampling and environmental
measurements. Although the high elevation site was located in
sub-alpine forests dominated by Tsuga diversifolia, the middle
and low elevation sites were located in cool-temperate forests
dominated by Carpinus tschonoskii (Supplementary Table S1).
Because the species composition of trees in the study area is
similar to that in nearby areas (Franklin et al., 1979; Shigyo
etal., 2017; Umeki et al., 2018), these sites represent typical forest
types widely distributed in this part of cool-temperate and sub-
alpine forests. The mean annual temperature and precipitation
for 15 years from 1996 to 2010 at Tochimoto (740 m a.s.l.),
the nearest meteorological station, were 11.0°C and 1514.2 mm,
respectively. Mean annual temperature decreases with increasing
elevation at this site, while mean annual precipitation does not
vary consistently with elevation across the study area.

Field Sampling and Environmental
Measurements

Soil Sampling and Soil Properties Measurements

At the beginning of every month from July 2016 to June 2017,
three soil cores were collected with a root auger (DIK-102A-
Al, Daiki Rika Kogyo, Saitama, Japan) from the central grids
in three survey plots and split into four soil depths (0-5, 5-
10, 10-20, and 20-30 cm). For soil and microbial analyses,
soil samples of three cores at the same depth were well mixed
and pooled for each month. A total of 144 soil samples
(3 plots x 12 months x 4 depths) were collected. To investigate
soil properties, pH, C:N ratio, anions, and cations were measured
for these samples. Soil pH was measured using a glass electrode
(Eutech pH700, Eutech Instruments Pty Ltd., Singapore) in a
1:2.5 soil-to-water extract. The concentrations of total C and N
were measured using a CN analyzer (Sumigraph NC-22, Sumika
Chemical Analysis Service Ltd., Tokyo, Japan) and then the
C:N ratio of each sample was calculated for statistical analyses.
The concentrations of water-soluble anions, chloride (CI7),
nitrite (NO, ™), nitrate (NO3 ™), phosphate (PO437) and sulfate

(SO427), and cations, sodium (Nat), ammonium (NH4),
potassium (K*), calcium (Ca?*) and magnesium (Mg?™), were
measured using ion chromatography (IC 761 Compact, Metrohm
AG, Herisau, Switzerland). Water-soluble anions and cations of
each soil sample were extracted by sonication of 3 g of soil
with 30 ml of deionized water for 20 min and then filtered
using a 0.2 wm membrane filter (GL Chromatodisc 25A, GL
Science, Tokyo, Japan). Anions and cations were measured using
Metrosep A Supp 5 and C 4 columns (Metrohm AG). For
microbial analyses, soil samples were stored at —80°C until
DNA was extracted.

Climate Conditions

For each survey plot, ST (°C) at 10-cm depth was measured at 90-
min intervals from July 2016 to June 2017, using a button-type
temperature sensor (Thermochron G-type, KN Laboratories,
Osaka, Japan). The mean value of ST measured during the 10 days
before each soil sampling time was used as a representative value
for each month. SWC (%) was measured gravimetrically for each
soil sample by drying the soil at 80°C for 72 h.

Plant Sampling, Measurements and Canopy
Conditions

At the same time as the soil sampling was conducted, leaves
and shoots of under-canopy were collected from three trees
in the same grids. Leaves and current-year shoots of each
sample were freeze-dried for 24 h and then powdered by a
bead beater-type homogenizer. Leaf C concentration (%), leaf
N concentration (%), shoot C concentration (%) and shoot
N concentration (%) were analyzed using the CN analyzer
(Sumigraph NC-22) and then the C:N ratio of each sample was
calculated for statistical analyses. For investigating the seasonal
change of canopy conditions in each survey plot, hemispherical
photographs were taken with a fisheye camera (Coolpix 950,
Nikon; Fisheye Converter FC-E8, Nikon Corp., Tokyo, Japan) at
the height of 1.3 m above the ground in the central grids. Canopy
openness was calculated from photographs using SOLARCALC
7.0 (Mailly et al., 2013).

Microbial Community Analyses

DNA Extraction, PCR Amplification, and Sequencing
Extraction of DNA from fresh soil samples (0.5 g) was
performed using the NucleoSpin Soil DNA kit (Macherey-
Nagel GmbH & Co., KG) with recommended amounts of
the buffer SL2 and enhancer SX. The DNA yields were
measured with Qubit dsDNA BR assay (Thermo Fisher Scientific,
Waltham, MA, United States). Soil fungal communities were
characterized by amplifying fragments of the internal transcribed
spacer 2 (ITS2) region using the forward primer gITS7 (5'-
GTGARTCATCGARTCTTTG-3’; Ihrmark et al., 2012) and the
reverse primer 1TS4ngs (5'-TTCCTSCGCTTATTGATATGC-3';
Tedersoo et al, 2014) on a thermal cycler (GeneAtlas G,
ASTEC, Fukuoka, Japan). Soil bacterial communities were also
characterized by amplifying fragments of the V4 hypervariable
region of the 16S ribosomal RNA (rRNA) gene using the
forward primer 515F (5-GTGCCAGCMGCCGCGGTAA-3';
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Caporaso et al, 2012) and the reverse primer 806R (5'-
GGACTACHVGGGTWTCTAAT-3'; Caporaso et al.,, 2012) on
the thermal cycler.

For both primer sets, a two-step tailed PCR method was
employed for high-throughput sequencing. The first PCR
reactions were carried out in 25 pl reaction mixtures containing
5 ng of soil DNA, 0.25 uM each forward and reverse primers,
12.5 pl of 2 x Gflex PCR Buffer, and 0.5 pl of Tks Gflex
DNA polymerase (Takara Bio Inc., Shiga, Japan). For fungal
communities, the protocol for the first PCR was 94°C for 2 min,
followed by 35 cycles of 10 s at 98°C, 15 s at 56°C, and 30 s at
68°C, with a final extension at 68°C for 7 min. The first PCR
protocol for bacterial 16S rRNA was 94°C for 2 min, followed
by 35 cycles of 10 s at 98°C, 15 s at 50°C, and 30 s at 68°C,
with a final extension at 68°C for 5 min. AMPure XP beads
(Beckman Coulter, Brea, CA, United States) were used to purify
the ITS2 and 16S rRNA amplicons and remove free primers
and primer dimers. The first PCR products were quantified by
Qubit dsDNA HS assay (Thermo Fisher Scientific, Waltham,
MA, United States). The second PCR was carried out in 25 pl
reaction mixtures including 10 ng of the template DNA amplified
in the first PCR, 0.25 wM each forward and reverse primers for
the second PCR, 2.5 pl of 2 x PCR Buffer for KOD -Multi &
Epi-, and 0.5 pl of KOD -Multi and Epi- (Toyobo Co., Ltd.,
Osaka, Japan). In the second PCR, PCR amplification added
multiplexing index sequences to the overhang adapters using a
multiplex primer pair combination for each sample. The thermal
cycling conditions were 94°C for 2 min, ten cycles of 98°C for
10s, 60°C for 15s, 68°C for 30 s, and final extension 68°C for
5 min. The second PCR products were cleaned using AMPure
XP beads and quantified by Qubit dsDNA HS assay. Finally,
all samples were pooled together in equimolar concentrations.
Sequencing for fungal and bacterial communities was performed
on a MiSeq platform (Illumina, San Diego, CA, United States)
using 2 x 300 bp and 2 x 250 bp paired-end reads, respectively
(FASMAC Co., Ltd., Kanagawa, Japan).

Bioinformatic Analyses

For ITS2 amplicons, the sequencing data were processed using
the PIPITS 1.5.0 pipeline (Gweon et al, 2015). Briefly, the
forward and reverse paired-end sequences were merged using
VSEARCH (Rognes et al., 2016), and then quality-filtering was
undertaken with the FASTX-Toolkit (Gordon and Hannon,
2010). The fungal ITS2 region was extracted with ITSx software
(Bengtsson-Palme et al., 2013). The 97% similarity level was
finally established for the operational taxonomic units (OTUs)
using VSEARCH. Taxonomic assignments were conducted using
the RDP classifier algorithm (Wang et al., 2007) against the
UNITE fungal ITS database (Abarenkov et al., 2010). For 16S
rRNA amplicons, the sequencing data were processed using
QIIME v. 1.9.1 pipeline (Caporaso et al., 2010). The paired-
end sequences were merged, and then quality filtered using
PANDAseq (Masella et al., 2012). A closed reference-based OTU
picking approach was used to cluster reads into OTUs at 97%
sequence similarity using the UCLUST algorithm (Edgar, 2010).
Taxonomy was assigned using the RDP classifier algorithm
against the Greengenes v13_8 database (DeSantis et al., 2006).

For statistical analyses of fungal and bacterial communities,
sequences of each sample were rarefied to 21,307 and 19,998
sequences, respectively, based on the sample with the lowest
sequencing depth.

