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Summary

The microbial communities of high-latitude ecosys-
tems are expected to experience rapid changes over
the next century due to climate warming and
increased deposition of reactive nitrogen, changes
that will likely affect microbial community structure
and function. In moist acidic tundra (MAT) soils on
the North Slope of the Brooks Range, Alaska, sub-
stantial losses of C and N were previously observed
after long-term nutrient additions. To analyse the role
of microbial communities in these losses, we utilized
16S rRNA gene tag pyrosequencing coupled with
community-level physiological profiling to describe
changes in MAT bacterial communities after short-
and long-term nutrient fertilization in four sets of
paired control and fertilized MAT soil samples. Bac-
terial diversity was lower in long-term fertilized plots.
The Acidobacteria were one of the most abundant
phyla in all soils and distinct differences were noted
in the distributions of Acidobacteria subgroups
between mineral and organic soil layers that were
also affected by fertilization. In addition, Alpha- and
Gammaproteobacteria were more abundant in long-
term fertilized samples compared with control soils.
The dramatic increase in sequences within the Gam-
maproteobacteria identified as Dyella spp. (order
Xanthomonadales) in the long-term fertilized samples
was confirmed by quantitative PCR (qPCR) in several
samples. Long-term fertilization was also correlated
with shifts in the utilization of specific substrates by
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microbes present in the soils. The combined data
indicate that long-term fertilization resulted in a sig-
nificant change in microbial community structure and
function linked to changes in carbon and nitrogen
availability and shifts in above-ground plant
communities.

Introduction

Approximately one-third of the total global soil C pool is
stored below ground as organic matter in high-latitude
ecosystems (Post et al., 1982; Dixon et al., 1994; Hough-
ton, 1996; Goulden et al., 1998). However, surprisingly
little is known about the microbial communities that utilize
this large C pool in these ecosystems. Two prior studies
found somewhat similar microbial community structures in
Arctic tundra soils where Acidobacteria dominated acidic
soils and tussock tundra and Proteobacteria dominated
higher pH soils and shrub-covered tundra (Neufeld and
Mohn, 2005; Wallenstein et al., 2007). These phylum-
level differences reflect variations in pH, soil type, organic
matter composition and plant cover. These and other
authors hypothesize that plant type controls the commu-
nity composition of the soils (Wardle et al., 1997; Wallen-
stein et al., 2007). However, studies indicate that pH and
possibly mineralizable carbon are more important in con-
trolling microbial community structure in diverse soils
(Neufeld and Mohn, 2005; Fierer and Jackson, 2006;
Jangid et al., 2008).

One way to test these hypotheses is to examine the
structure of microbial communities in manipulated soils.
The composition and structure of disturbed or fertilized
microbial soil communities substantially differs from
control soils (Mccaig et al., 1999; Deslippe et al., 2005;
Neufeld and Mohn, 2005; Ge et al., 2008; Jangid et al.,
2008). For instance, a disturbed Arctic soil sample from
Cape Dyer, Canada was significantly less diverse than
other Arctic soils and contained almost 16% of a single
sequence, a Gammaproteobacterium, with the highest
identity to members of the Xanthomonadales (Neufeld
and Mohn, 2005). Inorganic nutrient fertilization of crop-
land and pasture soils in Georgia, USA significantly
decreased the diversity of and changed the composition
of a number of bacterial phyla, including the Acidobacte-
ria, Bacteroidetes, Firmicutes, Planctomycetes, and the
beta- and gammaproteobacterial classes (Jangid et al.,
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Table 1. Key to sample codes used in subsequent tables and figures and number of sequences analysed per sample after trimming.

No. of sequences

Code Duration Treatment Soil Layer B read FLX
NCO 6 weeks (New) None (Control) Organic 3315 1227
NFO 6 weeks (New) Fertilized Organic 2431 938
NCM 6 weeks (New) None (Control) Mineral 1721
NFM 6 weeks (New) Fertilized Mineral 1999
HCO 24 years (Historic) None (Control) Organic 1801 811
HFO 24 years (Historic) Fertilized Organic 1517 1578
HCM 24 years (Historic) None (Control) Mineral 1839
HFM 24 years (Historic) Fertilized Mineral 1732

2008). Interestingly, the most abundant operational taxo-
nomic unit (OTU) from this inorganic fertilizer-amended
cropland was also a member of the Xanthomonadales
(Jangid et al., 2008).

