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Abstract 
 
Background and aims 
Microorganisms are prime drivers of ecosystem functions in the Arctic, and 
they are essential for vegetation succession. However, very little is known 
about the phylogenetic and functional diversities of the bacterial communities 
associated with arctic plants, especially in low-organic- matter soils. Here, we 
studied the diversity and community structure of the total and diazotrophic 
bacterial communities in the rhizospheres of two arctic pioneer plant species, 
Oxyria digyna and Saxifraga oppositifolia, as well as the phenotypic profiles of 
these communities. 
 
Methods 
Plant and soil samples were harvested from four sampling sites located in the 
low (Finnish) or high (Norwegian) Arctic. Bacterial diversities and community 
structures were determined with 16S rRNA and nifH gene-targeted PCR and 
T-RFLP profiling. The phenotypic (functional and antibiotic resistance) 
profiles of the soil bacterial communities were determined with BIOLOG Gen 
III plates. 
 
Results and conclusions 
Location and soil type, as well as plant species were shown to significantly 
influence the bacterial community structures. This was evident from the 
clustering of the communities per sampling location and per plant species in 
ordination plots. Geographical location as well as, plants also influenced the 
functional profiles of the soil bacterial communities. The antibiotic resistance 
profiles were associated with the location the communities were derived from, 
whereas the abilities to tolerate oxidative stress and specific antibiotics were 
associated with the rhizosphere communities 
 
Keywords 
Rhizosphere bacterial diversity; Arctic plants; Functional diversity; T-RFLP; 
BIOLOG Gen III, D-serine 
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Introduction 
The diversity and community structure of soil bacteria are influenced by a 
range of biotic and abiotic factors. Several studies have reported pH to be a 
major factor influencing community structures across soil habitats (Männistö 
et al. 2007; Fierer and Jackson, 2006; Lauber et al. 2009). Moreover, factors 
such as soil moisture regime (Brockett et al. 2012), C:N ratio and phosphate 
level (Kuramae et al. 2012),  the presence of plants (Knelman et al. 2012; 
Duineveld et al. 1998; 2001; Garbeva et al. 2004; Kuramae et al. 2012; 
Urbanova et al. 2015) and the input of plant-derived exudates (Duineveld et al, 
1998; 2001; Fierer & Ladau 2012; Pii et al. 2015) have also been shown to 
influence soil bacterial communities. Such factors are in turn related to the 
more ‘overall’ factors geographic location (Yergeau et al. 2007), elevation 
(Singh et al. 2012) and snow cover and its dynamics (Schimel et al. 2004; 
Zinger et al. 2009). 

Ever since the emergence of terrestrial plants, relationships (both 
beneficial and detrimental ones) have developed between plants and microbes, 
and plant-associated microbes have differentiated into symbionts, endophytes, 
pathogens and parasites (Zhang et al. 2006). Among the plant-inhabiting 
microorganisms, bacteria play major roles as colonizers of the endosphere as 
well as root surface (the rhizoplane). They also colonize the soil surrounding 
plant roots, i.e. the rhizosphere, which is considered to be a hot spot for plant-
microbe interactions. Progressively-increasing evidence has revealed that plant-
associated bacteria play major roles in nutrient uptake and resistance to abiotic 
stress factors, like drought and cold, in plants (Sessitsch et al. 2002; Zhang et 
al. 2006; Miniaci et al. 2007; Hardoim et al. 2008; Compant et al. 2010).  

Plant roots release organic compounds such as sugars, polysaccharides, 
amino acids, fatty acids, sterols, proteins and secondary metabolites in their 
exudates (Badri et al. 2009; Cesco et al. 2010; Chaparro et al. 2014; Pii et al. 
2015b). Such compounds can have strong impact on the diversity and 
community composition of soil microbes. Furthermore, plants have been 
shown to be able to select, to a considerable extent, their own microbial 
community from the soil by secreting unique signaling molecules (Duineveld et 
al. 2001; Smalla et al. 2001; Yergeau et al. 2007), thus impacting local soil 
nutrient cycling. However, very little is known of the plant-associated bacterial 
communities in arctic climate zones, in spite of the fact that climate change is 
predicted to have a significant impact on the arctic ecosystem, in terms of the 
plant communities and the extent of plant coverage (Walker and Wahren 
2006).  

Plants in the Arctic are challenged with several abiotic stress factors, 
i.e. cold winters and short, cool summers, drought, anoxia and high 
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fluctuations of solar radiation (Kume et al. 1999; Körner 2003).  However, 
plants living in arctic systems are well adapted to their environments, as during 
the short summers, they have growth rates comparable to temperate plants 
(Chapin 1983; Chapin et al. 1987; Smallwood and Bowles 2002; Margesin et al. 
2007). Rather than by low temperatures directly, growth rates of arctic plants 
may be limited by a restricted availability of nutrients due to slow 
mineralization processes. Available nitrogen is probably the major limiting 
factor for plant growth in Arctic soils (Schimel et al. 2004; Wallenstein et al. 
2009), and bacterial communities involved in nitrogen fixing and cycling are 
likely to have a significant impact on plant growth.  

In the light of the paucity of information on plant-microbe interactions 
in the Arctic, we focused on the impact of two key pioneering arctic plant 
species, Oxyria digyna and Saxifraga oppositifolia, on the soil bacterial 
communities. Both selected plants are found in relatively poorly characterized 
low-organic-matter soils in the Arctic (Robbins and Matthews 2009), are 
perennial (although O. digyna is suggested to be relatively short-lived) and 
propagated by seed. O. digyna is non-mycorrhizal, whereas S. oppositifolia is 
reported to be mainly ectomycorrhizal (Marr et al. 2008, Stenström and Molau, 
1992). A better understanding of the microbiota that is associated with these 
plants is expected to shed light on the key (microbial) processes in arctic 
pioneer species. To enable a broad view of such microbiota, we analyzed the 
systems from two angles, i.e. (1) ‘overall’ based on community DNA (using 
direct molecular tools), and (2) function-based, using community-level 
phenotypic arrays. We hypothesized that in these low organic matter soils, the 
presence of plant, but also plant species have a strong influence on the 
rhizosphere bacterial community structure (16S, nifH) and function (metabolic 
profiles). 
 