Quantitative PCR Analyses

The abundance of soil fungi and bacteria was assessed
by quantitative polymerase chain reaction (qPCR), using
fungal ITS region primers ITS1 (5-TCCGTAGGTGAACCTGC
GG-3'; Gardes and Bruns, 1993) and 5.8s (5'-CGCTGCGTTCTT
CATCG-3'; Vilgalys and Hester, 1990) and bacterial 16S
rRNA encoding gene primers Eub338 (5'-ACTCCTACGGG
AGGCAGCAG-3'; Lane, 1991) and Eub518 (5'-ATTACCGCG
GCTGCTGG-3'; Muyzer etal., 1993), respectively. The qPCR was
performed on 96 well plates using the QuantStudio 3 real-time
PCR system (Applied Biosystems, Carlsbad, CA, United States).
The quantification of the 16S rRNA gene for bacteria and the
ITS gene for fungi to estimate the total microbial abundance was
performed using 1 pl of template DNA, 10 1l KOD SYBR qPCR
Mix, 0.2 wM each forward and reverse primers, 0.4 |11 50 x ROX
Reference Dye, and water to adjust to a final volume of 20 pl
(Toyobo). The qPCR conditions were initial denaturing at 98 for
2 min, followed by 40 cycles for 10 s at 98°C, 53°C for 10 s,
68°C for 30 s, and a final step for the melting curve. Plasmid
standards for quantification of fungal ITS and bacterial 16S rRNA
gene copy numbers were selected from the clone library. Plasmids
standards for fungal ITS and bacterial 16S rRNA were prepared
by cloning amplified genomic DNA of Serpula himantioides and
Pseudomonas aeruginosa, respectively. Fungal ITS and bacterial
16S rRNA gene copy numbers were generated using regression
equations relating copy numbers to the cycle threshold (Ci)
values. All of the qPCR reactions were run in triplicate with the
DNA extracted from each sample.

Statistical Analyses

Statistical analyses were conducted for both fungal and bacterial
communities. All statistical analyses were performed using
the R environment for statistical computing version 3.4.2 (R
Development Core Team, 2017). Multiple linear regression
analyses were performed to determine how the diversity and
abundance of soil microbes varied seasonally and spatially. In
these analyses, the response variables were the number of genera
and gene copies of soil fungi and bacteria, and the explanatory
variables were seasons, elevation, and soil depth. The variables
on seasons were represented as cos(2m d/365) and sin(27w d/365),
Sc and Ss, respectively, where d is the number of days counted
from first soil sampling date (i.e., July 3, 2016). The coeflicients of
Sc and Ss can take positive or negative values depending on how
the number of genera and gene copies responds to the season.
In multiple linear regression analyses including both of these
two variables, all days can be placed as a peak (Supplementary
Figure S1). The elevation variable (Ele) was calculated from
airborne LiDAR point cloud data (Shigyo et al, 2017). The
soil depth variable (Dep) was treated as a numerical one; 0-
5cm = 2.5 cm, 5-10 cm = 7.5 c¢m, 10-20 cm = 15 cm, and
20-30 cm = 25 cm. All explanatory variables were standardized
to mean zero and unit variance. Then, a likelihood ratio test was
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applied to evaluate the relative importance of seasons (Sc and
Ss), elevation, and soil depth by comparing the model with null
models without these variables. The fit of the regressions was
assessed using R? and the variance explained by each explanatory
variable (AR?).

Finite mixtures of negative binomial regression models
with an algorithm for model-based clustering were used to
identify clusters in fungal and bacterial communities at the
genus level and to assess the relative importance of seasons
(Sc and Ss), Ele, and Dep for each cluster. This approach
uses the expectation-maximization (EM) algorithm to obtain
the maximum likelihood parameter estimates (Leisch, 2004),
allowing the simultaneous grouping and quantification of the
responses of multiple microbial genera to seasonal changes. The
EM algorithm has two steps, finding the expected value of the
likelihood function (E-step) and maximization of the likelihood
function (M-step). Although this approach has not often been
used in microbial community ecology, it is known to be effective
in analyzing the niche partitioning of multiple species along
environmental gradients (Dunstan et al., 2011; Ouédraogo et al,,
2013). In the current study, finite mixtures with two to 20
clusters were fitted for fungi and bacteria. For each number of
clusters, the EM algorithm was repeated five times with random
initialization. The Bayesian information criterion (BIC) was used
to determine the optimal number of clusters. To assess model
fit and predictive accuracy, the percentage of explained deviance
(D) was computed for each model: D = 100 x (null deviance
— residual deviance)/null deviance (Guisan and Zimmermann,
2000). The explained deviance by each explanatory variable
(AD) was also calculated. These models were calculated using
the flexmix (Leisch, 2004) and countreg (Kleiber and Zeileis,
2016) packages running on R. Furthermore, to find an indicator
genus for each cluster, we conducted the compositional indicator
genus analyses using the labdsv package (Roberts, 2010). Here,
an indicator value for each genus was calculated by using the
mean similarity among all samples in a cluster. The P-value of
an indicator value was calculated by comparing that value to the
distribution of mean similarities for a randomly generated set
with the same size.

Generalized linear models (GLM) were used to identify
environmental variables, including climate conditions (ST and
SWC), soil chemical properties (pH, soil C, soil N, soil C:N
ratio, ClI7, NO,~, NO3~, PO4*~, $O4*7, Nat, NH,*, K*,
Ca’*, and Mg?"), and plant traits (canopy openness, leaf C,
leaf N, leaf C:N ratio, shoot C, shoot N, and shoot C:N ratio),
correlated with the number of genera and gene copies, and
genus level sequence counts of each cluster. In the models,
principal component analysis (PCA) was applied to reduce
the number of explanatory variables for soil properties and
plant traits. The first principal component (PC) axes were
selected for soil properties, explaining 27.0% of the total variance
(Supplementary Table S2). The first PC (Soil PC1) negatively
correlated with soil pH and NO,~, SO4%~, and Ca?* and
positively correlated with C, N, C:N ratio, NO3 ™, PO43~,NH, T,
and K*. Here, Soil PC1 is interpreted as an organic material
driven fertility gradient. For plant traits, the first PC axis (Plant
PC1) was positively correlated with canopy openness and shoot

N and negatively correlated with leaf C, leaf N, leaf C:N ratio,
shoot C and shoot C:N ratio. Plant PC1 explained 64.3% of
the variance in plant traits (Supplementary Table S3). For
examining the potential influence of multicollinearity, variance
inflation factors (VIF) were calculated for each explanatory
variable in the models, but all VIF values were <10, implying
that there was no variable highly correlated with any other
variables. GLMs were fitted with the Gaussian distribution for
the number of genera and gene copies, and the negative binomial
distribution for sequence counts of each cluster. Finally, for
each model, the stepwise model selection was performed based
on the Akaike information criterion (AIC), using backward
selection to identify the minimum adequate model. For all
GLMs, D and AD were calculated to assess model fit and
predictive accuracy.

Additionally, multiple linear regression analyses were
performed to determine how the environmental variables varied
seasonally and spatially. In these analyses, the response variables
were ST, SWC, Soil PC1, and Plant PC1, and the explanatory
variables were seasons (Sc and Ss), Ele, and Dep.

RESULTS

In this study, the amplicon sequencing of soil fungal ITS2
sequences resulted in the identification of a total of 5312
OTUs with 523 genera of fungi. Soil fungal communities
were dominated by Basidiomycota, followed by Ascomycota
and Mortierellomycota. The most abundant fungal genera
were Lactarius (Basidiomycota), Russula (Basidiomycota), and
an unidentified genus of the order Helotiales (Ascomycota).
For the amplicon sequencing of soil bacterial 16S rRNA
sequences, we detected a total of 8074 OTUs with 797 genera
of bacteria. Bacterial communities in soils were dominated by
Proteobacteria, followed by Acidobacteria and Actinobacteria.
The most abundant bacterial genera were an unidentified
genus of the order Ellin6513 (Acidobacteria), an unidentified
genus of the family Rhodospirillaceae (Proteobacteria) and
Hyphomicrobiaceae (Proteobacteria).