How altered nutrient availability alters high-latitude
tundra microbial communities and the ecosystem pro-
cesses they mediate, such as C or N cycling, is less clear.
Previous studies documented that nitrogen and phospho-
rous fertilization caused increased plant productivity and
shrub dominance in moist acidic tundra (MAT) ecosys-
tems (Chapin and Shaver, 1988; Chapin etal., 1995;
Shaver etal., 2001). Shrub soils differ from tussock
tundra with increased recalcitrant forms of organic matter
and increased nitrogen availability (Weintraub and
Schimel, 2005; Wallenstein etal., 2007). Additionally,
long-term (> 20 years) nutrient additions to MAT at Toolik
Lake was correlated with a net ecosystem loss of almost
2 kg C m2, primarily from deep mineral soil layers (Mack
etal., 2004; Nowinski et al., 2008). The corresponding
increased production in the fertilized relative to the control
treatment suggested that nutrient fertilization stimulated
microbial decomposition of soil organic matter resulting in
the large C loss. Therefore, we and others hypothesize
that N availability might promote microbial growth and
respiration in turn decreasing soil C storage (Neff and
Hooper, 2002; Schimel and Weintraub, 2003; Hobbie and
Gough, 2004; Mack et al., 2004).

This study sought to document changes in microbial
community structure and function in MAT soils subject to
nutrient fertilization at the Toolik Lake Long-term Experi-
mental Research station in northern Alaska. This study
combines 16S rRNA gene tag sequencing (Sogin et al.,
2006) with community-level physiological profiling (CLPP)
(Miguel etal,, 2007) in controlled MAT manipulation
experiments to test the hypothesis that nutrient amend-
ments result in altered community structure and function
that are correlated with C and N losses previously docu-
mented in the same plots (Mack et al., 2004). MAT soil
microbial communities were sampled after short-term (6
weeks) and long-term (24 years) N and P addition experi-
ments. The increased abundance of a specific bacterial

group from long-term fertilized plots was checked by
quantitative PCR (qPCR) and further demonstrated in
additional soil samples that had been fertilized for 16
years. The results indicated that community structure
shifts occurred in organic soils subjected to long-term
fertilization and that the long-term fertilized community
displayed altered substrate utilization patterns, consistent
with the hypothesis.

Results

Microbial community structure and diversity were analy-
sed in MAT plots 6 weeks after an initial fertilization (short-
term, new) and after 24 years of annual fertilization (long-
term, historic) with paired control and fertilized samples
from each experiment. Mineral and organic horizons were
separated from each core and DNA was extracted from
each horizon/core separately to prepare 16S rRNA gene
tag sequence libraries. The samples were given three-
letter codes that will be used to describe them throughout
this article (Table 1).

Two pyrosequencing techniques were used to produce
sequence libraries. A total of 35055 reads, with an
average length of 110 = 15 bp, were collected from the
eight samples by 454 GS-20 pyrosequencing (Table 1).
After trimming of the primer sequence and screening, a
total of 16355 B-primer reads were analysed
(average =99 = 6 bp). The organic layers from four rep-
licate cores were analysed on a 454 GS-FLX pyrose-
quencer, generating 12 440 sequences with an average
length of 122 = 78 bp, with 6939 of these reads < 70 bp in
length. Following trimming and screening, 4554
sequences averaging 202 = 12 bp in length were used
for subsequent analyses.

Bacterial OTU richness and diversity in MAT soils

Tag sequences were initially clustered into OTUs using
the furthest neighbour clustering algorithm in DOTUR with
distances of 0.03, 0.05 and 0.10 to define OTUs, values
commonly used in 16S rRNA gene pyrosequencing and
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Fig. 1. Diversity of moist acidic tundra (MAT) soils. Rarefaction analysis (A, B and C) and Shannon indices (C, D and E) of 16S rRNA gene
GS-20 (B read) sequences from control and fertilized organic (B and E) and mineral (A and D) soil samples based on 97% similarity. Codes
for each sample are indicated in Table 1. GS-FLX organic data are in (C) and (F), for the rarefaction and Shannon indices respectively. Note
the change in scale in (C) and (F). The letter F indicates GS-FLX sequences.

other 16S rRNA gene studies (Fulthorpe et al., 2008;
Mckenna etal., 2008). This analysis grouped the
sequences into 9897, 5625, 4257 or 2627 OTUs at dis-
tances of 0.00, 0.03, 0.05 or 0.10 respectively.

While 454 accuracy has improved in recent iterations,
GS-20 pyrosequencing is a relatively error-prone tech-
nique and sequencing errors can cause overestimation of
OTUs using the farthest neighbour algorithm (Huse et al.,
2007). Other methods, including averaging, are sug-
gested to accurately assess diversity with this technology
(Quince et al., 2009). Calculations based on the average
linkage method (Unweighted Pair Group Method with
Arithmetic mean, UPMGA) resulted in 80—85% the number
of OTUs produced via DOTUR (Schloss and Handelsman,
2005; Schloss et al., 2009) with furthest neighbour dis-
tances of 0.03 and 0.05, but were 99% of the value at the
0.10 distance (data not shown). Since the values were not
very different, we chose to base our OTU definitions on
the furthest neighbour definition. We focus here on the
0.05 distance level because the diversity patterns were
similar at all distances, albeit somewhat more pronounced
with increasing distance. We also chose the 0.05 farthest
neighbour distance calculation as that which best approxi-
mated the generally accepted 0.03 cut-off for the entire
16S rRNA gene at the species level (Stackebrandt and
Goebel, 1994). Furthest neighbour distances were calcu-
lated from the full-length and short V3 regions of the 16S
rRNA genes from more than 50 different known species/
strains closely related to the sequences found in this
study. The 0.05 distance cut-off gave the closest results to
the previously generally accepted 0.03 distance for defin-
ing a species (Stackebrandt and Goebel, 1994) and our

estimates based on the entire 16S rRNA gene averaged
across all the tested species/strains (data not shown).

