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Abstract:

The size and composition of soil microbial communities have important influences on
terrestrial ecosystem processes such as soil decomposition. However, compared with studies
of aboveground plant communities, there are relatively few studies on belowground
microbial communities and their interactions with aboveground vegetations in the arctic
region. In this study, we conducted the first investigation of the abundance and composition
of prokaryotic communities along small-scale vegetation gradients (ca. 1-3 m) in a dry arctic
tundra ecosystem in Northern Sweden using fluorescent in situ hybridization (FISH) coupled
with catalyzed reporter deposition (CARD). The number of prokaryotic cells increased with
increasing vegetation cover along vegetation gradients, mainly as a function of increased
amounts of soil carbon and moisture. Eubacteria and Archaea constituted approximately
59.7% and 33.4% of DAPI-positive cells, respectively. Among the analyzed bacterial phyla
and sub-phyla, Acidobacteria and a-proteobacteria were the most dominant groups,
constituting approximately 13.5% and 10.7% of DAPI-positive cells, respectively.
Interestingly, the soil prokaryotic community composition was relatively unaffected by the
dramatic changes in the aboveground vegetation community. Multivariate analyses suggested
that the prokaryotic community composition depended on soil pH rather than on
aboveground vegetation. Surface plants are weak predictors of the composition of the soil
microbial community in the studied soil system and the size of the community is constrained
by carbon and water availability. In addition, our study demonstrated that CARD-FISH,
which is still a rarely-used technique in soil ecology, is effective for quantifying soil

microbes.



1. Introduction

Soil microbial communities play a central role in terrestrial ecosystem processes. For
example, activities of extracellular enzymes secreted by soil microbial communities
fundamentally drive decomposition of organic matter (Sinsabaugh et al., 2009). Growing
evidence supports the idea that understanding the size and composition of microbial
communities, as well as environmental variables (e.g., temperature), are keys to
understanding and predicting the process of decomposition in soils (Balser and Firestone,
2005; Strickland et al., 2009; Schmidt et al., 2011; Bell et al., 2013). Therefore, although the
presence of a strong linkage between phylogeny and function remains controversial (Kuffner
et al,, 2012; Prosser, 2012), elucidating the factors that determine the abundance and
composition of soil microbial communities is a promising approach when investigating and
understanding the mechanisms governing terrestrial ecosystem processes.

Recent studies have highlighted the effects of aboveground plant communities on the
composition and abundance of soil microbial communities, as feedbacks between plants and
soil microorganisms can drive terrestrial ecosystem dynamics (Wardle et al., 2004b) such as
nutrient cycling (Vitousek, 2006) and aboveground plant community dynamics (Mangan et
al., 2010; Miki et al., 2010). One of the most effective approaches for understanding the
effects of aboveground plant communities on belowground soil microbial communities is the
investigation of soil microbial communities along naturally-occurring vegetation gradients.
Examples of such vegetation gradients are found in the Hawaiian archipelago, Swedish
boreal forests and regions of glacial retreat in New Zealand (Wardle et al., 1997; Vitousek,
2006; Allison et al., 2007).

Within the arctic region, sharp vegetation gradients are present over small spatial scales
within patterned ground systems, but little is known as to the extent to which this sharp

zonation is also reflected in the soil microbial community. One example of these sharp



vegetation gradients can be found within patterned ground systems referred to as non-sorted
circles (NSCs), where soil frost processes (cryoturbation) generate sparsely vegetated
circle-like features of approximately 1-3 m surrounded by densely vegetated shrub
communities (Fig. 1a, b; see also the site description in Materials and Methods). NSCs cover
a large proportion of arctic and sub-arctic landscapes, and are the most common form of
patterned ground in arctic regions (Washburn, 1980; French, 2007; Walker et al., 2008).
Consequently, the sharp vegetation gradient generated within NSCs, consisting of
lichen-dominated plant communities in the center to shrub-dominated communities in the
outer domain (Makoto and Klaminder, 2012), are representative of a large part of the dry
arctic landscape. Also, this system allows ready replication because many individual NSCs
exist under the same climatic conditions in the region (Fig. 1b), which is often not the case in
other situations with well-studied vegetation gradients (Wardle et al., 1997; Vitousek, 2006;
Allison et al., 2007). Therefore, the NCS system provides a good opportunity to study the
extent to which microbial communities co-vary with the aboveground plant community over
a considerable proportion of arctic tundra ecosystems.