Materials and Methods 
Study sites and sample collection 
Samples were collected from four sites in two different climatic zones/location 
in the Arctic: three sites in the Kilpisjärvi region (northwestern Lapland, 
Finland - low Arctic, 69 °N) and one site in Longyearbyen (Svalbard, Norway; 
high Arctic, 74-81°N). See Figure 1. 

The three Kilpisjärvi sites Saana, Jehkas and Salluoaivi (abbreviated 
hereafter as S, J and Sa, respectively - See Table 1) were characterized by 
scattered arcto-alpine vegetation (about 800 m.a.s.l..). At the three sites, the 
annual mean temperature was about -2.2°C, and the plant growing season was 
about 90-100 days. O. digyna and (in J and Sa) S. oppositifolia were the main plant 
species, other dominating plant species were mosses (Polytrichum sp. and 



	  

	  
27	  

A
rc

tic
 P

la
nt

s 
Im

pa
ct

 S
tr

uc
tu

re
 a

nd
 F

un
ct

io
n 

of
 B

ac
te

ria
 

other), lichens, Bistorta vivipara and Saxifraga species. In S and J Ranunculus 
glacialis was abundant. The sampling site at Svalbard was located close to the 
Longyearbreen glacier (abbreviated hereafter as LG) near Longyearbyen. The 
area is dominated by glaciers and permafrost with a mean annual temperature 
of -4°C, and growing season of 70-90 days. The vegetation was also 
characterized as tundra, with scattered pioneer plants. In addition to O. digyna 
and S. oppositifolia, LG site was dominated by lichens and mosses. B. vivipara 
and Saxifraga sp. were also present. 
 

 
Figure 1 Map showing the geographic location of the sampling sites in Longyearbyen, (Svalbard, Norway) 
and Kilpisjärvi (Finland) and a detailed view of the three sampling sites in Kilpisjärvi. 

 
Six replicate plants per species plus six bulk soil samples were collected 

from each site in July, 2011. The two target plant species, O. digyna and S. 
oppositifolia, were collected as whole plants with adhering soil [from site S, only 
O. digyna was harvested]. Soil and plant samples were taken to the lab, stored at 
4°C and processed within 48-72 hours of sampling. To obtain rhizosphere soil, 
loose soil was first removed by careful shaking, after which tightly-adhering 
soil was sampled from the root surfaces of each plant with sterile small blunt 
end forceps avoiding any damage to roots. To preserve material, three 250 mg 
aliquots of bulk and rhizosphere soil from each sample (replicate) were snap-
frozen with liquid N2 and stored at -80°C. The bulk soil samples were collected 
approximately 5 meters from plants with a sterile spade 15-20 cm below 
surface, and contained no visible plant roots. 
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Table 1 Background data of sampling sites and habitats 

Location 
(climatic zone) 

Site name 
(abbreviation) 

Latitude Elevation Habitat Vegetation 
cover 

Kilpisjärvi 
(low arctic) Saana (S) N 69.05  890 m.a.s.l. 

Boulder/scree slope, 
close to melting ice 
patch 

30-50% 

Kilpisjärvi 
(low arctic) Jehkas (J) N 69.08 925 m.a.s.l. 

Boulder/scree slope, 
close to melt-water 
stream 

<30% 

Kilpisjärvi 
(low arctic) Salluoaivi (Sa) N 69.13 861 m.a.s.l. 

Small valley, ice 
patch, close to melt-
water pond 

30-50% 

Longyearbyen 
(high arctic) 

Longyearbreen 
Glacier (LG) 

N 78.20 
 n.a. 

Glacier forefront, 
scree dominated 
valley 

<30% 

 
Soil analysis 
Soil pH-H2O was measured as 1:5 (v:v) fresh soil to water ratio. Soil slurry was 
shaken briefly, incubated at room temperature for 2 h, and pH was measured 
using a pH meter (model 220, Denver instruments). The organic matter 
content of the soil was determined based on loss upon ignition, by heating pre-
dried soil at 600°C for 4 h. Soil microbial biomass was measured using the 
substrate-induced respiration (SIR) method of Anderson and Domsch (1978). 
Carbon-based respiration was induced by adding 20 mg of glucose in a mixture 
of 1 g of soil and 2ml demineralized water and was shaken at 150 rpm at room 
temperature for 2.5 h. The CO2 released was measured using gas 
chromotography and the microbial biomass estimated according to Anderson 
and Domsch (1978). 

The soluble ammonium (NH4
+-N) and nitrate (NO3

--N) levels were 
measured with the San++ automated wet chemistry analyzer (Skalar, Breda, the 
Netherlands) according to manufacturers instructions: 12.5 g of fresh soil were 
suspended in 30 ml of 1M KCl. The mixture was shaken overnight, filtered 
using nitrogen free filter paper (Macherey-Nagel # 321) and the filtrate used 
for further analysis. The analysis followed the standard method for 2-100 
mg/kg total N (Cat# 461-218 issue, Skalar, Breda, the Netherlands).  