Rarefaction curves of individual sample OTUs versus
numbers of sequences analysed did not plateau (Fig. 1A
and B, Fig. S1) even with over 3000 GS-20 sequences
from a single sample, suggesting that MAT soils contain
extensive microbial diversity. In contrast, the Shannon
index of community diversity stabilized within a relatively
small number of sequences (Fig. 1D and E, Fig. S2) sug-
gesting that representative samples were obtained for
estimating Shannon indices. Similar patterns were
observed in GS-FLX (Fig. 1C and F, Figs S1 and S2)
sequencing data sets obtained from replicate cores of
organic soil layers.

Only the historic fertilized organic (HFO) samples dis-
played distinct decreases in the number of OTUs (Fig. 1A)
when equal numbers of GS-20 or GS-FLX sequences
(Fig. 1C) were considered and this decrease was
observed at all distances used (Fig. S1). The HFO GS-20
library contained between 67% and 75% of the number of
OTUs relative to the other three organic samples (HCO,
NCO and NFO) at the 0.05 distance (range of 57-61% for
the GS-FLX data set). The HFO sample also displayed
distinctly lower Shannon index values, averaging 87%
and 80% of the other three organic samples at the 0.05
distance for the GS-20 and GS-FLX data sets respectively
(Fig. 1). Lower amounts of diversity were also observed in
the HFO samples in Rao diversity coefficient calculations,
which utilize both phylotype abundance and dissimilarity
(data not shown) (Pavoine et al., 2004; Eckburg et al.,
2005). The HFO samples were significantly less diverse
than the organic samples from the control and newly
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A B Fig. 2. MAT bacterial community membership
NFM NFM similarities (Sorclass, A) and community
HCM 4‘_|:HFM structure (6vc, B) similarities between
HFM HCM samples. Values are based on 0.05 distances.
NCM NFO Abbreviations listed in Table 1.
NFO HCO
HCO NCO
NCO HFO
HFO HFO_F
NFO_F NFO_F
HCO_F HCO_F
NCO_F NCO_F
HFO_F NCM

0.1

fertilized plots (ttest, P<0.001). The non-parametric
diversity estimators, Chao1 and ACE, also demonstrated
that the richness of the HFO and HCO communities were
different, based on a 0.05 distance (Fig. S3).

Community membership and structure similarities in
MAT soils

Two approaches were used to identify between sample
(organic versus mineral), between method (GS-20 versus
GS-FLX), and between treatment (control versus fertil-
ized) differences in microbial community membership and
structure (Schloss and Handelsman, 2005; 2006a;
Schloss et al., 2009). First, both the Sorenson similarity
based on observed richness (Sorclass) and Jaccard simi-
larity based on Chao1 shared OTUs (Jest) coefficients
were calculated at distances of 0.03, 0.05 and 0.10 to
estimate similarities based on shared OTU presence. The
resulting dendrograms gave nearly identical topologies;
only the Sorclass dendrogram based on a 0.05 distance is
presented (Fig. 2A). There were two major clusters; the
mineral group was separated from the organic group,
suggesting clear distinctions in the types of OTUs present
in the two types of samples. Within the organic group, the
samples clustered according to the sequencing method
(GS-20 versus GS-FLX), but in both cases, the long-term
fertilized samples were clearly separated from the other
organic samples suggesting the HFO sample had a dis-
tinct pattern of OTU distribution.

Second, Theta — Yue and Clayton similarity coefficient
(6vc) and other coefficients of community structure
(Jabund, Sorabund) that account for OTU abundance
(Schloss and Handelsman, 2006a; Schloss et al., 2009)
were calculated based on the same 0.03, 0.05 and 0.10
distances used above. A representative 6y¢c dendrogram,
based on an OTU distance of 0.05, shows the non-
parametric relationship between the samples (Fig. 2B).
Dendrograms of other measures of community structure
(Jabund, Sorabund) and with other distances (0.03, 0.10)
were nearly identical in topology (data not shown). 6yc
index comparisons via clustering identified two major clus-

ters and one outlier (NCM). As with the methods above,
organic and mineral samples other than NCM were
placed in distinct clades. In contrast to the community
membership relationships based on shared OTUs, the
two long-term fertilized organic samples were grouped in
this analysis as a distinct clade rather than being deep
branches in their respective clades.