Prior to the 1990s, there were great difficulties involved in identifying and quantifying
microbes in environmental samples. However, subsequent methodological developments in
microbial ecology (Sogin et al., 2006; Amann and Fuchs, 2008 and references therein) make
it possible to investigate “wild” microbial communities in detail. Fluorescent in situ
hybridization (FISH) coupled with catalyzed reporter deposition (CARD) is a
microscope-based method that allows quantitative investigation of microbial communities.
Because the CARD-FISH method includes a process of tyramide signal amplification, the
signal intensity is much stronger than that of the conventional (mono-labeled) FISH method
(e.g., Amann et al., 1990). Because of its advantage over conventional FISH analysis, the

CARD-FISH method has been widely used for aquatic samples (e.g., Pernthaler et al., 2002;



Okazaki et al., 2013), and sometimes for marine sediments (Ishii et al., 2004), but
applications of CARD-FISH to soil microbial studies are still limited (Eickhorst and
Tippkotter, 2008). CARD-FISH is potentially more quantitative than other commonly used
methods in microbial ecology, such as DGGE (Muyzer et al., 1993), clone libraries
(Giovannoni et al., 1990) and 16S rRNA gene pyrosequencing (Lauber et al., 2009), because
microbial cells are directly counted in a microscope field. In addition, CARD-FISH can target
a specific microbial genus or species if an appropriate molecular probe is used. Therefore, in
terms of phylogenetic resolution, CARD-FISH is superior to using microbial biomarkers such
as lipids and quinone (B&dth and Anderson, 2003; Ushio et al., 2010; Takasu et al., 2013),
which is another common technique in ecological studies.

In the present study, we used the CARD-FISH method to investigate the abundance and
composition of prokaryotic communities along the small-scale vegetation gradients generated
within NSCs in a dry arctic tundra system. Previous studies found that the abundance of a soil
microbial community was positively correlated with carbon content (an energy resource for
heterotrophic microbes) in soil (Fierer et al., 2009), which supports the consensus that carbon
availability is a primary limiting factor of soil microbial communities (Vance and Chapin III,
2001). In addition, soil pH is generally a good predictor of microbial composition and/or
diversity (Baath and Anderson, 2003; Fierer and Jackson, 2006; Lauber et al., 2009). In
general, as vegetation communities develop, the soil carbon content increases and soil pH
decreases because of an increased accumulation of soil organic matter (e.g., Wardle et al.,
1997). Therefore, we hypothesized that 1) the abundance of the soil prokaryotic community
would increase with the observed increase in plant biomass from the center of NSCs towards
the outer domains, and that 2) soil pH, in addition to plant communities, would be an

important factor influencing the composition of the soil prokaryotic community.



2. Materials and Methods

2.1 Study site descriptions

Field research was conducted on the north-facing slope of Mt. Suorooaivi (1193 m a.s.l,,
68°16" N, 19°06" E; Fig. la-c), located approximately 20 km south of Abisko, Northern
Sweden (68°18" N, 19°10" E). The research site is situated at an elevation of 700-750 m.
Between 1981 and 2010, the mean annual temperature and precipitation in Abisko were
—0.1°C and 335 mm, respectively. The bedrock in the study area is dominated by hard
schists.

In the study area, NSCs occur frequently. Within these features, a vegetation change
from lichen-dominated plant communities to dense shrub communities occurs over distances
of less than 3 meters (Fig. 1d). According to the general theory of NSCs, this vegetation
gradient is maintained by intense soil frost processes in the center that gradually decrease
towards the sides of the circle (Washburn, 1980; Walker et al., 2008). The species diversity
of the vascular plants and the density of the bryophyte community increases with increasing
distance from the center of the NSCs (Makoto and Klaminder 2012). More detailed
information about the plant community in this system is available in Makoto and Klaminder
(2012). From 1984 to 1987 in NSCs near Abisko, the number of frost-free days at a soil depth
of 25 cm ranged between 150 and 190, and the minimum soil temperature in the center of a
NSC was —16°C (Josefsson, 1990). Macro-climate conditions are considered to be identical
within the NSC system because of the small spatial scale, which allows us to focus on
micro-scale effects of the aboveground vegetation gradient on the belowground microbial

community.