Soluble phosphate was analyzed spectrophometrically by using a 
slightly modified   protocol of Strickland and Parsons (1968). 1.2 cm3 of dry 
soil was mixed in 2 ml of demineralized water and incubated at 20°C for 22 
hrs. Then, 60 ml of demineralized water was added to the suspension, shaken 
at 20°C for 1 h and filtered using paraffin wax filter papers (Schleicher and 
Schuell # 512). Five ml of filtrate were mixed with 5 ml of reagent mixture 
(5N sulphuric acid, 4% ( w/v) molybdate solution, 1.75% (w/v) ascorbic acid 
solution, 0.275% (w/v) potassium antimonyl tartarate solution, Vortex-mixed 
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and incubated at room temperature for 20 min. The absorbance value of 
samples and standards were measured at 882 nm using a spectrophotometer 
(GENESYS 5, Spectronic Instruments) and the soluble phosphate was 
calculated (See supplementary text file S1 for formulae). 
 
Soil DNA extraction and PCR 
Soil DNA was extracted using the MoBio Power soil kit (MoBio, Carlsbad, CA 
USA) according to the manufacturer’s instructions with slight modifications: 
0.5 g of soil sample was used instead of 0.25 g because of low microbial counts 
and the samples were homogenized for 30 sec with a bead beater (Fast Prep, 
MP biomedicals).  Approximately 5-10 ng of DNA was used for PCR 
amplification with universal 16S rRNA eubacterial primers to determine the 
total bacterial diversity. FAM labeled 27F (AGAGTTTGATCMTGGCTCAG) 
and unlabeled 1492R (TACGGYTACCTTGTTACGACTT) primers were 
used for the amplification (Lane et al. 1991). Each 30 µl PCR reaction 
contained 5-10 ng of sample DNA, 1X PCR buffer, 1 mg/ml of BSA, 0.2 mM 
dNTP’s, 0.3 µM of each primer and 100 U/ml Fermentas DreamTaq DNA 
Polymerase (Thermo Scientific). A BioRad thermocycler was used for the 
amplifications and conditions were: 2 min denaturation at 94°C followed by 30 
cycles of denaturing, annealing, and extension at 94°C for 45 s, 55°C for 1 min 
and 72°C for 2 min, respectively. Final extension was carried out at 72°C for 
12 min. All PCR amplified products were checked on 1% agarose gels for the 
presence of the desired bands, of about 1450 bps. 

FAM-labeled primers POL-F (TGCCAYCCSAARGCBGACTC) and 
POL-R (ATSGCCATCATYTCNCC) were used to analyse the diversity of 
nitrogen fixing bacterial communities (Poly et al. 2001). PCR was carried out in 
a reaction volume of 35 µl using approximately 50-60 ng of sample DNA, 1X 
PCR buffer, 1 mg/ml of BSA, 0.25 mMdNTP’s, 0.25 µM of each primers and 
25 U/ml FermentasDreamTaq DNA Polymerase (Thermo Scientific). A 
thermocycler (Bio-Rad) was used for the PCR amplifications, with conditions: 
a 4 min denaturation step at 94°C followed by 35 cycles of denaturing, 
annealing and extension at 94°C for 1 min, 54°C for 1 min and 72°C for 2 min 
respectively. The final extension was carried out at 72°C for 10 min, after 
which the reaction mix was kept at 8°C.  

The DNA fragments were purified using innuPREP PCR pure 96 Kit 
(Analytik Jena, Jena)  based on the manufacturer’s instructions and centrifuged 
at 2,325 x g (4-15 C, Sigma centrifuge).  
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DNA restriction and T-RFLP analysis  
Amplified 16S and nifH PCR fragments were digested using MspI and MnlI 
restriction enzymes respectively. 20 µl restriction mix contains, approximately 
150-200 ng (8-10 µl) of amplified fragments, 1 µg of t-RNA, 2 µl of restriction 
buffer, 1 µl of MspI/MnlI enzyme and MilliQ water. Samples were incubated 
at 37°C for overnight. 

The samples were precipitated using ethanol/EDTA/sodium acetate 
mixture. For each 20 µl of restriction mix 4 µl of EDTA/Na-acetate mixture 
(Equal volume of 0.125 M EDTA and 3 M Na-acetate) and 50 µl of 100% 
ethanol was added and incubated at room temperature for 15 min. The 
samples were centrifuged (Eppendorf Centrifuge) at 2,900 g at 6°C for 1 hr, 
after which the supernatant was removed by turning the plate and spinning it 
briefly at low speed (100g for 30 s). Then, the pellet was washed with 100 µl of 
70% ice-cold ethanol and centrifuged again at 2900 g at 6°C for 20 mins. The 
supernatant was again removed as above, and the pellet was dried at 37°C for 
10 mins. Then the pellet was dissolved in 8 µl of MilliQ water and 1-2 µl of 
sample was used for T-RFLP analysis with Genescan LIZ600 as standard and 
using ABIPRISM 377 automatic sequencer from Fragment analysis service, 
University of Turku, Finland. 

 
Community phenotypic profiling 
A protocol modified from Trevor et al. (2010) was used for the extraction of 
microbial cells from both bulk and rhizosphere soils. 20 g of bulk (2:3, w/v), 
and 10 g of rhizosphere (1:2 w/v) soils were suspended in sterile 0.1% sodium 
pyrophosphate (pH 7.0) and shaken at 140 rpm for 1 h at 10°C. The resulting 
suspensions were centrifuged at 1,200 g for 10 min at 4°C and the 
supernatants (10 – 13 ml for bulk soils, 7-8 ml for rhizosphere soils) 
transferred into fresh sterile tubes. The washing step was repeated with fresh 
sterile 0.1% sodium pyrophosphate and the supernatants were then combined. 
The extracts (25 ml bulk soil, 15 ml rhizosphere soil) were then centrifuged at 
2,000 g for 10 min at 4°C, after which supernatants were transferred to new 
sterile centrifuge tubes and centrifuged at 7,100 g for 30 min at 4°C to pellet 
the cells. The pellets were resuspended in 1.7 ml of 0.1 M potassium buffer, 
transferred to sterile 2 ml tubes, and centrifuged (860 g for 3 min) to remove 
any remaining soil debris. The supernatants were transferred to sterile tubes, 
centrifuged at 10,400 g for 5 min at 4°C. The final pelleted cells were then used 
for phenotypic profiling. Here, the protocol of Derry et al (1999) was 
followed. 