Differences in community composition in MAT soils

All sequences were assigned to taxonomic ranks in the
Ribosomal Database Project hierarchy to provide some
information about the identity of the sequences contribut-
ing to the quantitative differences between samples
reported above. Out of the total of 20 909 sequences,
13 767 (66%) were classified at the phylum level with 70%
confidence or greater using the naive Bayesian classifier
(Wang et al., 2007). This analysis indicated that MAT soil
samples were dominated by the Acidobacteria, Actino-
bacteria, Bacteroidetes, Proteobacteria and Verrucomi-
crobia phyla (Fig. S4). To relate to the analyses described
in the previous sections, we chose to examine the
phylum- to species-level differences by classifying each of
4257 observed OTUs based on a 0.05 distance. Between
2% and 6% of these displayed statistically significant dif-
ferences in abundance in pairwise sample comparisons
using an independent implementation of the statistical
tests employed by the RDP Library Compare tool (Wang
etal, 2007). The OTUs that significantly changed
between treatments were classified via both the RDP and
Greengenes classifiers (DeSantis et al., 2006a; Wang
et al., 2007). Given the short region analysed, between
6% and 20% of the OTUs could not be reliably classified
by either of these methods and most of these were from
the mineral samples.

By this analysis, five phyla were at least fourfold more
abundant in a comparison of organic (Bacteroidetes and
Cyanobacteria) and mineral horizons (Firmicutes, Gem-
matimonas and Thermotogae) from unfertilized control
samples suggesting a broad segregation of microbial
groups between these soil horizons. As expected from the
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statistical evaluations, comparing HFO and HCO samples
revealed significant differences: decreases in the Firmic-
utes phylum and a greater than fourfold increase in the
Proteobacteria in the HFO sample. There were no large
differences in the abundances of phyla between the rep-
licate organic samples from the same two cores, except
for an overall decrease in the Verrucomicrobia in the
GS-FLX data set (data not shown). There were some
significant differences in the OTUs between the long-term
control and fertilized mineral samples. For example, in the
fertilized mineral sample a 17-fold increase and a 29-fold
decrease was observed in the frequency of some OTUs
within the Actinobacteria and Firmicutes phyla, respec-
tively, compared with the control sample (Table 2).

Examining finer taxonomic divisions revealed differ-
ences at the class, order and family levels (Fig. 3,
Table 2). At the class level, OTUs identified as Gam-
maproteobacteria were increased 10-fold in control
organic versus mineral, eightfold in long-term fertilized
mineral versus control, and a striking 209-fold in the long-
term fertilized organic versus control (Table 2). The dra-
matic Gammaproteobacteria increase was also observed
in the replicate long-term fertilized versus control organic
samples analysed by GS-FLX sequencing. More variable
results were observed with the Alphaproteobacteria and
Betaproteobacteria; the long-term historical organic
GS-FLX samples were not as different as the correspond-
ing GS-20 samples (Table 2). At the order level, the long-
term fertilized organic samples contained significantly
less Sphingobacteriales OTUs and more OTUs corre-
sponding to Rhodospirillales and Xanthomonadales com-
pared with the controls (Fig. 3, Table 2). The differences in
Rhodospirillales and Xanthomonadales orders were
attributable to the families Acetobacteraceae and Xanth-
omonadaceae respectively (data not shown). Hierarchical
clustering using Bray-Curtis distances based on relative
abundance of orders clearly separated the long-term fer-
tilized samples into a separate group (Fig. 3, x-axis den-
dogram). Otherwise, the mineral and organic samples
clustered together similar to the diversity analyses above
(Fig. 2).

As the Acidobacteriaceae was the dominant order
across all samples, the structure of this group across
samples was examined in more detail (Fig. 4, Table 2).
The Acidobacteria phylum is presently divided into 26
subdivisions or subgroups, which in the RDP taxonomic
hierarchy are considered genera. Most of these groups do
not have representative isolates (Barns et al., 2007; Cole
et al., 2009). There were less Acidobacteriaceae genera
in long-term fertilized organic samples; this is reflected in
the decrease in relative abundance of Acidobacteria in
these treatments compared with other samples (Fig. 4,
Fig. S4). Both acidobacterial groups 2 and 3 were present
at > 7% in all samples except for the long-term fertilized

samples (HFO, HFO-FLX). These changes were signifi-
cant, resulting in decreases in the groups of between 6-
and 127-fold in the long-term fertilized samples compared
with their controls (Table 2). Similar decreases were also
observed in the long-term fertilized mineral sample com-
pared with the control, with threefold and ninefold
decreases of acidobacterial groups 2 and 3 respectively.
Group 6 was more abundant in the mineral (2-8% of all
sequences) than in the organic samples (< 1% of all
sequences) (Fig. 4), Groups 7, 15 and 16 were signifi-
cantly more abundant in the mineral samples compared
with the organic (Table 2). Unlike Bray-Curtis clustering
based on bacterial orders (Fig. 3), the clusters based on
the normalized abundances of Acidobacteriaceae sub-
groups produced four major clusters: HFO/HFO2, NFO2/
NCO2/HCO2, NFO/HCO/NCO/HCM and NFM/HFM and
one outlier, NCM (Fig. 4). The clustering did, however,
clearly distinguish the long-term fertilized organic samples
from the rest.