Multiple regression analyses showed a significant relationship
between the number of fungal genera and seasons, where the
peak of the number of fungal genera was observed in April, and
the minimum occurred in October (Figure 1A and Table 1).
Although the number of fungal genera was negatively associated
with soil depth, the relative importance of seasons was higher
than that of soil depth (Table 1). The number of copies of the
fungal ITS gene showed a positive association with elevation and
a negative association with soil depth and Ss, where elevation
had stronger correlations than soil depth and seasons (Table 1).
For soil bacteria, the number of genera showed significant
associations with elevation and soil depth, where the relative
importance of elevation was the highest (Figure 1B and Table 1).
The number of copies of the 16S rRNA gene had significant
associations with soil depth and seasons, where the variable with
the highest relative importance was soil depth (Figure 1B and
Table 1). The peak of the number of bacterial 16S rRNA gene
copies was apparent in April, and the minimum was observed
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FIGURE 1 | Seasonal dynamics of the number of genera and gene copies of soil fungi (A) and bacteria (B). The time series starts on July 3, 2016. The importance of
seasons (cosine and sine function with 1-year periodicity; Sc and Ss), elevation, and soil depth are denoted (e.g., Elevation > Depth shows that elevation has higher
relative importance than soil depth). Solid lines represent fitted equations from multiple regression analyses based on Sc and Ss. ***P < 0.001 and *P < 0.05.

TABLE 1 | Results

of multiple linear regression analyses.

Sc Ss Ele Dep R?
Coefficient P-value AR? Coefficient P-value AR2 Coefficient P-value AR2 Coefficient P-value AR?

(A) Fungi

Number of genera —0.24 0.87 0 —6.61 <0.001 0.13 —0.88 0.54 0 -3.12 0.08 0.03 0.16
Number of gene copies —1.11E 4+ 07 0.19 0.01 —1.67E+ 07 0.05 0.02 2.01E + 07 0.02 0.08 -8.62E + 07 < 0.001 0.11 0.18
(B) Bacteria

Number of genera —5.46 0.07 0.01 -0.36 0.91 0 —-32.61 < 0.001 042 -13.23 <0.001 0.07 0.50
Number of gene copies —2.49E + 07 0.94 0 —8.77E + 08 0.01 0.04 —6.28E + 08 0.07 0.02 -142E+09 <0.001 0.10 0.16

Seasons (cosine and sine functions with 1-year periodicity; Sc and Ss), elevation (Ele), and soil depth (Dep) to explain the number of genera and gene copies of soil fungi
(A) and bacteria (B). Significant slope values (P < 0.05) are highlighted in bold.
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in October (Figure 1B and Table 1). In these analyses, except 4, 5, and 9, and bacterial clusters 3, 4, and 9 were rare while
for the number of bacterial genera, showed relatively low R*>  fungal clusters 6 and 8, and bacterial clusters 2 and 5 were
(Table 1). However, the AR? of the Ss explaining the number of  consistently dominant.
The generalized linear models showed the relationships
of bacterial genera (Table 1). between environmental variables and the number of genera and

Finite mixtures of negative binomial regression models gene copies, and sequence counts for fungal and bacterial clusters
showed that the fungal and bacterial sequence count data were (Table 4). The number of fungal and bacterial genera showed a
best classified into 10 clusters (Figure 2 and Table 2). For positive association with Soil PC1 and Plant PC1. The number
fungi, sequence counts in clusters 2, 4, 5, 6, 8, 9, and 10 were of bacterial genera was negatively related to SWC. For both
significantly associated with seasons. The importance of seasons  fungi and bacteria, the number of gene copies had negative
was higher than elevation and soil depth in clusters 4, 6, and relationships with ST and SWC and was positively associated
9 (Figure 2A and Table 2). However, fungal clusters 1, 3, and  with Soil PC1. In addition, the number of fungal ITS gene copies
7 were not significantly explained by seasons, elevation, or soil ~was negatively correlated with Plant PC1 (Table 4). SWC was
depth (Figure 2A and Table 2). The explained deviance was less  the most important factor for explaining the number of bacterial
than five percent, except for fungal clusters 2, 4, 9, and 10. The genera and gene copies. However, for soil fungi, the relative
genus level sequence counts of soil bacteria in clusters 1, 3, 4, importance of Soil PC1 was higher than that of ST, SWC, and
6, 7, and 9 were significantly related to seasons (Figure 2B and Plant PCI. In terms of the most significant variable for each
Table 2). For all bacterial clusters, the relative importance of cluster, ST was positively associated with sequence counts in
seasons was lower than elevation or soil depth (Figure 2B and  fungal clusters 1 and 3. SWC was positively associated with
Table 2). The explained deviance for bacterial clusters 2, 4, 5, sequence counts in fungal cluster 7 and bacterial clusters 3 and
and 8 was less than five percent. Furthermore, soil microbial 8 although it had a negative relationship with bacterial sequence
taxa were defined by compositional indicator genus analyses for  counts in cluster 5. For fungal cluster 10 and bacterial cluster 2,
each cluster (Table 3). The indicator genera are taxa that best sequence counts were positively related to Soil PC1. Soil PC1 was
represent the response to the seasonal dynamics of each cluster.  also negatively associated with fungal sequence counts in cluster
For both fungal and bacterial communities, the genus level rank 5. For fungi and bacteria, several clusters had strong relationships
abundance distribution was left-skewed with a few dominant with Plant PC1, where fungal cluster 9 and bacterial cluster 10
genera and many rare genera (Figure 3). Notably, fungal clusters  had negative associations but fungal clusters 2 and 8, and bacterial

fungal genera was higher than that of Ss explaining the number
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TABLE 2 | Results of finite mixtures of negative binomial regression models.

Sc Ss Ele Dep D
Coefficient P-value AD Coefficient P-value AD  Coefficient P-value AD Coefficient P-value AD

(A) Fungi

Cluster 1 0.06 0.19 0.06 0.05 0.30 0.04 —0.05 0.35 0.04 -0.07 0.12 0.09 0.22
Cluster 2 -0.12 0.16 0.20 0.34 < 0.001 1.99 —-2.98 < 0.001 56.55 0.08 0.36 0.06 58.81
Cluster 3 0.03 0.33 0.05 0.07 0.07 0.14 —0.06 0.06 0.14 0.01 0.72 0.01 0.33
Cluster 4 —0.01 0.90 0.55 0.81 < 0.001 4.50 -0.29 < 0.01 0.87 0.15 0.13 0.20 6.12
Cluster 5 -0.18 0.01 0.28 0.21 < 0.01 0.61 —0.02 0.76 0.00 0.31 < 0.001 1.13 2.03
Cluster 6 0.04 0.12 0.45 —0.05 0.06 0.56 0.03 0.22 0.23 —0.01 0.61 0.04 1.29
Cluster 7 0.03 0.68 0.01 0.11 0.09 0.12 0.07 0.43 0.02 -0.10 0.13 0.10 0.24
Cluster 8 0.03 0.29 0.03 -0.07 0.01 0.35 -0.13 < 0.001 117 0.03 0.22 0.08 1.63
Cluster 9 -0.07 0.45 0.09 0.59 < 0.001 4.04 0.31 < 0.001 1.16 0.05 0.57 0.01 5.31
Cluster 10 -0.25 0.02 2.02 0.34 < 0.01 0.58 1.44 < 0.001 12.98 -0.20 0.05 0.40 15.98
(B) Bacteria

Cluster 1 -0.17 0.05 0.20 0.13 0.10 0.00 0.19 0.05 0.00 1.18 < 0.001 16.76  16.96
Cluster 2 —0.02 0.21 0.04 —0.00 0.87 0.00 0.08 < 0.001 0.70 -0.10 < 0.001 0.77 1.562
Cluster 3 -0.16 < 0.01 0.13 0.06 0.24 0.40 -0.15 0.03 0.05 117 < 0.001 16.95 17.54
Cluster 4 -0.13 0.01 0.07 0.15 < 0.01 0.32 —0.56 < 0.001 4.47 0.09 0.07 0.12 4.99
Cluster 5 0.02 0.47 0.03 0.00 0.96 0.00 0.04 0.04 0.19 —0.03 0.22 0.07 0.29
Cluster 6 0.03 0.08 0.01 0.04 0.03 0.06 —0.50 < 0.001 9.92 0.10 < 0.001 0.563 10.52
Cluster 7 -0.05 0.04 0.00 0.08 < 0.001 0.02 —0.96 < 0.001 21.12 -0.05 0.02 0.08 21.22
Cluster 8 —0.05 0.02 0.12 —0.01 0.70 0.01 0.24 < 0.001 1.56 -0.07 < 0.001 0.14 1.83
Cluster 9 —0.08 < 0.001 0.03 0.02 0.31 0.01 -1.34 < 0.001 27.87 -0.25 < 0.001 1.10  29.01
Cluster 10 —0.03 0.22 0.24 -0.02 0.40 0.09 0.58 < 0.001 13.76 —0.08 < 0.001 0.28 14.36

Seasons (cosine and sine functions with 1-year periodicity; Sc and Ss), elevation (Ele), and soil depth (Dep) to identify clusters in fungal (A) and bacterial (B) sequence
counts. Significant slope values (P < 0.05) are highlighted in bold. D represents the percentage of explained deviance, and AD shows the explained deviance by each

explanatory variable.

clusters 4, 6, 7, and 9 had positive relationships. No relationship
with environmental variables was detected for sequence counts in
fungal cluster 6 (Table 4). In these models, the explained deviance
for fungal clusters 1 and 3 to 9, and bacterial clusters 2, 4, 5 and 8
was less than five percent.