Phenotypic profiling of the bulk and rhizosphere soil microbial 
communities was done with GenIII MicroPlates (BIOLOG, CA, USA), 
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containing 71 carbon source utilization assays and 23 chemical sensitivity 
assays (list of substrates at http://www.biolog.com/pdf/milit/00P 185rA 
GEN III MicroPlate IFU Mar2008.pdf). The pelleted cells were washed with 
0.1M potassium phosphate buffer twice and  resuspended in inoculation fluid 
IF-A (BIOLOG, CA, USA). Three replicate plates were incubated per sample. 
100 µl of cell suspension was inoculated per well, and incubated at 10°C in a 
plastic box to prevent drying during prolonged incubation. The soil 
communities from LG site showed lower metabolic activities than those from 
all Kilpisjärvi soils, with little utilization of most carbon sources during the first 
week of incubation. To exclude false negatives, we therefore extended 
incubation to up to 30 days, at which point most of the samples showed clear 
activity, as indicated by color development, and used the final absorbance 
values for comparative analyses. The color change was measured using a 
microplate reader at 600 nm (Versamax Microplate reader, Molecular devices). 
Samples with no color change in positive control were rejected. 

 
Data analysis 
The sizes of T-RFLP fragments of both 16S rRNA and nifH samples obtained 
from the ABIPRISM automatic sequencer were determined using Peak 
Scanner software (Applied Biosystems). Only peaks ranging from 50 to 600 bp 
(16S rRNA genes) and 40- 360 bp (nifH) were chosen for analysis.  The T-RF’s 
were aligned and excess noise was filtered out based on peak area using on-line 
software T-REX (http://trex.biohpc.org/). Samples with less than a total of 30 
TRF’s for 16s rRNA and 20 TRF's for nifH were removed.  Minimal of three 
replicates per sample group were analyzed, with the exception of  nifH profiles 
of LG and Saana bulk soil samples, where only 2 replicates were used.  The 
final data were normalized as described by Dunbar et al (2001). Normalized T-
RFPL peaks were used as a proxy for bacterial community members in 
analyzes of community structures. Community structures were analyzed using 
PRIMER (PRIMER-E Ltd).  Bray-Curtis dissimilarity analysis was used to 
quantify community compositional differences. Non-metric multidimensional 
(NMDS) scaling (Kruskal stress formula = 1 and minimum stress =0.01) was 
used to compare the community structures of total and nitrogen-fixing 
bacterial communities based on T-RFLP profiles. Hierarchical cluster analysis 
of the T-RFLP profiles was performed with CLUSTER5 using the complete 
linkage clustering mode (Clarke 1993). The effect of sampling site and 
vegetation on the T-RFLP profiles was tested using two-way crossed analysis 
of similarities (ANOSIM) and factors contributing to the differences evaluated 
using similarity percentage (SIMPER) analysis included in the PRIMER 
software (Clarke 1993). 
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The diversity indices for both bacterial and diazotrophs were analyzed 
by calculating species richness and H’ Shannon diversity indices using 
Univariate Diversity Indices (DIVERSE, Primer 6). The obtained species 
richness and Shannon values were used for determining differences in the 
diversity using two-way ANOVA and clustered box-plots from IBM SPSS 
Statistics viewer.  

For the analysis of phenotypic profiles of the communities (BIOLOG 
GenIII MicroPlate data), the absorbance values from the last reading from 
which background values were subtracted (negative control) were used for the 
analyses. In order to get comparable values, each sample’s absorbance was 
divided by that sample plate’s average absorbance as described by Campbell et 
al. (1997) and Lucas et al. (2013). Differences in the profiles were analyzed 
with Primer 6.0 package with Permanova+ package (Clarke and Gorley 2006). 
Bray-Curtis dissimilarity analysis was used to quantify differences in metabolic 
profiles of the communities using the normalized, square root-transformed 
absorbance data. Furthermore, ANOSIM was used to determine the statistical 
significance between the communities, and SIMPER was used to identify the 
variables contributing to the dissimilarities (Clarke 1993). 

Differences in physico-chemical properties between bulk and 
rhizosphere soils and between different sites were determined using 
Independent-Samples T test (IBM SPSS statistics viewer) The samples were 
grouped and tested based on site or soil type.  
 
Results 
Soil characteristics 
The physicochemical properties of the LG soil (Longyearbyen) differed from 
those of the S, Sa and J soils (Kilpisjärvi). Both the bulk and rhizosphere soils 
from the latter sampling sites were significantly (P < 0.001) more acidic (pH 
range 5.45-6.12) than the corresponding LG soil samples (pH range 6.14-6.53) 
(Table 2). No significant differences in pH were detected across the soils from 
the three Kilpisjärvi sites.The LG bulk soil had a significantly (P<0.01) higher 
OM content (5.09%) than the three Kilpisjärvi bulk soils (1.11-2.22%, average 
1.6%; Table 2). A clear impact of the presence of plants was detectable, as all 
rhizosphere soils had a higher OM content and were more acidic as compared 
to the corresponding bulk soils (Table 2). No differences were detectable, with 
respect to pH and OM content, between the rhizosphere soils of O. digyna and 
S. oppositifolia. 