2.2 Soil sample collection and physicochemical properties

In each NSC, samples from six locations were collected in late September in 2011, along a



transect from a point at which silty soil from deeper soil layers was exposed at the soil
surface (i.e. the center of the NSC) towards a point in the outer domain where vascular plants
dominated. These locations were designated 0, 1, 2, 3, 4 and 5, where increasing numbers
indicate an increasing distance from the center (Fig. 1d). At each location, one mineral soil
sample (~10 cm depth) was collected with a stainless soil corer (7.3 cm in diameter). In
addition to the mineral soil samples from the six locations, humus layer samples, which occur
at locations 3, 4, and 5, were collected and combined as one humus sample because the
physicochemical properties of humus samples at location 3, 4, and 5 are similar (Makoto et al.
unpublished). The soils from six replicate NSCs were sampled. In total, we collected 42 soil
samples (six replicate NSCs x [six locations + one humus sample]). The soil samples were
immediately taken back to the laboratory, sieved to remove stones and plant roots, and
homogenized thoroughly for the subsequent analyses. For the collected soil samples, soil
water contents were determined by drying the soil samples to constant weight. Soil pH
(soil:water = 1:10), carbon, and nitrogen contents as well as aboveground vegetation were
previously determined. Briefly, ranges of physicochemical properties of mineral soils in our
study site are as follows: soil pH 4.5-6.2, organic carbon content 0.3-24.1%, total soil

nitrogen 0.02—-1.12% and soil water content 9.5-54.3%.

2.3 Cell counts and CARD-FISH

Total prokaryotic cell abundance was determined by counting under microscopic fields after
staining their double-stranded DNA with 4', 6-deamidino-2-phynylindole (DAPI) (Porter and
Feig, 1980). To investigate prokaryotic community composition along the NSC vegetation
gradients, the CARD-FISH method was applied to each sample. We generally followed the
experimental protocol described in Eickhorst and Tippkotter (2008) with several

modifications. Approximately 0.5 cm’ of fresh bulk soil from each soil sample was weighed



and transferred to 2-ml plastic micro-tubes. The samples were fixed with 4% (w/v) freshly
prepared particle-free paraformaldehyde solution, and the suspension was stored at 4°C
overnight (~16 h). The fixed samples were washed twice with 1 x PBS, centrifuged at
10,000g for 5 min after each washing, and stored in PBS/ethanol (1:1) at —20°C for further
processing. Then, 100 pl of the fixed sample was diluted with 900 ul of PBS/ethanol and
dispersed by ultrasonic dispersion at minimum power for 20 s (10%; UR-21P, TOMY,
Tokyo).

A volume of 20 pl of the dispersed sample was diluted in 10 ml of sterilized water, and
the suspension was filtered on a polycarbonate filter (0.2 um pores, 25 mm, Millipore,
Billerica) placed on a nitrocellulose filter (0.45 pm pores, 25 mm, Millipore, Billerica),
which were mounted in a glass holder for the filtration. After the filtration, the filters were
dipped in 0.2% low melting point agarose (Sigma) and dried in an incubator at 46°C. The
agarose-embedded filters were then incubated with a lysozyme solution (10 mg lysozyme,
100 pl 0.5 M EDTA [pH 8.0], 100 pul 1 M Tris-HCI [pH 8.0], 800 pl of sterilized water),
which were placed in a sealed petri dish at 37°C for 1 h. After washing with MQ water, the
filters were incubated with methanol containing 0.15% H>O, for 30 min at room temperature
to inactivate endogenous peroxidase activity. The filters were washed with MQ water and
dehydrated by dipping them in 98% ethanol and subsequently air drying. After this step,
filters were stored at —20°C until further processing.