Also, for multiple regression analyses, ST had a positive
relationship with Sc and Ss, but was negatively associated
with Ele (Supplementary Table S4). SWC was negatively
related to Sc and Dep although it had a positive association
with Ele (Supplementary Table S4). Soil PC1 was negatively
correlated with Ss and Dep, but positively correlated with Ele
(Supplementary Table S4). Plant PC1 was negatively associated
with Sc, Ss, and Ele (Supplementary Table S4).

DISCUSSION

The seasonal dynamics of the observed diversity and abundance
of soil fungi and bacteria showed various patterns. In this study,
the patterns of diversity and abundance did not synchronize
between fungi and bacteria. The observed fungal diversity showed
seasonally larger fluctuation than bacterial diversity, as the
coeflicient of determination of the seasonal variable (i.e., Ss)
for fungal diversity was more significant than that for the
bacterial diversity. These findings suggest that the seasonal
dynamics of fungal and bacterial communities are caused by

different processes in forest soils, which is consistent with
previous studies showing the relationships between seasonal
changes in environmental factors and community structures
of belowground microbes (Berg et al., 1998). For example,
Buckeridge et al. (2013) found that soil fungal biomass was at least
double that of bacteria during winter seasons at high latitudes,
implying that fungi and bacteria might have different roles in
biogeochemical cycles. One possible reason that soil fungi and
bacteria have different seasonal diversity patterns is that soil fungi
exhibit a narrower range of physiologies than do bacteria. Indeed,
soil fungi are all heterotrophs, whereas soil bacteria can be
photoautotrophs, heterotrophs or chemoautotrophs (Waid, 1999;
Llado et al., 2017). However, the results of the present study show
that the abundance of soil fungi is stable across seasons although
the diversity of soil fungi was characterized best by seasons rather
than by elevation and soil depth. The mycelial network, which
is highly conservative in terms of nutrient use (Boddy, 1999),
might contribute to maintaining the abundance of soil fungi
across seasons. Our results suggest that these differences between
fungi and bacteria in response to seasons could be determined by
environmental factors such as climate conditions, soil properties,
and plant traits.

Climate conditions, soil properties, and plant traits, reflecting
temporal variations, can have direct effects on soil microbial
communities (Bardgett et al., 2005; Baldrian et al., 2013; Buscardo
et al., 2018). The observed patterns show that the diversity and
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TABLE 3 | List of the most reliable indicator taxa for fungal (A) and bacterial (B) clusters.

Clusters Phylum Class Order Family Genus Indicator value P-value
(A) Fungi

Cluster1 Basidiomycota Unidentified Unidentified Unidentified Unidentified 0.39 0.01
Cluster2 Ascomycota Pezizomycotina GS35 Unidentified Unidentified 0.40 0.01
Cluster3 Basidiomycota Tremellomycetes Cystofilobasidiales Cystofilobasidiaceae Mrakia 0.51 0.01
Cluster4 Ascomycota Sordariomycetes Hypocreales Ophiocordycipitaceae Haptocillium 0.78 0.02
Clusterb Ascomycota Sordariomycetes Xylariales Apiosporaceae Arthrinium 0.21 0.01
Cluster6 Basidiomycota Agaricomycetes Russulales Russulaceae Lactarius 0.74 0.01
Cluster7 Basidiomycota Agaricomycetes Agaricales Mycenaceae Xeromphalina 0.25 0.01
Cluster8 Basidiomycota Microbotryomycetes Sporidiobolales Sporidiobolales Rhodotorula 0.64 0.01
Cluster9 Ascomycota Dothideomycetes Pleosporales Leptosphaeriaceae Leptosphaeria 0.24 0.01
Cluster10 Basidiomycota Agaricomycetes Agaricales Strophariaceae Naucoria 0.20 0.01
(B) Bacteria

Cluster1 WS3 PRR-12 Sediment-1 Unidentified Unidentified 0.34 0.01
Cluster2 AD3 JG37-AG-4 Unidentified Unidentified Unidentified 0.65 0.01
Cluster3 Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium 0.26 0.01
Cluster4 Firmicutes Clostridia Clostridiales Veillonellaceae Pelosinus 0.50 0.01
Clusterb Proteobacteria Deltaproteobacteria Syntrophobacterales Syntrophobacteraceae Unidentified 0.75 0.01
Cluster6 Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira 0.56 0.01
Cluster7 Chloroflexi Ktedonobacteria JG30-KF-AS9 Unidentified Unidentified 0.50 0.01
Cluster8 Proteobacteria Alphaproteobacteria Rhodospirillales Acetobacteraceae Acidocella 0.41 0.01
Cluster9 Proteobacteria Deltaproteobacteria Myxococcales om27 Unidentified 0.46 0.01
Cluster10 Chloroflexi TK17 Unidentified Unidentified Unidentified 0.48 0.01

For each cluster, indicator values for each genus were calculated by using the mean similarity among all samples in a cluster. The P-value of an indicator value was
calculated by comparing that value to the distribution of mean similarities for a randomly generated set with the same size.

abundance of soil fungi are associated with soil fertility and
that soil bacterial diversity and abundance are closely related
to soil water contents. The results imply that the contribution
of these factors to soil fungi and bacteria can result in distinct
seasonal patterns. Indeed, Berg et al. (1998) investigated seasonal
belowground fungal and bacterial biomass and found that
water content and temperature were critical factors. Besides
climate conditions, soil organic matter and pH clearly explained
seasonal dynamics of soil microbial communities, as shown
in previous studies (Siles et al., 2017; Buscardo et al., 2018).
For example, in their study on the seasonal dynamics of soil
microbial communities along elevational gradients in mixed
deciduous and coniferous forests, Siles et al. (2017) found that
soil fungal communities were related to the seasonal dynamics
of the chemical composition of soil organic matter. Because the
soil variable, reflecting K+ and PO4>~, explained the observed
patterns of fungal and bacterial communities (Table 4 and
Supplementary Table S2), the current study also indicated that
both the spatial and seasonal dynamics of water-soluble ions
can shape soil microbial communities. For microorganisms, K*
is necessary as a regulator of both cytoplasmic pH and cell
turgor (Booth, 1985) and PO4*~ is involved in the control
of energy metabolism and cell structures (Bergkemper et al,
2016). Overall, our results highlight differing drivers for seasonal
dynamics of fungal and bacterial communities in cool-temperate
forest soils. The observed bacterial diversity and abundance
were largely explained by elevation and soil depth rather than
seasons, implying that spatial differences rather than seasonal

dynamics are more important in determining soil bacterial
community structures.

Elevation is a crucial factor in regulating soil microbial
communities (Peay et al., 2017; Shigyo et al., 2019). Although
soil fungal communities showed large seasonal dynamics in this
study, elevation was also important in determining soil microbial
communities. Specifically, the observed diversity of soil bacteria
decreased while fungal abundance increased with increasing
elevation (Table 1). Elevated soil C:N ratio at the higher
elevations might have contributed to these observed patterns.
Indeed, high soil C:N ratio is often related to fungal-dominated
communities (Fierer et al., 2009). Litter at higher elevations
is typically more recalcitrant because of increased nutrient
limitation and leaf thickness (Bruijnzeel and Veneklaas, 1998).
These patterns could favor soil fungi, which can decompose
more recalcitrant organic matter than soil bacteria (Schneider
et al, 2012). Besides elevation, the difference in soil depth
explained the abundance of both soil fungi and bacteria (Figure 1
and Table 1), leading to lower diversity and abundance at
deeper depths. According to the relationships between soil depth
and environmental variables (Supplementary Table S4), the
influence of soil water contents that change with soil depth
are considerable. In experimental studies, soil water conditions
along soil depth are important factors determining soil bacterial
diversity and community structures (Wang and Or, 2013;
Engelhardt et al., 2018). This study highlights the importance
of soil water contents for soil bacterial communities, which is
consistent with previous studies (Filers et al., 2012).
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FIGURE 3 | Genus level rank abundance distribution and the range of genus rank per cluster for fungal (A) and bacterial (B) communities.