The soil nitrogen contents were different between the LG 
(Longyearbyen) and the three Kilpisjärvi soils. The LG bulk soils contained 
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2.22-2.47 mg soluble NH4
+-N /kg soil, and the Kilpisjärvi soils <0.44 mg 

NH4
+-N/kg soil. Whereas the LG rhizosphere soils had similar soluble NH4

+-
N levels to the bulk soils, those (both O. digyna and S. oppositifolia) in Kilpisjärvi 
had tenfold higher NH4

+-N concentrations (4.05-5.86 NH4
+-N kg-1 soil, Table 

2) than the corresponding bulk soils.   
In sharp contrast to the foregoing, the LG soils had significantly lower 

concentrations of soluble NO3--N (0.11-0.22 NO3--N /kg soil) than the 
Kilpisjärvi soils (1.11-91.0 NO3--N /kg soil) (P<0.05; Table 2). Moreover, the 
rhizosphere soils in all three Kilpisjärvi sites, but not in the Longyearbyen site, 
contained 5-60 times higher NO3--N concentrations than the corresponding 
bulk soils.  

The levels of soluble phosphate were low (i.e. 1.11 – 3.17 g/ L soil) in 
all soils and there was no significant differences between soil types or sampling 
sites. The microbial biomass levels were between 0.02 and 0.04% of the total 
organic matter in all bulk soils measured. 
 

 
 
Bacterial diversity and community structure 
First, the T-RFLP based structures of the bacterial communities in all soil 
samples were used as the basis for the determination of the Shannon diversity 
indices, thus describing the ‘richness’ and ‘evenness’ of the dominant broad 
bacterial groups. Analyses of these indices revealed no significant differences 
between sampling sites or geographical location (Kilpisjärvi or Longyearbyen). 
No statistically significant differences were detected between the bulk soil and 
S. oppositifolia rhizosphere soils (P>0.05; Figure 2a).  However, such indices 
were significantly higher for the O. digyna rhizosphere communities than for 
the bulk soil ones (P<0.02; two-way ANOVA) at each sampling site (Figure 

Table 2 Mean values of physio-chemical parameters of bulk and rhizosphere soils (O.d. = Oxyria digyna), (S.o. =Saxifraga oppositifolia) from the sampling 
sites. Standard deviation (SD) is in parenthesis. ND = Not determined 

Sites 
 

Soil type pH (SD) Organic matter  
% of dry soil 

Microbial biomass % 
of organic matter  

Soluble NO3--N 
mg N kg-1 soil 

Soluble NH4+-N  
mg N kg-1 soil 

Soluble PO4 g L-1 
soil 

Saana Bulk 6.12 (0.25) 1.71 (0.71) 0.04 (0.01) 2.40 (1.74) 0.48 (0.17) 1.52 (0.58) 

Saana O.d. rhizosphere 5.54 (0.23) 7.02 ND 19.53 (1.48) 5.42 (5.4) 1.32 (0) 

Jehkas Bulk 6.21 (0.18) 1.65 (0.5) 0.03 (0.001) 1.11 (0.69) 0.33 (0.11) 1.56 (0.3) 

Jehkas O.d. rhizosphere 5.45 (0.07) 21.2 ND 61.0 (9.58) 5.86 (0.37) 2.96 (0) 

Jehkas S.o. rhizosphere 5.70 (0.12) 23.7 ND 41.5 (27.1) 4.82 (1.14) 3.17 (0.29) 

Salluoaivi Bulk 6.06 (0.43) 2.22 (0.54) 0.03 (0.01) 1.16 (1.09) 0.44 (0.1) 2.31 (0.32) 

Salluoaivi O.d. rhizosphere 5.98 (0.06) 16.0 (0.06) ND 30.1 (10.8) 5.40 (0.91) 2.04 (0.39) 

Salluoaivi S.o. rhizosphere 5.92 (0.12) 17.0 (0.04) ND 7.88 (4.06) 4.05 (0.51) 1.11 (0.41) 

Longyearbreen Bulk 6.53 (0.73) 5.09 (0.37) 0.02 (.001) 0.11 (0.07) 2.23 (0.38) 2.09 (0.46) 

Longyearbreen O.d. rhizosphere 6.14 (0.11) ND ND 0.44 (0.25) 2.47 (0.13) ND 

Longyearbreen S.o. rhizosphere 6.41 (0.11) 10.3 ND 0.32 (0.33) 2.22 (0.08) 2.14 (1.16) 

!
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2a). These differences were mainly driven by the higher richness values in the 
O. digyna rhizosphere soils (Supplemental Figure S1).  
 In contrast to the diversity indices, the T-RFLP based bacterial 
community structures differed significantly per geographical location, i.e. 
Longyearbyen versus Kilpisjärvi (one-way ANOSIM; P<0.001, R = 0.79), with 
those at the three Kilpisjärvi sites being similar to each other. NMDS plots 
confirmed the differences between the two geographical locations, as clear 
clusterings of the bacterial patterns were found according to geographical 
location (Figure 3).  
 

 
Figure 2 Box plot of Shannon diversity indices of (A) 16s rRNA based bacterial community structures and 
(B) nitrogen fixing bacterial communities based on nifH gene calculated using DIVERSE (PRIMER 6) 
with sampling sites on the category axis. Figure legends: Soil type: B - Bulk soil sample, O.d - O. digyna 
rhizosphere soil sample, S.o - S. oppositifolia rhizosphere soil sample. Sampling sites: S - Saana, J - Jehkas, 
Sa - Salluoaivi, LG - Longyearbreen Glacier. 
 

Very interestingly, the presence of a plant as well as the plant species 
had significant impacts on the bacterial community structures. This was 
evident from the observation that (1) the bacterial communities in the 
rhizosphere soils of O. digyna and S. oppositifolia were significantly different 
from those in the corresponding bulk soils (P <0.01, R = 0.32; one-way 
ANOSIM), and (2) these were also different from each other. These 
observations were corroborated by the NMDS ordination, where the samples 
clustered according to plant species, rather than sampling site, within each 
geographical location (Figure 3a). Thus, plant roots were significant drivers of 
the structures of their local bacterial communities.	  
  