For the CARD-FISH analysis, nine probes, which target potentially dominant soil
microbial groups (e.g., Lauber et al., 2009), were applied to quantify the abundance of
various microbial groups in the soil samples (Table 1). For the in situ hybridization, the filter
was cut into small pieces and incubated with 300 pl of hybridization buffer (900 mM NaCl,
20 mM Tris-HCI [pH 8.0], 10% [w/v] dextran sulfate, 2% [w/v] blocking reagent [Roche,

Mannheim, Germany], 0.1% [w/v] sodium dodecyl sulfate, and formamide (its concentration



depending on the probe)) and 2 pl of Horseradish peroxidase-labeled probe solution (50 ng
ul'; Greiner Bio-One, Germany). The stock solution of the blocking reagent (10% w/v) was
prepared in maleic acid buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5). The optimal
formaldehyde concentration and hybridization temperature were determined by testing a
series of formamide concentrations (0—-60%) and two hybridization temperatures (35 and
46°C) to produce maximum detection rates (Table 1 and Fig. S1). The hybridization reaction
was conducted in a 24-well microplate overnight (up to 18 h) with mild agitation (10 rpm).
The microplate was sealed carefully with parafilm to prevent evaporation of the hybridization
buffer. After hybridization, the filter pieces were washed with 0.05% (v/v) Trition X-100
amended with PBS for 15 min. Stringent washing was omitted, as Wendeberg (2010)
reported that it did not make a significant difference to CARD-FISH results because
CARD-FISH works with lower concentrations of the probe than does FISH using
fluorochrome-labeled probes. After removing excess liquid from the filters, they were
incubated in 30 pl of amplification mixture (I x amplification diluent [PerkinElmer, MA,
USA]J:40% [w/v] dextran sulfate:fluorescein-tyramide reagent [PerkinElmer, MA, USA] =
25:25:1) in a 24-well microplate and incubated in the dark for 45 min at 37°C. The filters
were subsequently dipped in 0.05% (v/v) Triton X-100 amended with PBS for 5-10 min in
the dark, washed in MQ water, and dehydrated with 98% ethanol. The filters were then
mounted on a glass slide with an anti-fading reagent (Citifluor [Citifluor, Leicester, UK]:
Vectashield [Vector Laboratories, Burlingame, CA, USA] = 4:1) containing approximately 1
pg ml" of DAPI.

For each sample, two or three microscope pictures of DAPI-positive cells and the
corresponding FISH-positive cells with UV (330-350 nm excitation by U-MWU, Olympus)
and blue (460-490 nm excitation by U-MWB2, Olympus) excitation, respectively, were taken

at 400-magnification using an epifluorescence microscope (BX60, Olympus, Japan) and an



attached digital-camera (EOS Kiss X5, Canon, Tokyo, Japan; Fig. S2 shows examples of
CARD-FISH images). The microscope pictures were then processed with an automated

image processing program, the “EBImage” package of the software R (Sklyar et al., 2012).

2.4 Statistics

For all statistical analyses, the free statistical environment package R was used (R
Development Core Team, 2012). The additive mixed model was applied to analyze the
relationship between distance from the center and prokaryotic cell abundance, including
individual NSCs as a random factor. The additive mixed model was conducted using the
“mgcv” package (Wood, 2004). The relationships between soil physicochemical properties
and prokaryotic cell abundance were analyzed using a linear mixed model followed by model
selection based on Akaike information criteria (AIC). Total plant biomass, the number of
plant species, soil organic carbon, total soil nitrogen, soil pH, and moisture content were
initially included as explanatory variables in the linear mixed model. These variables were
chosen because they dramatically change along the vegetation gradient (Makoto and
Klaminder, 2012), and because they could have direct/indirect influences on the soil
microbial community. For example, total plant biomass and the number of plant species can
influence plant productivity (Tilman et al., 1997) which affects carbon inputs to soil via root
exudates and litter production. Soil organic carbon, total nitrogen and water content could be
a rough index for soil resource availability because they are essential for microbial activity
(e.g., Vance and Chapin III, 2001). The linear mixed model and model selection were
conducted using the “nlme” package (Pinheiro et al., 2009). Principal component analysis
(PCA) was performed to analyze overall patterns of prokaryotic community composition
along the NSC vegetation gradients. In addition, redundancy analysis (RDA) was performed

to analyze the relationships between the prokaryotic community composition, soil

10



physicochemical properties and aboveground plant vegetation. Detailed vegetation data such
as the number of moss species and lichen species are available for these sites (Makoto and
Klaminder, 2012), but these data did not improve the predictive power of the RDA presented
in this study. Therefore, only total plant biomass and numbers of species were used to reduce
the number of explanatory variables. Significance of the variables used in the RDA was
tested by a permutation test (9999 permutations). The multivariate analyses were conducted

using the “vegan” package (Oksanen et al., 2008).
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3. Results