At the genus level, the taxonomic composition of both
observed fungi and bacteria showed notable seasonal dynamics.
The observed fungal clusters with high sequence counts
demonstrated clear seasonal dynamics. For example, the
ectomycorrhizal genus Lactarius was abundant during the plant
growing season (cluster 6 in Figure 2A), which is consistent
with a previous study showing seasonal changes of soil fungal
communities in boreal forest ecosystems (Santalahti et al., 2016).
However, the cluster was not associated with the observed plant
traits (Table 4), which implies that unconsidered variables such
as phenology of root growth might shape seasonal patterns
of abundant fungal communities. Although bacterial clusters

with high sequence counts were seasonally stable (clusters 2
and 5 in Figure 2B), the subdominant cluster represented by
Nitrospira showed seasonal dynamics (cluster 6 in Figure 2B).
Similarly, rare microbial groups (clusters 4 and 9 in Figure 2A
and clusters 3 and 4 in Figure 2B) fluctuated seasonally
more than dominant ones, implying that an increase in the
compositional variety of soil organic matter through litterfall
might facilitate growth of diverse rare microbes. Indeed, plant
phenology can, directly and indirectly, affect the seasonal
dynamics of soil microbial communities because plants influence
C and N availability for soil fungi and bacteria as a result of
exudation of labile C through the roots and substrate input by
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TABLE 4 | Results of backward selection of generalized linear models using environmental variables, soil temperature (ST), soil water content (SWC), and principal
component (PC) axes of soil chemical properties and plant traits, to explain the number of genera and gene copies, and sequencing counts for each cluster as identified

by finite mixture modeling.

ST (°C) SWC (%) Soil PC1 Plant PC1 D

Coefficient AD Coefficient AD Coefficient AD Coefficient AD
(A) Fungi
Number of genera - - - - 4.86 3.69 2.87 1.91 5.61
Number of gene copies —2.21E+ 07 5.26 —3.20E + 07 7.70 5.82E + 07 7.35 —2.04E + 07 2.09 22.40
Cluster 1 0.06 0.07 - - - - - - 0.07
Cluster 2 1.16 2.15 —-1.24 35.75 —0.60 0.66 2.13 13.17 51.73
Cluster 3 0.05 0.19 - - —0.05 0.09 - - 0.27
Cluster 4 0.32 2.94 - - -0.25 0.04 —0.23 0.02 2.96
Cluster 5 —-0.17 0.00 - - —0.33 0.54 -0.16 0.17 0.71
Cluster 6 - - - - - - - - -
Cluster 7 0.13 0.02 0.17 0.27 - - - - 0.29
Cluster 8 - - - - —0.06 0.81 0.09 0.49 1.29
Cluster 9 - - - - - - —0.55 2.85 2.85
Cluster 10 —0.35 2.65 - - 0.93 7.15 —-0.74 3.89 13.70
(B) Bacteria
Number of genera - - —31.06 17.20 19.95 2.67 15.27 6.95 26.82
Number of gene copies —6.73E + 08 1.37 —3.45E + 09 16.08 3.23E + 09 2.73 - - 20.18
Cluster 1 - - 2.02 0.00 —1.86 10.71 0.47 1.54 12.25
Cluster 2 - - - - 0.12 1.64 —0.03 0.06 1.70
Cluster 3 0.19 0.19 1.90 0.01 -1.70 12.02 0.57 0.00 13.39
Cluster 4 0.30 0.49 0.16 1.29 —-0.18 0.14 0.45 1.51 3.43
Cluster 5 - - —0.09 0.00 0.07 0.16 —0.05 0.21 0.37
Cluster 6 0.23 1.18 - - —-0.13 4.83 0.39 4.52 10.54
Cluster 7 0.51 1.59 - - 0.09 3.77 0.87 11.07 16.42
Cluster 8 —0.04 0.37 0.11 1.40 0.09 0.09 —0.10 0.19 2.05
Cluster 9 0.48 1.23 —0.71 9.45 0.55 1.60 0.98 6.33 18.60
Cluster 10 —0.20 2.87 - - 0.25 7.53 —0.36 3.75 14.15

D represents the percentage of explained deviance, and AD shows the explained deviance by each explanatory variable.

litterfall (Bardgett et al., 2005). According to the differences in
the range of physiologies between soil fungi and bacteria, soil
fungi are more dependent on fixed sources and environments
than bacteria and might not have many available niches across
seasons. Importantly, the seasonal dynamics of both dominant
and rare taxonomic groups were different between fungal and
bacterial communities. Although this study does not consider the
interactions between soil fungal and bacterial communities, such
different seasonal dynamics imply that the seasonal assembly
processes are fundamentally different between soil fungal and
bacterial communities.

Soil microbial communities are incredibly diverse and often
contain many rare taxa. Recently, these microbial taxonomic
groups have been named conditionally rare taxa (CRT; Shade
and Gilbert, 2015). Because CRT can explain up to 97% of
temporal dynamics in microbial community structures (Shade
etal,, 2014), a better understanding of CRT might provide a more
complete picture of microbial community ecology and ecosystem
functioning (Shade and Gilbert, 2015). Indeed, Aanderud et al.
(2015) found that a soil-rewetting event resuscitated bacterial
CRT and reduced the net production of methane, highlighting
the contribution of rare microbial taxa to ecosystem functioning.

In the current study, because the taxonomic groups were
composed of genera with high rank, such as fungal clusters
4 and 9, and bacterial clusters 3 and 4, and they showed
remarkable seasonal patterns, these groups were considered
to be CRT. Among them, Pelosinus, detected as an indicator
genus in cluster 4, is known as an iron-reducing bacterium
(Hansel et al., 2008), which is consistent with other studies that
have shown that rare microbial taxa exhibit unique functions
and biogeographical patterns along environmental gradients
(e.g., Gies et al., 2014). Furthermore, Haptocillium, an indicator
genus in fungal cluster 4, are endoparasites of nematodes and
Bifidobacterium, an indicator genus in bacterial cluster 3, are
beneficial gut microbiota. These results imply that the seasonal
dynamics of animal communities in forests might contribute
to unexplained variations of seasonality of these microbial taxa.
However, because seasonal patterns of CRT clusters were not
synchronized with those of the number of genera (Figures 1, 2
and Supplementary Table S5), CRT might not account for the
seasonal dynamics of the overall diversity. Therefore, whether
CRT play a significant role in forest ecosystems and microbial
communities is still controversial. Future research needs to
clarify how seasonal changes in CRT contribute to the whole
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microbial diversity and how the functions of CRT contribute to
forest ecosystems.

Given the magnitude of climate change predicted for soil
ecosystems in mid-to-high latitudes forests, it is crucial to identify
whether the seasonal dynamics of soil microbial communities
in these forests are unique. The observed seasonal patterns of
the dominant fungal taxa (i.e., Lactarius) tended to be similar to
those of temperate (Vortiskovd et al., 2014) and boreal (Santalahti
et al, 2016) forests in other regions. However, the seasonal
patterns of subdominant and rare fungal taxa in those forests
showed a different tendency in comparison to the results from
the current study. In contrast to soil fungi, Kuffner et al. (2012)
found an increase of the rare phylum Nitrospira in summer
in a temperate montane forest, which is consistent with our
results. However, there are no studies focusing on the seasonal
dynamics of dominant and rare bacterial taxa in mid-to-high
latitude forests (e.g., Schmidt et al., 2007; Zifedkova et al., 2017).
These differences between the current and other studies can be
explained by differences in climate conditions. In colder regions,
seasonal snow cover might have the potential to influence soil
microbial communities, resulting in the distinct seasonal patterns
of taxonomic composition of soil microbes (Schmidt et al,
2007). However, snowfall seldom remains without melting in
this study area (Franklin et al, 1979; Maruta et al, 1997),
which might result in no changes in microbial community
composition in the winter season. Our findings suggest that the
rapid decline of soil temperature without snow cover shapes the
unique seasonality of soil microbial communities, including both
dominant and rare taxa.

This study provides the first comprehensive analysis of the
seasonal and spatial dynamics of soil microbial communities
in cool-temperate montane forests. Our findings were that:
(i) the seasonal dynamics of the diversity and abundance of soil
microbes was distinguished between fungi and bacteria, where
the diversity and abundance of soil fungi were explained by soil
fertility but those of soil bacteria were associated with soil water
contents; (ii) the relative importance of seasons to soil fungal
communities tended to be higher than that of elevation and
soil depth, although soil depth clearly explained the abundance
and taxonomic composition of soil fungi and bacteria; and
(iii) seasonal dynamics of both abundant and rare groups were
different between fungal and bacterial taxonomic compositions,
and these differences were primarily explained by climate
conditions, soil fertility, and plant phenology. These results
imply that the contribution of seasonal changes in environmental
factors to microbial communities might be equal to or greater
than the effects of spatial heterogeneity of those factors. However,

REFERENCES

Abarenkov, K., Henrik Nilsson, R., Larsson, K.-H., Alexander, 1. J., Eberhardt,
U, Erland, S., et al. (2010). The UNITE database for molecular identification
of fungi - recent updates and future perspectives. New Phytol. 186, 281-285.
doi: 10.1111/§.1469-8137.2009.03160.x

Allison, S. D., and Treseder, K. K. (2008). Warming and drying suppress microbial
activity and carbon cycling in boreal forest soils. Glob. Chang. Biol. 14, 2898-
2909. doi: 10.1111/j.1365-2486.2008.01716.x

further studies are needed to determine what environmental
factors affect the seasonal patterns of soil microbial communities,
because the explanatory power of our models for most of the
microbial taxa was relatively low. Overall, the presented results
provide insight into the influences of environmental changes
on soil fungal and bacterial communities exerted via seasonal
dynamics of aboveground-belowground components and could
serve to guide future studies on soil microbial ecology for
improved forest ecosystem performance.