Beyond the trends noted in the Acidobacteriaceae, all
analyses above detected a dramatic increase of OTUs
within the Gammaproteobacteria allied with Dyella/
Rhodanobacter species within the Xanthomonadales/
Xanthomonadaceae in long-term fertilized organic soils,
with significant increases ranging from 39- to 137-fold
(Fig. 5, Table2). The total number of Dyella and
Rhodanobacter OTUs at the 0.05 distance level were 32
and 10 respectively. The significant changes resulted
from only two OTUs affiliated with Dyella and two OTUs
affiliated with Rhodanobacter from each long-term fertil-
ized sample, where each OTU contributed between 1.1%
and 6.8% of the entire population. The OTUs were not
identical between samples, even within a single species
(data not shown). No other OTUs from these two species
comprised more than 0.5% of the population within a
sample. Oligonucleotide primers specific for Dyella spp.
were designed based on database sequences and those
recovered in the GS-20 data set. These primers were
used in gPCR experiments to quantify this group in dupli-
cates of the sequenced samples and additional samples
intermediate within the time series (LFO, 1989 time
point). In the HFO sample, tag sequencing and qPCR
agreed very well and the gPCR results were generally
much greater in the long-term fertilized treatments com-
pared with the control or short-term treatments (Fig. 5).
The PCR products from these primers were sequenced
from one HFO sample, and all matched the Dyella spp.
found in that sample. However, gPCR detected increases
in Dyella-affiliated OTUs in half of the fertilized plots
sampled for this study, whereas large increases were
observed in the Dyella-affiliated sequences from both
long-term  fertilized organic samples that were
sequenced. These results suggest the primers utilized
may not amplify all members of this group.
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Effect of nutrient deposition on bacterial communities 1847

gjdwes ul |'0 0} 0 WoJj 8douepunge Jo abueyo Uo peseq alem SUOIBNOeD P|o} Seledipul
plog ‘ uey} Jajealb sebueyd pjo} sejedlpul sulepun/plog “| d|qel Ul palsl| suoielnaIqqy ‘paisl] ale patedwod Buleq sejdwes om} 8y} Jo duo Ul Aunwiwod 8y} Jo %G 0 < Buisudwod exel AluQ

22 90 v BIQOJOILIOONIISA wnjAyd

L°Se ¥y 20 aebojouniay | wnjAyd

6'8€ 1’0o 6'¢ 6'8€ 1’0o 6'€ Jgjoeqouepoyy snuey)

G'6L 1’0 6L LLEL L0 L', e ] snuay)

0cHE 1’0 [ 680 L0 9 s8[epeuowoyjuex J8pI0

0CLL 1’0 A" - 6'80¢ L0 9t S8 L0 O} S0l 90 8§ euspEqOdlOIdEeWILED SSe|D

8ch 1584 1’0o " S +v9 (x4 96L 1’6 elsjoBqOSj0IdEIOg Sse|0

9B80EBI8]0Bq0}adY Aiweq

(4 0¢c 19874 4 20 14°) sog|jlidsopoyy 19pI0

67 'l 09 se[e|qoziyy 19pI0

b 6°¢ 94 col A" 8Vl gt 9¢k 06l eusjoeqosjoideydyy Sse|n

e 09 8’61 €'q gL 6°LE el 9 VL L 8'c€ 662 B18)0Bq08]0.1d wnjAud

6'v [ 20 seuowewwaL) wnjAyd

v'6C 8y <20 §'s 90 1’0o senojuwlliH wnjAud

€€l €L 10 Lyl L0 St eujoBqOUBAD wniAud

A4 vy 10 6'8 60 10 se|elvoeqObUIYdS 189pI0

[ 4 1’0 €¢ SejeL8}oeqone|{ 189pI0

447 (a4 1'0 9C 60 €2 €ee 10 €€ sejoplolejoeg wnjAyd

88 L0 S9 Vil 10 0%¢ ¥l 8L /L8 eligjoeqounoy wnjAud

G'9 20 L0 9Ldo snuan

GgclL A 1’0 GgLdo snuan)

€6 20 60 ces 6C 10 ,do snusy

(41 69 L0 19 90 L'o 06 0L 10 e €L L) edo shusyH

0.2t L2t 10 L9l L) (A1) 2e ¥'¢ 80 9t LT Vv 2do snusy

(474 7’9 6'9¢ o '8 L0l 24 8L v'8 6’} [T 4 4 1do snusvH

o't 0'9¢ (k4 o't L0k 60!I 6l ¥'s 20l 9t 2gee 908 eligjoeqoploy wnjAud

osealoap osealoul 4 OOH 4 O4H ©osealosp esealoul OOH O4H osealosp oseasoul |NDH INdH osealoep eseasour  uily  BIO aweN juel

pio4 pio4 plo4 plo4 pio4 pio4 plo4 pio4 dluouoxe]
SNLO §0 % SNLO 10 % SNLO 0 % SNLO §0 %