3.1 Prokaryotic cell abundance

The numbers of DAPI-positive cells in the mineral soil increased with increasing vegetation
cover occurring outwards from the center of the NSC (Fig. 2a). The humus layer had higher
numbers of DAPI-positive cells than the mineral soil. Additive mixed model analysis
excluding the humus layer samples showed that distance from the center had a significant
effect on prokaryotic cell abundance (P < 0.01; Fig. 2b). The number of DAPI-positive cells
increased from location 0 to 3, and then slightly decreased towards location 5 (i.e., it showed
a humpbacked shape: Fig. 2b).

To briefly explore the factors that influence prokaryotic cell abundance in the studied
system, linear mixed model analyses followed by model selection based on AIC were
performed. Soil water content and organic carbon content were selected as significant factors
influencing the prokaryotic cell abundance (Fig. 2c, d). Soil water and organic carbon content

were positively correlated with the number of DAPI-positive cells (P < 0.0001).

3.2 Composition of the prokaryotic community along the vegetation gradients and factors
influencing the community composition

According to the CARD-FISH analysis, Eubacteria and Archaea constituted 59.7% and
33.4%, respectively, of the prokaryotic cells in the NSC systems. The sum of the relative
abundances of Eubacteria and Archaea (i.e., cells detected with the EUB338 and ARCH915
probes) was equivalent to 93% =+ 3.0 (standard error of the mean; SEM) of DAPI-positive
cells (Fig. S3). Among the analyzed bacterial phyla and sub-phyla, a-proteobacteria and
Acidobacteria were the most dominant phyla, constituting approximately 13.5% and 10.7%
of DAPI-positive cells, respectively (Fig. 3). The other phyla and sub-phyla, i.e.,

B-proteobacteria, y-proteobacteria, CFB and Actinobacteria, were present in relatively minor

12



numbers.

To explore the effects of aboveground vegetation on the overall prokaryotic community
composition, we performed multivariate analyses. PCA revealed the general pattern of the
composition of the prokaryotic community in the NSC system (Fig. 4). The first two
principal components (PCs), PC1 and PC2, explained 41.2% and 14.4% of total variation in
the community composition, respectively. A linear mixed model analysis suggested that
changing aboveground vegetation with increasing distance from the center did not
significantly influence the PCs (P > 0.05; Fig. 4a and Fig. S4).

In addition to the PCA, we conducted RDA to investigate variables that explained the
prokaryotic community composition in the NSC system. Aboveground plant biomass data,
plant species number, and soil physicochemical properties (Makoto and Klaminder, 2012)
were included as explanatory variables, and the permutation test was conducted to find
significant factors influencing the community composition (9999 permutations). The analysis
showed that only soil pH was a marginally significant factor affecting the prokaryotic
community composition (F = 2.153, P = 0.055). The relative abundances of Acidobacteria
and o-proteobacteria tended to decrease with increasing soil pH, but the correlations were

not significant (P > 0.05).
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4. Discussion

The major components of the prokaryotic community, revealed by CARD-FISH analysis,
were not influenced by sharp zonation in the aboveground vegetation (Fig. 3 and 4), while
prokaryotic abundance showed a humpbacked distribution along the vegetation gradient (Fig.
2). At our study site, the mean value of the relative abundance of Archaea exceeded 30%,
which is much higher than previously reported when using the pyrosequencing technique
(Bates et al., 2011). In the following subsections, possible determinants of the abundance and
composition of the soil prokaryotic communities as well as some methodological issues are

discussed.