	  

	  
35	  

A
rc

tic
 P

la
nt

s 
Im

pa
ct

 S
tr

uc
tu

re
 a

nd
 F

un
ct

io
n 

of
 B

ac
te

ria
 

 
Figure 3  Non-metric Multi-Dimensional Scaling (nMDS) plots of bacterial community structure profiles 
analysed based on T-RFLP profiles of 16S rRNA gene (Msp I digestion) amplicons (3a) and  nifH gene 
(Mnl I digestion) amplicons (3b). Similarity clustering was based on Bray Curtis dissimilarity matrixes and 
was performed with complete linkage method in PRIMER 6. Figure legends: Soil type: B - Bulk Soil sample, 
O.d - O. digyna rhizosphere soil sample, S.o - S. oppositifolia rhizosphere soil. Sampling sites: S - Saana, J - Jehkas, Sa - 
Salluoaivi, LG - Longyearbreen Glacier 

 
Diazotroph diversity and community structure  
Given the potential importance of diazotrophs, we assessed these across the 
soil samples by nifH gene targeted PCR and subsequent T-RFLP analysis. The 
diversity of the diazotrophic communities at site S, as reflected by the Shannon 
indices, was significantly higher (P<0.001; two-way ANOVA) than that at the 
other three sites (Figure 2b). Both species richness and evenness influenced 
this difference (data not shown). Moreover, the Shannon indices of the S. 
oppositifolia rhizosphere soils were significantly higher than those of the O. 
digyna rhizosphere soils (P<0.005, two-way ANOVA) (Figure 2b). 

Concerning the diazotroph community structures assessed by T-RFLP, 
the communities in the LG and S sites each differed clearly from those of sites 
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J and Sa, which were highly similar to each other. Within the sites, the 
diazotroph communities in the rhizosphere soils clustered along plant species 
in the NMDS plot, indicating that plant species was a major driver of the root-
associated diazotroph communities (Figure 3b). 
 
Phenotypic profiles of bacterial communities 
Parallel to the molecular community fingerprints, we produced phenotypic 
fingerprints of the microbial communities from the rhizosphere and bulk soil 
samples of all sampling sites. Phenotypic profiles of the LG soil communities 
were significantly different from those of the Kilpisjärvi sites S, J and Sa (R = 
0.418, p<0.03; one way ANOSIM). These differential responses were 
confirmed by principal coordinate analysis (PCoA), which revealed the 
existence of two main clusters on the first axis, one encompassing the majority 
of the S, Sa and J derived profiles, and the other one the LG derived ones, 
except one (Figure 4a). This clustering was reminiscent of the clustering based 
on the T-RFLP based community fingerprints (Figures 3a and 3b). SIMPER 
analysis revealed that the differences in the community phenotypes between 
the LG and the Kilpisjärvi sampling sites S, J and Sa were mainly driven by 
relatively higher tolerances to the antibiotics vancomycin, rifamycin, 
lincomycin and troleandomycin, as well as acidity (pH 5.0) in the Kilpisjärvi 
communities. 

In contrast, there was a trend towards a more efficient utilization of 
sugars and organic acids by the LG soil communities. The main substrates that 
were preferentially utilized by communities from different sites and soil types 
are listed in the Supplementary Table S1. 

Within each geographical location, the phenotypic fingerprints of the 
rhizosphere soil communities differed significantly (R=0.305, p<0.04 in two-
way ANOSIM) from those of the bulk soil communities, as indicated by the 
tight clustering of most of the rhizosphere soil samples in the PCoA (Figure 
4b).  

This clustering of rhizosphere soils was mainly driven by their quite 
effective utilization of D-serine and D-arabitol, and by their higher tolerance to 
(potassium) tellurite, guanidine-HCl and fusidic acid, as well as to (sodium) 
bromate, surfactant Niaproof 4 and troleandomycin (Figure 4b). The main 
substrates utilized by the bulk and rhizosphere communities from all sampling 
sites are listed in Supplementary Table S1. No statistically significant 
differences were found between the phenotypic profiles of the bacterial 
communities from the two plant species. Furthermore, except for the clearly 
different LG site, no effect of sampling site was detectable (using ordination or 
statistical testing). 
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Figure 4 (A) PCoA ordination of metabolic fingerprints of soil microbial communities from four sampling 
sites in Longyearbyen and Kilpisjärvi based on Bray Curtis similarity matrix. The vectors indicate the 
major substrates  (correlation cut-off 0.8) driving the separation between the communities. (B) PCoA 
ordination of metabolic fingerprints of rhizosphere and bulk soil microbial communities from three 
sampling sites in Kilpisjärvi based on Bray Curtis similarity matrix. The vectors indicate the major 
substrates (correlation  cut-off 0.8) driving the separation between the communities. Figure legends : Soil 
type: B - Bulk Soil sample, O.d - O. digyna rhizosphere soil sample, S.o - S. oppositifolia rhizosphere soil. Sampling sites: 
S - Saana, J - Jehkas, Sa - Salluoaivi, LG – Longyearbreen Glacier. 