(100°0 > d ‘onsneis aledwonqi] day aui jo uoiejuawaldwi) suosuedwod aidwes asimiied ul seouepunge N1O uaiayip Ajueoiubis g ajgel

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 1842—1854



1848 B. J. Campbell et al.

. Fig. 3. Intra- and inter-sample order-level
3 clusters with their corresponding phylogenetic
m = /_‘_‘ affiliation. Clusters based on binned
0 10 2 %0 a3 sequences from RDP classifier results.
% Library Composition . ’—‘T H_[ Sample communities were clustered with a
8 - Bray-Curtis similarity measurement based on

Gemmatimonadales
Rubrobacterales
Actinomycetales

Cyanobacteria
Desulfuromonales
Myxococcales
Sphingomonadales.
Caulobacterales
Rhizobiales
Rhodospirillales
Rickettsiales
Burkholderiales
Xanthomonadales
Enterobacteriales

Acidobacteriales

Nl

4

Verrucomicrobiales

TM7_group
Clostridiales
Sphingobacteriales

Flavobacteriales

—0.05

HFO_F

HFO

NCO_F ——

NCO

NFO

HCO_F ——

NFO_F

NFM

HCO

NCM

HFM
HCM

Differences in community physiology

relative abundance data of each order. The
dendogram on the y-axis is a phylogram
derived from full-length 16S rRNA gene
sequences of representatives from each order
and therefore represents phylogenetic
similarity between orders. Abbreviations are
listed in Table 1. The letter F indicates
GS-FLX sequences.

measures substrate-dependent metabolic activity in envi-
ronmental samples. In total, microbes in these samples

Community-level physiological profiling was used to
examine functional changes in Toolik Lake MAT soil micro-
bial community comparing samples from fertilized (HFO/
HFM) samples with control samples (HCO/HCM). CLPP

0.5 -

utilized 30 of 31 tested C sources, but considerable differ-
ences were observed in the pattern of substrate utilization
by the different soil samples. The organic layer of control
soils (HCO) utilized 27 substrates, followed by the mineral

0.6 1

0.7 4

Proportion of Acidobacteria (%)

Fig. 4. Acidobacterial group similarities
between MAT soil samples. Clusters based on
classifications with the naive Bayesian
classifier. Sample communities were clustered
with a Bray-Curtis similarity measurement
based on relative abundance data of each
group. Abbreviations are listed in Table 1. The
letter F indicates GS-FLX sequences.

Gp16
" Gp15
®Gp13
= Gp10

Gp8
B Gp7

Gp6
®Gp5
= Gp4
EGp3
" Gp2
EGp1

© 2010 Society for Applied Microbiology and Blackwell Publishing Ltd, Environmental Microbiology, 12, 1842—1854



N
o
’
’

B Dyella/16S copies
qPCR

(3]
N

O Dyella/Total
sequenced bacteria

- N N w w
(&)} o [$)] o
N " N N

-
o
N

Proportion of MAT community (%)

o (9]
+ N

NN NN N N
R S A N I I A
O & FE P E&

layers (HFM and HCM, 19 each), while the fertilized
organic layer (HFO) sample only utilized 14 substrates. For
substrates utilized by both the organic layers from both
samples (HCO and HFO), such as mannitol and N-acetyl-
D-glucosamine, the fertilized treatment (HFO) usually uti-
lized it to a lesser extent (data not shown). Pairwise
comparisons of CLPP data (Fig. S5) (Miguel et al., 2007)
were used to identify compounds whose utilization signifi-
cantly differed between treatments and where this differ-
ence was observed in CLPP assays of independent
samples collected in 2006 and 2007 (Table 3).

Discussion

Moist acidic tundra organic soil horizons subjected to the
longest fertilization treatment demonstrated the largest
shifts in microbial diversity and composition, as well as
differential substrate utilization patterns. In general, all
mineral samples shared similar communities as mea-
sured by community membership and structure metrics,
as well as at the phylum and acidobacterial group levels.
The same was true for the control organic samples and
short-term fertilized samples. In addition, although the
replicate samples did not cluster with the original
samples, perhaps due to sequencing or PCR biases,
nearly identical patterns of change were observed among
replicate samples of long-term fertilized organic plots.

Table 3. Substrates displaying significantly increased utilization in
community-level physiological profiling (CLPP) assay of Historic plot
samples.