4.1 Prokaryotic cell abundance

In line with our first hypothesis, the number of DAPI-positive cells increased from location 0
to 3, and then slightly decreased towards location 5 (i.e., it showed a humpbacked shape: Fig.
2b). The observed pattern of changes in the abundance of microbes with ecosystem
development is qualitatively similar to the results found previously by Wardle et al. (2004a)
who reviewed studies conducted in forest ecosystems. In addition, further analysis showed
that soil water and organic carbon content were positively correlated with the number of
DAPI-positive cells (Fig. 2; P < 0.0001). That microbial processes are carbon and moisture
limited is also supported by a recent laboratory-based study using soil samples from the same
vegetation gradients in which heterotrophic respiration rates increased as moist organic
matter was mixed into the mineral soil (Klaminder et al., 2013). The results of this study are
also in agreement with previous studies, which found that microbial biomass was
significantly correlated with soil water and carbon availability in various ecosystems (Allison

et al., 2007; Fierer et al., 2009; Welc et al., 2012).
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4.2 Composition of the prokaryotic community along the vegetation gradients

The detection rate of prokaryotic cells by CARD-FISH analysis (93% =+ 3.0; Fig. S3) is
considerably higher than the rate reported in a previous study which used the conventional
(mono-labeled) FISH (Kobabe et al., 2004). This suggests that the CARD-FISH method is a
more effective method for investigating soil microbial communities than the conventional
FISH method. Compared with other studies that applied CARD-FISH, the relative abundance
of Archaea (ca. 33.4%) in the arctic tundra soils is similar in range to that previously reported
for farmland and paddy soils (e.g., 28.1% for a sandy loam paddy soil; Eickhorst and
Tippkétter, 2008), but higher than the value reported for marine sediments (Ishii et al., 2004).
Some studies that used the pyrosequencing technique reported much lower values (e.g.,
1.7%; Bates et al. 2011). Caution should be taken in comparing different studies because of
probable methodological differences between them. We suggest that whether Archaea is
dominant or rare in soil environments should be further tested by simultaneously applying
different methodologies such as CARD-FISH, multi-color FISH (Wendeberg, 2010),
quantitative PCR (Fierer et al., 2005) and 16S rRNA gene pyrosequencing. In terms of
bacterial phyla and sub-phyla, a-proteobacteria and Acidobacteria were the most dominant
(Fig. 3). Other pyrosequencing studies have also reported their dominance in soil samples
(Lauber et al., 2009; Chu et al., 2010).

The multivariate analysis showed that the prokaryotic community composition was
relatively unaffected by vegetation change along the vegetation gradients (Fig. 4). Previous
studies have found that the phylogenetic composition of microbial communities (e.g.,
fungi-to-bacteria ratio) changes as the vegetation changes along soil chronosequences
(Allison et al., 2007; Welc et al., 2012). Our study does not support these results: one

possible explanation for this is that our study did not include fungi that have often been
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analyzed in previous studies using the lipid biomarker technique (Allison et al., 2007; Welc
et al.,, 2012). Significant changes in microbial community composition would probably be
observed if fungi were included in the CARD-FISH analysis, but our current dataset does not
allow us to quantify the fungal abundance. It might also be that there was simply no
difference in microbial community composition along the vegetation gradients, or the
coarse-scale taxonomic resolution (i.e., domain, phyla or sub-phyla level) in our study
obscured changes in microbial community composition. Additional analysis such as 16S
rRNA gene pyrosequencing would help to address these possibilities. Furthermore,
prokaryotic cells are very tiny and may easily be dispersed over small spatial scales, such as
those in this study, along with percolating soil-water or water moving as a result of cryogenic
suction (~3 m; Fig. 1a). Because of this possible dispersal process, significant changes in
prokaryotic community composition might not be observed along the vegetation gradients.
That the bulk soil itself is subjected to significant soil motion in the studied gradient (Makoto
and Klaminder, 2012) suggests that cyclic soil movement within the studied soil unit may
also have contributed to the homogenous mixture of the microbial community. Microbial
dispersal via possible vectors such as wind or soil water may also contribute to the

homogeneous microbial community composition.