DATA AVAILABILITY

Raw sequencing data are deposited in the Sequence Read Archive
on the National Center for Biotechnology Information under
BioProject accession number PRJDB8049.

AUTHOR CONTRIBUTIONS

NS, KU, and TH conceived and designed the study. NS performed
the fieldwork and molecular analyses. NS and TH performed the
bioinformatic analyses and led the writing of the manuscript.
NS and KU conducted the statistical analyses. All authors
contributed critically to the drafts and gave final approval
for publication.

FUNDING

This work was supported by a joint project between the
University of Tokyo Chichibu Forest and Suntory Natural Water
Sanctuary, and JSPS Grant-in-Aids for Scientific Research (Nos.
16K16220 and 19K12411).

ACKNOWLEDGMENTS

We are grateful to the technical staff of the University of Tokyo
Chichibu Forest for helping with fieldwork.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fmicb.
2019.01944/full#supplementary-material

Aanderud, Z. T., Jones, S. E., Fierer, N., and Lennon, J. T. (2015). Resuscitation of
the rare biosphere contributes to pulses of ecosystem activity. Front. Microbiol.
6:24. doi: 10.3389/fmicb.2015.00024

Béath, E., and Anderson, T.-H. (2003). Comparison of soil fungal/bacterial
ratios in a pH gradient using physiological and PLFA-based techniques.
Soil  Biol.  Biochem. 35, 955-963. doi: 10.1016/S0038-0717(03)
00154-8

Baldrian, P., Snajdr, J., Merhautova, V., Dobiisov4, P., Cajthaml, T., and
Valaskovd, V. (2013). Responses of the extracellular enzyme activities in

Frontiers in Microbiology | www.frontiersin.org

August 2019 | Volume 10 | Article 1944


https://www.frontiersin.org/articles/10.3389/fmicb.2019.01944/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2019.01944/full#supplementary-material
https://doi.org/10.1111/j.1469-8137.2009.03160.x
https://doi.org/10.1111/j.1365-2486.2008.01716.x
https://doi.org/10.3389/fmicb.2015.00024
https://doi.org/10.1016/S0038-0717(03)00154-8
https://doi.org/10.1016/S0038-0717(03)00154-8
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Shigyo et al.

Seasonal Dynamics of Soil Microbes

hardwood forest to soil temperature and seasonality and the potential effects
of climate change. Soil Biol. Biochem. 56, 60-68. doi: 10.1016/j.s0ilbio.2012.
01.020

Bardgett, R., Freeman, C., and Ostle, N. J. (2008). Microbial contributions to
climate change through carbon cycle feedbacks. ISME J. 2, 805-814. doi: 10.
1038/ismej.2008.58

Bardgett, R. D., Bowman, W. D., Kaufmann, R., and Schmidt, S. K. (2005). A
temporal approach to linking aboveground and belowground ecology. Trends
Ecol. Evol. 20, 634-641. doi: 10.1016/j.tree.2005.08.005

Bengtsson-Palme, J., Ryberg, M., Hartmann, M., Branco, S., Wang, Z., Godhe, A.,
et al. (2013). Improved software detection and extraction of ITS1 and ITS2
from ribosomal ITS sequences of fungi and other eukaryotes for analysis of
environmental sequencing data. Methods Ecol. Evol. 4, 914-919. doi: 10.1111/
2041-210X.12073

Berg, M. P., Kniese, J. P., and Verhoef, H. A. (1998). Dynamics and stratification of
bacteria and fungi in the organic layers of a scots pine forest soil. Biol. Fert. Soils
26, 313-322. doi: 10.1007/s003740050382

Bergkemper, F., Scholer, A., Engel, M., Lang, F., Kriiger, J., Schloter, M., et al. (2016).
Phosphorus depletion in forest soils shapes bacterial communities towards
phosphorus recycling systems: microbial phosphorus turnover in soil. Environ.
Microbiol. 18, 1988-2000. doi: 10.1111/1462-2920.13188

Boddy, L. (1999). Saprotrophic cord-forming fungi: meeting the challenge of
heterogeneous environments. Mycologia 91, 13-32. doi: 10.2307/3761190

Booth, I. R. (1985). Regulation of cytoplasmic pH in bacteria. Microbiol. Rev. 49,
359-378.

Bruijnzeel, L. A., and Veneklaas, E. J. (1998). Climatic conditions and tropical
montane forest productivity: the fog has not lifted yet. Ecology 79, 3-9. doi:
10.1890/0012-9658(1998)079%5B0003:ccatmf%5D2.0.c0;2

Buckeridge, K. M., Banerjee, S., Siciliano, S. D., and Grogan, P. (2013). The seasonal
pattern of soil microbial community structure in mesic low arctic tundra. Soil
Biol. Biochem. 65, 338-347. doi: 10.1016/j.s0ilbio.2013.06.012

Buscardo, E., Geml, J., Schmidt, S. K., Freitas, H., da Cunha, H. B., and Nagy, L.
(2018). Spatio-temporal dynamics of soil bacterial communities as a function
of Amazon forest phenology. Sci. Rep. 8:4382. doi: 10.1038/s41598-018-
22380-z

Caporaso, J. G., Kuczynski, J., Stombaugh, J., Bittinger, K., Bushman, F. D,
Costello, E. K., et al. (2010). QIIME allows analysis of high-throughput
community sequencing data. Nat. Methods 7, 335-336. doi: 10.1038/nmeth.
£303

Caporaso, J. G., Lauber, C. L., Walters, W. A., Berg-Lyons, D., Huntley, J., Fierer,
N, et al. (2012). Ultra-high-throughput microbial community analysis on the
Illumina HiSeq and MiSeq platforms. ISME J. 6, 1621-1624. doi: 10.1038/isme;.
2012.8

Clemmensen, K. E., Finlay, R. D., Dahlberg, A., Stenlid, J., Wardle, D. A., and
Lindahl, B. D. (2015). Carbon sequestration is related to mycorrhizal fungal
community shifts during long-term succession in boreal forests. New Phytol.
205, 1525-1536. doi: 10.1111/nph.13208

DeSantis, T. Z., Hugenholtz, P., Larsen, N., Rojas, M., Brodie, E. L., Keller, K.,
et al. (2006). Greengenes, a chimera-checked 16S rRNA gene database and
workbench compatible with ARB. Appl. Environ. Microbiol. 72, 5069-5072.
doi: 10.1128/ AEM.03006-5

Dunstan, P. K., Foster, S. D., and Darnell, R. (2011). Model based grouping of
species across environmental gradients. Ecol. Modell. 222, 955-963. doi: 10.
1016/j.ecolmodel.2010.11.030

Edgar, R. C. (2010). Search and clustering orders of magnitude faster than BLAST.
Bioinformatics 26, 2460-2461. doi: 10.1093/bioinformatics/btq461

Eilers, K. G., Debenport, S., Anderson, S., and Fierer, N. (2012). Digging deeper to
find unique microbial communities: the strong effect of depth on the structure
of bacterial and archaeal communities in soil. Soil Biol. Biochem. 50, 58-65.
doi: 10.1016/j.50ilbi0.2012.03.011

Engelhardt, I. C., Welty, A., Blazewicz, S. J., Bru, D., Rouard, N., Breuil, M.-C.,
et al. (2018). Depth matters: effects of precipitation regime on soil microbial
activity upon rewetting of a plant-soil system. ISME J. 12, 1061-1071. doi:
10.1038/541396-018-0079-z

Ettema, C. H., and Wardle, D. A. (2002). Spatial soil ecology. Trends Ecol. Evol. 17,
177-183. doi: 10.1016/S0169-5347(02)02496-5

Faust, K., Lahti, L., Gonze, D., de Vos, W. M., and Raes, J. (2015). Metagenomics
meets time series analysis: unraveling microbial community dynamics. Curr.
Opin. Microbiol. 25, 56-66. doi: 10.1016/j.mib.2015.04.004

Fenchel, T. (2002). Microbial behavior in a heterogeneous world. Science 296,
1068-1071. doi: 10.1126/science.1070118

Fierer, N., and Jackson, R. B. (2006). The diversity and biogeography of soil
bacterial communities. PNAS 103, 626-631. doi: 10.1073/pnas.0507535103

Fierer, N., Strickland, M. S., Liptzin, D., Bradford, M. A., and Cleveland, C. C.
(2009). Global patterns in belowground communities. Ecol. Lett. 12, 1238-1249.
doi: 10.1111/j.1461-0248.2009.01360.x

Franklin, J. F., Maeda, T., Ohsumi, Y., Matsui, M., Yagi, H., and Hawk, G. M.
(1979). Subalpine coniferous forests of central Honshu, Japan. Ecol. Monogr.
49, 311-334. doi: 10.2307/1942487

Gardes, M., and Bruns, T. D. (1993). ITS primers with enhanced specificity for
basidiomycetes - application to the identification of mycorrhizae and rusts. Mol.
Ecol. 2,113-118. doi: 10.1111/§.1365-294X.1993.tb00005.x

Gies, E. A., Konwar, K. M., Beatty, J. T., and Hallam, S. J. (2014). Illuminating
microbial dark matter in Meromictic Sakinaw Lake. Appil. Environ. Microbiol.
80, 6807-6818. doi: 10.1128/AEM.01774- 14

Gilbert, J. A, Steele, J. A., Caporaso, J. G., Steinbriick, L., Reeder, J., Temperton, B.,
et al. (2012). Defining seasonal marine microbial community dynamics. ISME
J. 6,298-308. doi: 10.1038/ismej.2011.107

Gordon, A., and Hannon, G. (2010). FASTX-Toolkit: FASQ/A Short-Reads
Preprocessing  Tools. Available at: http://hannonlab.cshl.edu/fastx_toolkit
(accessed June 4, 2018).