Plot treatment

Soil

layer Fertilized Control

Organic Itaconic acid (0.0014)?
Phenylethylamine (0.0019)
Mineral n.d.®

B-D-methylglucoside (0.0213)

L-serine (0.0007)

a. Values in parentheses are P-values determined in two-tailed
-tests assuming unequal variance between samples.

b. Not detected. No substrates were differentially utilized in both
years of CLPP data.
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Fig. 5. Abundance of Xanthomonadaceae
(Dyella spp.) in Toolik Lake moist acidic
tundra soils. Measured qPCR abundances of
Dyella spp. 16S rRNA gene copies in
indicated samples, normalized to total 16S
rRNA gene copies compared with percentage
of Dyella/Rhodanobacter spp. sequences in
the sequenced data sets. Intermediate time
fertilized plots (LFO) were for 16 years.
Numbers after sample indicate sampled core.
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Therefore, even though MAT soils displayed a large
amount of variability between samples and there were no
true replicates in paired sample/sequence combinations,
common and major shifts in community structure and
diversity were readily observed. These patterns mirrored
the previously noted plant community shifts and loss of
total carbon in ecosystems subjected to long-term fertili-
zation (Mack etal, 2004). This study successfully
detailed major shifts and identified key bacteria that
respond to nutrient additions in MAT soils. However, a
more detailed temporal study would be required to corre-
late microbial community structure changes with plant
shifts and ecosystem changes. The data presented here
suggest that long-term changes result from shifts in the
types of available C to the ecosystem.

Tag sequencing analyses revealed that control Arctic
tundra soil microbial communities are diverse and are
structured similarly to other soils (Janssen, 2006; Wallen-
stein et al., 2007). Bacterial communities in both organic
and mineral horizons were predominated by Acidobacte-
ria and Proteobacteria, followed by the Actinobacteria and
Bacteroidetes. These results are similar to observations in
other soils collected from Arctic, temperate and tropical
soil environments (Neufeld and Mohn, 2005; Janssen,
2006; Wallenstein et al., 2007). However, unlike a prior
study of Arctic tundra soil microbial communities (Wallen-
stein et al., 2007), significant differences were observed
between the types and abundances of OTUs present
either in the control organic or mineral soils, notably in the
Bacteroidetes, Cyanobacteria and Thermotogae phyla.
These differences were also present at the class and
family levels, especially within the Gammaproteobacteria
and Acidobacteriaceae. Further disparities were observed
within the Acidobacteriaceae subgroups between the
organic and mineral soils, especially in subgroups 7, 15
and 16. There are few isolated representatives from the
Acidobacteria; consequently, details are lacking about the
ecology of this numerically dominant group in soils
(Eichorst et al., 2007; Pankratov et al., 2008) or how they
contribute to nutrient cycling. This study adds valuable
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information about the differential distribution of Acidobac-
teria subgroups in an important acidic soil environment. In
some cases, the short region analysed was not closely
allied with known bacterial 16S rRNA genes, especially
from the mineral samples, suggesting that MAT soils prob-
ably contain many novel types of bacteria.

While there is much debate as to the extent of microbial
diversity in soils (Gans et al., 2005; Schloss and Handels-
man, 2006b; Roesch et al., 2007), the number of OTUs
observed in control MAT soils did not approach saturation.
Rarefaction analyses suggested a much larger amount of
effort would be required to approximate the total number of
OTUs in MAT soils, but that was not a goal of this study.
Recent simulations of microbial diversity suggest that at
least 2000 and 5000 OTUs exist per gram in agricultural
and Alaskan boreal forest soils, respectively, and possibly
in excess of 20 000 per gram of soil (Schloss and Handels-
man, 2006b; Roesch et al., 2007). Thus, the estimates
calculated here are a lower bound on MAT soil community
diversity, and indicate that many more sequences, possibly
as many as 18 000 per sample (Schloss and Handelsman,
2006b), will be required to fully describe soil community
diversity. Nonetheless, there was a consistent and signifi-
cant decline in the numbers of OTUs in the long-term
fertilized organic samples compared with control soils.
Others have also noted declines in microbial diversity in
agricultural and disturbed soils compared with undisturbed
soils with high-throughput sequencing approaches
(Neufeld and Mohn, 2005; Roesch etal.,, 2007). The
results demonstrate that a relatively modest number of
pyrosequencing reads can detect differences in microbial
community structure between samples. This suggests that
16S tag pyrosequencing may be productively employed as
a screening and monitoring tool beyond its more common
application as an exhaustive, deep sampling method.