4.3 Factors influencing the prokaryotic community composition

RDA analysis showed that soil pH was only a marginally significant factor affecting
prokaryotic community composition. Many studies have shown soil microbial community
diversity and/or composition to be strongly regulated by soil pH (Baith and Anderson, 2003;
Fierer and Jackson, 2006; Lauber et al., 2009; Rousk et al., 2010; Welc et al., 2012). The
marginally significant effect of pH on the microbial community observed here might indicate

that other environmental conditions, such as low soil temperatures, constrain the composition
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of the microbial community. That microbial processes are strongly constrained by
environmental conditions at the study site is supported by '*C dating, suggesting that
millennia-old carbon pools are present in the upper mineral soil (Becher et al., 2013).
Another possible explanation for the marginal effect of pH seen in our study is, again, the
relatively small-spatial scale of our study system and the possible within-site dispersal of
microbial cells, because previous studies were conducted at much larger spatial scales (i.e.,
from 180 m to a continental scale) than within a single NSC. As already indicated by Martiny
and colleagues (2011), determinant factors of microbial community composition may depend
on the spatial scale of a target study system. Contributions of microbial migration processes
to community establishment, which are not well understood, might be more important at our
site than at the previously studied sites at larger spatial scales. That is, dispersal limitations
may contribute to the significant differences in microbial community composition found in
previous studies. Comparison of microbial community composition and environmental
controls at different spatial scales might provide an opportunity to understand the relative
importance of microbial dispersal processes and environmental controls on community
composition.

Importantly, methodological differences between our study and previous studies might
also contribute to some extent to the observed differences in the results. Our study used cell
abundance-based data, but previous studies used biomass-based data (Baath and Anderson,
2003; Rousk et al., 2010; Ushio et al., 2010) or 16S rRNA gene-based data (Fierer et al.,
2005; Lauber et al., 2009; Chu et al., 2010). Microbial biomarker, quantitative PCR and
pyrosequencing techniques destroy microbial cells and extract biomarker compounds (e.g.,
signature lipids) or 16S rRNA genes from microbes. Conversely, the CARD-FISH method
allows the direct counting of microbial cells under a microscopic field. Further studies that

examine the influences of these methodological differences would benefit researchers in
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microbial ecology.

4.4 Conclusions

The CARD-FISH method was an effective technique for investigating soil microbial
communities (see also Eickhorst and Tippkotter, 2008). The technique provided fundamental
data on the abundance and composition of soil prokaryotic communities in arctic tundra soils
and suggested that: 1) the abundance of prokaryotic communities significantly increased
along with increasing vegetation cover, 2) Archaea, a-proteobacteria, and Acidobacteria
were dominant in the soils, and 3) the prokaryotic community composition was relatively
stable, even along dramatic vegetation gradients in the NSCs. These results generally follow
those of previous studies, but some results (e.g., the dominance of Archaea) are inconsistent
with earlier studies which have used 16S rRNA gene pyrosequencing. Further analyses using
multiple methodologies would provide important insights into the belowground components

of dry arctic tundra ecosystems.
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Figure Legends

Fig. 1  Images of non-sorted circles (NSCs), the research site location and soil sampling
design. (a) A NSC. A 1-m measure is placed between the center of the NSC and the edge of
the inner domain. (b) Landscape of the research site. Many NSCs are present on the ground,
and these features are common in tundra ecosystems in this region. (c) Location of the
research site. The filled triangle indicates our research site. (d) Soil sampling design (left
panel). Six sampling points were assigned between the center of NSC and the edge of the
outer domain. Aboveground vegetation is absent or relatively poor at locations 0, 1, and 2,
while plants are densely colonizing at locations 3, 4, and 5. A humus layer was present only
at locations 3, 4, and 5. This sampling design is identical to that of Makoto and Klaminder
(2012). Plant community composition changed dramatically along this transect because of
cryoturbation in the system (right panel). The panel is reproduced based on the data in

Makoto and Klaminder (2012).

Fig.2  Abundance of DAPI-positive cells and the relationships between cell abundance
and soil properties. (a) Abundance of DAPI-positive cells shown by a box plot. (b) An
additive mixed model was fitted to the cell abundance. Humus layer samples were excluded
from this analysis because the physicochemical properties and cell abundance of the humus
samples were very different from those of the mineral soil samples. The thick solid line
indicates the fitted curve, and the dashed lines indicate 95% confidence intervals. (c), (d)
Relationships between cell abundance and soil water and carbon contents. Humus layer

samples were excluded from this analysis.