 
Discussion 
On the basis of the 16S rRNA and nifH gene based T-RFLP community 
profiles, as well as the functional diversity measurements, we here showed that 
the soil bacterial communities from the Longyearbyen sampling site were 
substantially different from those of the Kilpisjärvi soils. Whether such 
differences are attributable to sampling site, geographical (climate) or edaphic 
factors, is a matter of debate. We found significant variation in the soil 
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physicochemical characteristics between the Kilpisjärvi sampling sites S, Sa and 
J, and the Longyearbyen LG site, in particular with respect to the prevailing 
pH and the soil OM content. This higher OM content may be attributed to the 
long-term deposition of organic compounds by melt water from the 
Longyearbreen Glacier, coupled to the low decomposition rates in the high 
Arctic (Tockner et al. 2002). The fact that the NH4

+-N levels were higher in 
the Longyearbyen bulk soils than in the Kilpisjärvi ones, with the opposite 
being true for the NO3

--N levels, pointed to a lower nitrification rate in the 
high compared to the low Arctic, as reported by Alves et al. (2013). In general, 
arctic soils can have relatively low NO3

--N contents (Chu et al. 2010), which is 
consistent with the values in the bulk soil samples studied by us. In contrast, 
we detected significantly elevated NH4

+-N as well as NO3
--N levels (next to 

higher OM content; Table 2) in the Kilpisjärvi rhizosphere soils. These raised 
N levels may be a result of an enhanced release of organic matter from the 
plant, indicating higher degradation and nutrient cycling in these otherwise 
nutrient poor soils, as also reported by others (Tscherko et al. 2005; Deiglmayr 
et al. 2006; Brankatschk et al. 2011).  

Remarkably, within each geographical location (Longyearbyen and 
Kilpisjärvi), the factor ‘plant’, as well as plant species (O. digyna versus S. 
oppositifolia) were drivers of the bacterial community structures. This was true 
for the 16S rRNA gene based (covering all bacteriota) as well as the nifH-based 
analyses (covering the diazotrophs). The O. digyna and S. oppositifolia  plants in 
this study were sampled close to each other (20-100 cm apart), and were thus 
subjected to the same climatic and, presumably, soil conditions. Potentially, 
differences in litter and root exudates produced, in addition to mycorrhizal 
status, may have indicated the occurrence of unique, plant species-specific 
bacterial communities. Rhizosphere bacterial communities have been 
previously shown to be plant-specific in agricultural soils (Berg and Smalla, 
2009; Hardoim et al. 2011; Smalla et al. 2001; Westover et al. 1997). In the 
Arctic, Ferrera-Rodríguez et al. (2013) detected plant species-specific bacterial 
communities in the rhizospheres of six plant species, including O. digyna, and 
the endophytic communities of three plant species sampled in Kilpisjärvi have 
previously been shown to be plant species-specific (Nissinen et al. 2012).  The 
impact of plant exudates and litter is supposed to be particularly strong in the 
low-to-moderate nutrient content soils targeted in this study. In Antarctica, 
Teixeira et al. (2010) reported no link between plant species and rhizosphere 
community structure in their study addressing the two antarctic vascular plant 
species Deschampsia antarctica and Colobanthus quitensis, whereas another study 
detected the impact of vegetation on soil microbial communities also in 
Antarctica (Yergeau et al. 2007).  
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The LG sampling site differed from the three other sites (S, Sa and J) 
with regard to bacterial community structures (Figure 3a, Figure 3b), and also 
in soil pH, mineral N content and soil organic content, all known to be 
important in structuring soil bacterial communities. In particular, pH has been 
suggested to be a main factor determining diversity and structure of soil 
microbial communities. (Chu et al. 2010; Fierer and Jackson 2006; Griffiths et 
al. 2011; Lauber et al. 2009; Männistö et al. 2007), with an overriding effect at 
moderate acidity (pH < 5.1). Thus the different pH levels between Kilpisjärvi 
and Longyearbyen soils may have driven the bacterial communities differently 
between the two locations. Corroborating this conclusion was the finding that 
the LG site soil communities were more sensitive to pH 5.0 than those from 
the Kilpisjärvi sampling sites in phenotypic profiling (Figure 4a, Supplemental 
Table S1). 

Phenotypic arrays have been used in soil functional analyses for over 
20 years now, and the method, although revealing aspects of the functional 
potential, has caveats as well. Such caveats revolve around the fact that 
potential rather than actual activities are measured, and that such activities 
most often come about as the result of the activation of only a small 
subpopulation of the whole community (Smalla et al. 1998). Moreover, any 
method used to release bacterial cells from soil particles inevitably adds 
another factor of uncertainty (bias) to this method. Thus, data from 
phenotypic arrays need to be interpreted with utmost care. Our data appeared 
to confirm that the communities from the three Kilpisjärvi sampling sites S, J 
and Sa grouped away from those from the Longyearbyen sampling site LG 
(Figure 4a). This was mainly driven by significantly higher antibiotic tolerances 
in the soil communities from the Kilpisjärvi sampling sites (Figure 4a).  
Further, the phenotypic profiles of O. digyna and S. oppositfolia rhizosphere 
communities clustered separately from those of bulk soil communities. This 
latter finding is consistent with data from Tam et al. (2001), who also found 
that the communities from rhizosphere and bulk  soil samples from several 
plant species grouped separately in ordinations of phenotype profiles. Bragazza 
et al. (2012) and Grayston et al. (1998) also showed that plants can affect the 
functioning of soil microbial communities. Thus, plants create specific 
ecological niches in soil that select a particular combination of bacterial species 
(Garbeva et al. 2004; Yergeau et al. 2007) and functional groups. 

The tolerances to fusidic acid, troleandomycin and to Niaproof 4 were 
higher in the rhizosphere than in the bulk soils across all sampling sites (data in 
supplemental Table S1). This finding might reflect a selection for a higher 
ability to withstand these compounds in the plant root vicinity in competitive 
situations. Many rhizobacteria secrete antibiotics and surfactants, that act 
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against other bacteria and fungi, and so a selection for tolerance to such 
compounds likely occurs in the rhizosphere (Debois et al. 2014). The higher 
antibiotic tolerance in the O. digyna versus the S. oppositifolia rhizosphere might 
reflect the differences in the mycorrhizal status of these plant species: as a non-
mycorrhizal species, O. digyna would benefit from rhizosphere bacterial 
communities with ability to efficiently compete with possibly harmful soil 
fungi, whereas ectomycorrhizal S. oppositifolia would mainly rely on its fungal 
partner.  