Groftman, P. M., and Tiedje, J. M. (1989). Denitrification in north temperate forest
soils: relationships between denitrification and environmental factors at the
landscape scale. Soil Biol. Biochem. 21, 621-626. doi: 10.1016/0038-0717(89)
90054-0

Guisan, A., and Zimmermann, N. E. (2000). Predictive habitat distribution models
in ecology. Ecol. Model. 135, 147-186. doi: 10.1016/S0304-3800(00)00354-9

Gweon, H. S, Oliver, A., Taylor, J., Booth, T., Gibbs, M., Read, D. S., et al. (2015).
PIPITS: an automated pipeline for analyses of fungal internal transcribed
spacer sequences from the Illumina sequencing platform. Methods Ecol. Evol.
6, 973-980. doi: 10.1111/2041-210X.12399

Hansel, C. M., Fendorf, S., Jardine, P. M., and Francis, C. A. (2008). Changes in
bacterial and archaeal community structure and functional diversity along a
geochemically variable soil profile. Appl. Environ. Microbiol. 74, 1620-1633.
doi: 10.1128/AEM.01787-07

Thrmark, K., Bodeker, I. T. M., Cruz-Martinez, K., Friberg, H., Kubartova, A.,
Schenck, J., et al. (2012). New primers to amplify the fungal ITS2 region -
evaluation by 454-sequencing of artificial and natural communities. FEMS
Microbiol. Ecol. 82, 666-677. doi: 10.1111/j.1574-6941.2012.01437.x

Kleiber, C., and Zeileis, A. (2016). Visualizing count data regressions using
rootograms. Am. Stat. 70, 296-303. doi: 10.1080/00031305.2016.1173590

Koenig, J. E., Spor, A., Scalfone, N., Fricker, A. D., Stombaugh, J., Knight, R,,
et al. (2011). Succession of microbial consortia in the developing infant gut
microbiome. PNAS 108, 4578-4585. doi: 10.1073/pnas.1000081107

Kuffner, M., Hai, B., Rattei, T., Melodelima, C., Schloter, M., Zechmeister-
Boltenstern, S., et al. (2012). Effects of season and experimental warming on
the bacterial community in a temperate mountain forest soil assessed by 16S
rRNA gene pyrosequencing. FEMS Microbiol. Ecol. 82, 551-562. doi: 10.1111/j.
1574-6941.2012.01420.x

Lal, R. (2005). Forest soils and carbon sequestration. For. Ecol. Manage. 220,
242-258. doi: 10.1016/j.foreco.2005.08.015

Lane, D. J. (1991). “165/23S rRNA sequencing,” in Nucleic Acid Techniques in
Bacterial Systematics, eds E. Stackebrandt and M. Goodfellow (New York, NY:
John Wiley & Sons), 115-147.

Lazzaro, A., Hilfiker, D., and Zeyer, J. (2015). Structures of microbial communities
in alpine soils: seasonal and elevational effects. Front. Microbiol. 6:1330. doi:
10.3389/fmicb.2015.01330

Leisch, F. (2004). FlexMix: a general framework for finite mixture models and latent
class regression in R. J. Stat. Softw. 11, 1-18. doi: 10.18637/jss.v011.i08

Lladd, S., Lopez-Mondéjar, R., and Baldrian, P. (2017). Forest soil bacteria:
diversity, involvement in ecosystem processes, and response to global change.
Microbiol. Mol. Biol. Rev. 81:¢00063-16. doi: 10.1128/ MMBR.00063- 16

Frontiers in Microbiology | www.frontiersin.org

August 2019 | Volume 10 | Article 1944


https://doi.org/10.1016/j.soilbio.2012.01.020
https://doi.org/10.1016/j.soilbio.2012.01.020
https://doi.org/10.1038/ismej.2008.58
https://doi.org/10.1038/ismej.2008.58
https://doi.org/10.1016/j.tree.2005.08.005
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1111/2041-210X.12073
https://doi.org/10.1007/s003740050382
https://doi.org/10.1111/1462-2920.13188
https://doi.org/10.2307/3761190
https://doi.org/10.1890/0012-9658(1998)079%5B0003:ccatmf%5D2.0.co;2
https://doi.org/10.1890/0012-9658(1998)079%5B0003:ccatmf%5D2.0.co;2
https://doi.org/10.1016/j.soilbio.2013.06.012
https://doi.org/10.1038/s41598-018-22380-z
https://doi.org/10.1038/s41598-018-22380-z
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1111/nph.13208
https://doi.org/10.1128/AEM.03006-5
https://doi.org/10.1016/j.ecolmodel.2010.11.030
https://doi.org/10.1016/j.ecolmodel.2010.11.030
https://doi.org/10.1093/bioinformatics/btq461
https://doi.org/10.1016/j.soilbio.2012.03.011
https://doi.org/10.1038/s41396-018-0079-z
https://doi.org/10.1038/s41396-018-0079-z
https://doi.org/10.1016/S0169-5347(02)02496-5
https://doi.org/10.1016/j.mib.2015.04.004
https://doi.org/10.1126/science.1070118
https://doi.org/10.1073/pnas.0507535103
https://doi.org/10.1111/j.1461-0248.2009.01360.x
https://doi.org/10.2307/1942487
https://doi.org/10.1111/j.1365-294X.1993.tb00005.x
https://doi.org/10.1128/AEM.01774-14
https://doi.org/10.1038/ismej.2011.107
http://hannonlab.cshl.edu/fastx_toolkit
https://doi.org/10.1016/0038-0717(89)90054-0
https://doi.org/10.1016/0038-0717(89)90054-0
https://doi.org/10.1016/S0304-3800(00)00354-9
https://doi.org/10.1111/2041-210X.12399
https://doi.org/10.1128/AEM.01787-07
https://doi.org/10.1111/j.1574-6941.2012.01437.x
https://doi.org/10.1080/00031305.2016.1173590
https://doi.org/10.1073/pnas.1000081107
https://doi.org/10.1111/j.1574-6941.2012.01420.x
https://doi.org/10.1111/j.1574-6941.2012.01420.x
https://doi.org/10.1016/j.foreco.2005.08.015
https://doi.org/10.3389/fmicb.2015.01330
https://doi.org/10.3389/fmicb.2015.01330
https://doi.org/10.18637/jss.v011.i08
https://doi.org/10.1128/MMBR.00063-16
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Shigyo et al.

Seasonal Dynamics of Soil Microbes

Mailly, D., Turbis, S., and Chazdon, R. L. (2013). SOLARCALC 7.0: an enhanced
version of a program for the analysis of hemispherical canopy photographs.
Comput. Electron. Agric. 97, 15-20. doi: 10.1016/j.compag.2013.06.004

Maruta, E., Kamitani, T., Okabe, M., and Ide, Y. (1997). Desiccation-tolerance of
Fagus crenata blume seeds from localities of different snowfall regime in central
Japan. J. For. Res. 2, 45-50. doi: 10.1007/BF02348262

Masella, A. P., Bartram, A. K., Truszkowski, J. M., Brown, D. G., and Neufeld,
J. D. (2012). PANDAseq: paired-end assembler for illumina sequences. BMC
Bioinform. 13:31. doi: 10.1186/1471-2105-13-31

Muyzer, G., De Waal, E. C,, and Uitterlinden, A. G. (1993). Profiling of complex
microbial populations by denaturing gradient gel electrophoresis analysis of
polymerase chain reaction-amplified genes coding for 16S rRNA. Appl. Environ.
Microbiol. 59, 695-700.