Fig.3  Composition of the prokaryotic community along the NSC vegetation gradients.

Numbers on the x-axis indicate distance from the center of NSC, and “H” indicates humus
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layer samples. Each bar represents the mean value of the relative abundance of each
microbial group. The values of the relative abundance of microbial phyla reported here were
corrected by subtracting a false positive rate detected by the NON338 probe (3.8% =+ 0.5

SEM). Data plots with SEM are presented in Fig. S4.

Fig.4  Principal component analysis (PCA) of the prokaryotic community composition.
(a) Scores of the samples are plotted. For the PCA, the relative abundances of prokaryotic
groups were transformed by taking the arcsine of the square root. Numbers indicate the
distance from the center of NSC, and “H” indicates humus layer samples. Bars indicate
SEMs. Distance had no effects on PC1 and PC2 (P > 0.05, linear mixed model). (b)
Contributions of microbial groups to the ordination. Actinobacteria, y-proteobacteria, and
Acidobacteria were positively corresponding, while archaea, Bacteroidetes (referred to as
CFB in the right panel), a-proteobacteria, and p-proteobacteria were positively

corresponding.
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Tables

Table 1  Probes and hybridization conditions of the CARD-FISH method.

Probe Name Target Sequence (5 —37) FA'

EUB338 Eubacteria EUB338 I: GCT GCC TCC CGT AGG AGT 35%
EUB338 II: GCA GCC ACC CGT AGG TGT
EUB338 III: GCT GCC ACC CGT AGG TGT

ARCHOY15  Archaea GTG CTC CCC CGC CAATTCCT 5%

ALF968 a-proteobacteria  GGT AAG GTT CTG CGC GTT 25%
BET42a [-proteobacteria  GCC TTC CCA CTT CGT TT 35%
GAM42a y-proteobacteria ~ GCC TTC CCA CAT CGT TT 35%
CF319a CFB* TGG TCC GTG TCT CAG TAC 25%
HGC69a Actinobacteria TAT AGT TAC CAC CGC CGT 25%
HoAcl1402  Acidobacteria CTT TCG TGA TGT GAC GGG 15%
NON338 - ACT CCT ACG GGA GGC AGC 35%

'FA indicates formamide concentration.
*CFB indicates phylum Cytophaga-Flavobacteria-Bacteroidetes.
All hybridizations were conducted overnight at 35°C. Results of the pilot experiments to

determine the optimal hybridization condition are shown in Fig. S1.
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Supplementary Figure Legends

Fig. SI Dependence of CARD-FISH detection percentages on formamide concentration for
each probe. Probe names are listed in Table 1. Different formamide concentrations and
hybridization temperature were tested for one representative soil sample. Filled black circles
and filled red squares indicate detection percentages by hybridizations at 35°C and 46°C,
respectively. Black and red solid lines indicate fitted sigmoid curves for the hybridization
results at 35°C and 46°C, respectively. Blue triangles and dashed lines indicate formamide
concentrations adopted in this study (Table 1). The optimal formamide concentration was
determined as the maximal formamide concentration that maintains high values of detection

percentages.

Fig. S2 Image examples of soil CARD-FISH. (a) Archaea detected by ARCH915 probes.
The bright yellow color indicates cells hybridized with ARCH915 probes. The blue color
indicates cells detected by DAPI. (b) Acidobacteria detected by HoAc1402 probes. For (a)
and (b), UV (330-350 nm) and blue (460—490 nm) excitation images were merged. Images

are taken at 1000 magnification. White bars indicate 10 um.

Fig. S3  Sum of the relative abundance of eubacteria (EUB338) and archaea (ARCHO915)
along the NSC vegetation gradients. Bars indicate SEM. The mean value of all the samples

was 93% = 3.0 (SEM) of DAPI-positive cells.

Fig. S4 Relative abundance of each microbial group along the NSC vegetation gradients.
Bars indicate SEM. Distance from the center was not significant for all microbial groups (P >

0.05, linear mixed model).
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