Resistance to (potassium) tellurite was clearly higher in the rhizosphere 
soils than in the corresponding bulk soils (Figure 4b). Tellurite, an oxyanion of 
tellurium, is highly toxic to most life forms, as it damages cells via generation 
of reactive oxygen species (ROS) and disturbance of the thiol redox balance 
(Arenas et al. 2014). Resistance to tellurite is rare in nature, and is found mostly 
in corynebacteria (Summers and Jacoby 1977; Taylor 1999), but it has also 
been found in strains of Firmicutes and Proteobacteria isolated from 
Antarctica and other extreme environents (Arenas et al. 2014). Such tellurite-
resistant strains commonly tolerate oxidative stress. Thus, the relatively high 
tellurite resistance in the rhizosphere could reflect the exposure of such 
rhizosphere communities to ROS, the primary plant defense reaction towards 
microbes. The rhizosphere communities also showed an increased tolerance to 
the strong electron acceptor bromate, to the chaotropic agent guanidine-HCl 
and to the surfactant Niaproof 4, in comparison to bulk soil communities. 
These all could reflect adjustments to conditions that reign in the vicinity of 
active plant roots.  

The rhizosphere soils further clustered by their effective utilization of 
D-serine and D-arabitol (Figure 4b, supplemental table S1). Plant root 
exudates typically contain sugars, organic acids and sugar alcohols, which can 
be plant-specific (Hardoim et al 2008; Compant et al. 2010;  Haichar et al. 
2008). We hypothesized that D-arabitol and D-serine might shape the 
rhizosphere communities of O. digyna and S. oppositifolia by creating a specific 
nutritional niche. However, alternative explanations are also possible. In 
particular D-serine is a rare amino acid which is not commonly metabolized by 
(soil) bacteria, and is inhibitory to the growth of most plants (Vranova et al. 
2011). However, it has been reported to be present in substantial quantities in 
a few plant species, including rice (Gogami et al. 2009). Fungal pathogens with 
high virulence towards rice are able to utilize D-serine, suggesting nutritional 
adaptation to the host in these fungi (Van Buyten and Höfte 2013). Thus, we 
could speculate, that the ability to metabolize D-serine could be a strong 
advantage for rhizosphere bacteria of D-serine-harboring plants. 
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The current study broadens our understanding of influence of pioneer 
plant species on community structure and function of bacterial communities in 
low organic matter arctic soils. We clearly identified the structuring of soil 
bacteria by these two plants, but also by the geographical site. The antibiotic 
resistance profiles were associated with the location the communities were 
derived from, whereas the abilities to tolerate oxidative stress and specific 
antibiotics were associated with the rhizosphere communities. 
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Supplementary Text 1: Formulae 
Formulae for calculation of NH4

+-N, PO4, and NO3
--N measurements 

 
S o l u b l e  NH4

+-N and NO3
--N m e a s u r e m e n t s  

((Nitrate/Ammonium ppm-Blank ppm)*(Amount of 1M KCl + 
(Soil  weight*Soil  Moisture content)) * Dilution) / (Soil  
weight*Soil  Moisture content) = Soluble Nitrate mg N/kg soil  
 
S o l u b l e  p h o s p h a t e  m e a s u r e m e n t s  
(O.D sample – O.D blank)* Factor * 1000 = Soluble Phosphate 
/ 1 cm3 dry soil  
Factor is obtained from Calibration l ine using standard solution 
measurements.  
 
 
 
 

 
Supplementary Figure S1. Box plot of species richness of 16s rRNA based bacterial community 
structure calculated using DIVERSE (PRIMER 6) with sampling sites on the category axis. 
Figure legends: Soil type: B - Bulk soil sample, O.d - O. digyna rhizosphere soil sample, S.o - S. oppositifolia 
rhizosphere soil sample. Sampling sites: S - Saana, J - Jehkas, Sa - Salluoaivi, LG - Longyearbreen Glacier.  
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Supplementary Table S1: Vegetation list from the sampling sites 

 Saana Jehkas Sallooaivi  Longyearbyen 
Higher plants 
Arabis alpinum 0 1 0 0 
Carex sp. 1 0 0 0 
Cassiope tetragone 1 1 0 0 
Cerastium arcticum 0 0 0 1 
Dryas octopetella 0 0 1 0 
Harrimanella hypnoides 
(Cassiope hypnoides) 1 1 1 0 
Juncus sp. 1 0 0 0 
Luxula confuza 0 0 0 1 
Oxyria digyna 1 1 1 1 
Papaver dahlianum 0 0 0 1 
Poaceae spp. 1 0 1 0 
Polygonym viveparum 
(Bistorta vivepara) 1 1 1 1 
Ranunculus glacialis 1 0 0 0 
Ranunculus nivalis 1 1 1 0 
Ranunculus pygmea 1 1 0 0 
Salix herbecea 0 1 1 0 
Salix polaris 0 0 1 1 
Saxifraga cernua 0 0 0 1 
Saxifraga cespitosa 0 0 0 1 
Saxifraga hieracifolia 0 0 0 1 
Saxifraga oppositifolia 1 1 1 1 
Saxifraga tenuis 0 1 1 0 
Sibbaldia procumbens 0 1 0 0 
Siline aucalis 0 1 1 0 
Stellaria longipes 0 0 0 1 
 
Lichen     
Cetraria sp. 1 0 1 0 
Stereocaulon sp. 1 0 1 0 
Rhizocarpum 
geographicum 1 1 0 1 
Cladonia sp. 1 1 1 0 
 
Moss     
Polytrichum sp. 1 1 0 1 

1 = Presence, 0 = Absence.  
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