Ouédraogo, D.-Y., Mortier, F., Gourlet-Fleury, S., Freycon, V., and Picard, N.
(2013). Slow-growing species cope best with drought: evidence from long-
term measurements in a tropical semi-deciduous moist forest of Central Africa.
J. Ecol. 101, 1459-1470. doi: 10.1111/1365-2745.12165

Peay, K. G., von Sperber, C., Cardarelli, E., Toju, H., Francis, C. A., Chadwick,
O. A, et al. (2017). Convergence and contrast in the community structure of
Bacteria, Fungi and Archaea along a tropical elevation—climate gradient. FEMS
Microbiol. Ecol. 93:fix045. doi: 10.1093/femsec/fix045

R Development Core Team (2017). R: A Language and Environment for Statistical
Computing. Vienna: R Foundation for Statistical Computing.

Roberts, D. (2010). Labdsv: Ordination and Multivariate Analysis for Ecology. R
Package Version 1.4-1. Available at: https://cran.r-project.org/web/packages/
labdsv (accessed March 2, 2019).

Rognes, T., Flouri, T., Nichols, B., Quince, C., and Mah¢, F. (2016). VSEARCH: a
versatile open source tool for metagenomics. Peer] 4:¢2584. doi: 10.7717/peerj.
2584

Santalahti, M., Sun, H., Jumpponen, A., Pennanen, T., and Heinonsalo, J. (2016).
Vertical and seasonal dynamics of fungal communities in boreal Scots pine
forest soil. FEMS Microbiol. Ecol. 92:fiw170. doi: 10.1093/femsec/fiw170

Schmidt, S. K., Costello, E. K., Nemergut, D. R., Cleveland, C. C., Reed,
S. C., Weintraub, M. N., et al. (2007). Biogeochemical consequences of rapid
microbial turnover and seasonal succession in soil. Ecology 88, 1379-1385.
doi: 10.1890/06-0164

Schneider, T., Keiblinger, K. M., Schmid, E., Sterflinger-Gleixner, K., Ellersdorfer,
G., Roschitzki, B., et al. (2012). Who is who in litter decomposition?
Metaproteomics reveals major microbial players and their biogeochemical
functions. ISME J. 6, 1749-1762. doi: 10.1038/ismej.2012.11

Scott-Denton, L., Sparks, K. L., and Monson, R. K. (2003). Spatial and temporal
controls of soil respiration rate in a high-elevation, subalpine forest. Soil Biol.
Biochem. 35, 525-534. doi: 10.1016/S0038-0717(03)00007-5

Setdld, H., Haimi, J., and Huhta, V. (1988). A microcosm study on the respiration
and weight loss in birch litter and raw humus as influenced by soil fauna. Biol.
Fert. Soils 5, 282-287. doi: 10.1007/BF00262132

Shade, A., and Gilbert, J. A. (2015). Temporal patterns of rarity provide a more
complete view of microbial diversity. Trends Microbiol. 23, 335-340. doi: 10.
1016/j.tim.2015.01.007

Shade, A., Jones, S. E., Caporaso, J. G., Handelsman, J., Knight, R., Fierer, N,,
et al. (2014). Conditionally rare taxa disproportionately contribute to temporal

changes in microbial diversity. mBio 5, e01371-14. doi: 10.1128/mBio.013
71-14

Shade, A., Peter, H., Allison, S. D., Baho, D. L., Berga, M., Biirgmann, H., et al.
(2012). Fundamentals of microbial community resistance and resilience. Front.
Microbiol. 3:417. doi: 10.3389/fmicb.2012.00417

Shigyo, N., Umeki, K., and Hirao, T. (2019). Plant functional diversity and
soil properties control elevational diversity gradients of soil bacteria. FEMS
Microbiol. Ecol. 95:f1z025. doi: 10.1093/femsec/fiz025

Shigyo, N., Umeki, K., Ohashi, H., Kawada, K., and Hirao, T. (2017). Phylogenetic
constraints to soil properties determine elevational diversity gradients of forest
understory vegetation. Plant Ecol. 218, 821-834. doi: 10.1007/s11258-017-
0732-z

Siles, J. A., Cajthaml, T., Filipovd, A., Minerbi, S., and Margesin, R. (2017).
Altitudinal, seasonal and interannual shifts in microbial communities and
chemical composition of soil organic matter in Alpine forest soils. Soil Biol.
Biochem. 112, 1-13. doi: 10.1016/j.s0ilbio.2017.04.014

Tedersoo, L., Bahram, M., Pélme, S., Koljalg, U., Yorou, N. S., Wijesundera, R.,
et al. (2014). Global diversity and geography of soil fungi. Science 346:1256688.
doi: 10.1126/science.1256688

Umeki, K., Kawasaki, M., Shigyo, N., and Hirao, T. (2018). Inter- and
intraspecific patterns in resprouting of trees in undisturbed natural forests
along an elevational gradient in central Japan. Forests 9:672. doi: 10.3390/f91
10672

Vilgalys, R., and Hester, M. (1990). Rapid genetic identification and mapping
of enzymatically amplified ribosomal DNA from several Cryptococcus species.
J. Bacteriol. 172, 4238-4246. doi: 10.1128/jb.172.8.4238-4246.1990

Vortiskovd, J., Brabcova, V., Cajthaml, T., and Baldrian, P. (2014). Seasonal
dynamics of fungal communities in a temperate oak forest soil. New Phytol.
201, 269-278. doi: 10.1111/nph.12481

Waid, J. S. (1999). Does soil biodiversity depend upon metabiotic activity and
influences? Appl. Soil Ecol. 13, 151-158. doi: 10.1016/S0929-1393(99)00030-X

Wang, G., and Or, D. (2013). Hydration dynamics promote bacterial coexistence
on rough surfaces. ISME J. 7, 395-404. doi: 10.1038/ismej.2012.115

Wang, Q., Garrity, G. M., Tiedje, J. M., and Cole, J. R. (2007). Naive Bayesian
classifier for rapid assignment of rRNA sequences into the new bacterial
taxonomy. Appl. Environ. Microbiol. 73, 5261-5267. doi: 10.1128/AEM.00
062-67

Zif¢akova, L., Vétrovsky, T., Lombard, V., Henrissat, B., Howe, A., and Baldrian,
P. (2017). Feed in summer, rest in winter: microbial carbon utilization in forest
topsoil. Microbiome 5:122. doi: 10.1186/s40168-017-0340-0

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Shigyo, Umeki and Hirao. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Microbiology | www.frontiersin.org

14

August 2019 | Volume 10 | Article 1944


https://doi.org/10.1016/j.compag.2013.06.004
https://doi.org/10.1007/BF02348262
https://doi.org/10.1186/1471-2105-13-31
https://doi.org/10.1111/1365-2745.12165
https://doi.org/10.1093/femsec/fix045
https://cran.r-project.org/web/packages/labdsv
https://cran.r-project.org/web/packages/labdsv
https://doi.org/10.7717/peerj.2584
https://doi.org/10.7717/peerj.2584
https://doi.org/10.1093/femsec/fiw170
https://doi.org/10.1890/06-0164
https://doi.org/10.1038/ismej.2012.11
https://doi.org/10.1016/S0038-0717(03)00007-5
https://doi.org/10.1007/BF00262132
https://doi.org/10.1016/j.tim.2015.01.007
https://doi.org/10.1016/j.tim.2015.01.007
https://doi.org/10.1128/mBio.01371-14
https://doi.org/10.1128/mBio.01371-14
https://doi.org/10.3389/fmicb.2012.00417
https://doi.org/10.1093/femsec/fiz025
https://doi.org/10.1007/s11258-017-0732-z
https://doi.org/10.1007/s11258-017-0732-z
https://doi.org/10.1016/j.soilbio.2017.04.014
https://doi.org/10.1126/science.1256688
https://doi.org/10.3390/f9110672
https://doi.org/10.3390/f9110672
https://doi.org/10.1128/jb.172.8.4238-4246.1990
https://doi.org/10.1111/nph.12481
https://doi.org/10.1016/S0929-1393(99)00030-X
https://doi.org/10.1038/ismej.2012.115
https://doi.org/10.1128/AEM.00062-67
https://doi.org/10.1128/AEM.00062-67
https://doi.org/10.1186/s40168-017-0340-0
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology/
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

	Seasonal Dynamics of Soil Fungal and Bacterial Communities in Cool-Temperate Montane Forests
	Introduction
	Materials and Methods
	Study Site
	Field Sampling and Environmental Measurements
	Soil Sampling and Soil Properties Measurements
	Climate Conditions
	Plant Sampling, Measurements and Canopy Conditions

	Microbial Community Analyses
	DNA Extraction, PCR Amplification, and Sequencing
	Bioinformatic Analyses
	Quantitative PCR Analyses

	Statistical Analyses

	Results
	Discussion
	Data Availability
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