Observed structural changes between control MAT
soils and long-term fertilized bacterial communities paral-
leled phylum-level differences detected between tussock
and shrub soils by a previous study (Wallenstein et al.,
2007). The Acidobacteria were lower and Proteobacteria
higher in the long-term fertilized samples compared with
shrub-dominated soils from the previous study. In this
study, there were distinct abundance and phylogenetic
differences between the long-term fertilized organic
samples and control or newly fertilized organic samples,
as evidenced by classification and OTU cluster analyses.
While these differences spanned the Acidobacteria, Acti-
nobacteria and Proteobacteria phyla, the largest and most
consistent increases were in the Rhodanobacter and
Dyella spp. in the gammaproteobacterial Xanthomona-
daceae family. Interestingly, members of the Xanth-
omonadales were substantially increased in both
disturbed tundra soils from Canada and inorganic
nutrient-fertilized cropland in Georgia (Neufeld and Mohn,

2005; Jangid et al., 2008). These genera have been iso-
lated from soils (Xie and Yokota, 2005; Weon et al., 2007)
and may benefit plant growth by increasing sulfur avail-
ability via oxidation and phosphate via solubilization
(Anandham et al., 2008). Elevated populations of these
sequences were confirmed by gPCR targeting Dyella
spp., which showed good agreement with the tag
sequence data. Finally, gPCR data collected from addi-
tional samples which were fertilized for shorter periods
indicated that small-scale heterogeneity between sites
may also affect the observed abundance of Dyella
species. These combined observations indicate the
potential importance of the Xanthomonadales in the popu-
lation dynamics of altered soils.

The only other consistent increase in the long-term
fertilized organic samples was in the Acetobacteraceae
family, within the Alphaproteobacteria. Members of this
family are important in acidic fermentation reactions and
may grow on complex organic compounds (Dore et al.,
2003); they may be able to use recalcitrant forms of
carbon and supply important carbon intermediates to
other microorganisms in the MAT soils. Furthermore, the
total percentage of Acidobacteria declined in the long-
term fertilized samples compared with the controls. Most
of the significant decreases in OTUs were found within
Acidobacteria groups 2 and 3, again suggesting differ-
ences in the physiology of these groups that are affected
by nutrient and carbon shifts. Other changes in long-term
fertilized versus control samples were of lesser magnitude
or not consistent between paired cores.

Measurements of community substrate utilization pat-
terns indicated that long-term fertilization had a consis-
tently negative effect on the diversity of substrates utilized
in the organic soil horizon. This supports the notion that a
specialized community has developed in the long-term
fertilized soils that has shifted away from carbon sources
like B-D-methylglucoside and L-serine that might be more
associated with easily degraded carbon, to those like
itaconic acid and phenylethylamine that are more oxidized
and aromatic in character. It should be noted that these
carbon sources were significantly altered in 2 years of
sampling and so likely represent consistent trends that
are less prone to seasonal and site-dependent variations
in microbial community activity. However, the current data
set does not directly link increased population sizes and
specific patterns in substrate utilization.

Conclusions

This work has refined our understanding of the impacts of
experimental fertilization on MAT soils and allows us to
propose the following conceptual model of how increases
in N may affect this system. In the short term (0-5 years),
N addition relieves N limitation and will increase microbial
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extracellular enzyme production and cellular growth.
These factors will increase rates of soil organic carbon
(SOC) decomposition and result in amplification of lin-
eages within predominant populations able to rapidly
exploit N-limitation relief and utilize standing SOC pools
(e.g. r- strategists). Over the long term (5—20 years), ini-
tially amplified subpopulations will deplete relatively labile
standing SOC pools and the quality of plant inputs will
decrease due to a shift towards shrub dominance. There-
fore, a succession will be observed towards populations
utilizing more recalcitrant fractions of SOC eventually cul-
minating in the decreased community diversity and
altered structure and metabolic patterns observed in long-
term manipulated plots. Directly testing this model in rela-
tion to climate change processes and other disturbances
will require significant additional experimentation and
deep sequencing in this system coupled to stable isotope
probing, FISH-SIMS, Micro-FISH, and the culturing of rel-
evant microorganisms to further define how microbial
community structure and metabolism affect nutrient
dynamics in this ecosystem and the interplay with above-
ground plant communities.

Experimental procedures
Study sites, soil collection and DNA extraction

Soil cores were taken from plots at the long-term ecological
research (LTER) site at Toolik Lake, AK, USA, during August
2005 and June 2006. These plots included control and N+P-
fertilized plots from experiments started in 1981, 1989 and
2005 (Mack et al., 2004; Nowinski et al., 2008). At least two
cores were taken from separate plots from each experimental
treatment (n=4). The soils were separated into horizons
(0-5 cm organic, 5—15 cm organic, 15+ organic, 0-5 mineral,
and 5+ mineral to the permafrost surface) on site and placed
on ice (frozen at —-80°C within 1 h of collection). DNA was
extracted from ~0.25 g of thoroughly mixed individual soil
horizons with a MoBio Powersoil DNA extraction kit. There-
fore, two of four replicate plot cores were sampled from each
treatment/control and each core was separated into organic
and mineral samples, for a total of 32 samples, 12 of which
were used for sequence analyses.

Amplicon generation, sequencing and tag selection

The V3 region of the 16S rRNA gene was amplified from eight
samples collected from the 1981 and 2005 experiments with
oligonucleotide primers 338F-454A 5-GCCTCCCTCGCG
CCATCAGACTCCTACGGGAGGCAGC-3" and 519R-454B
5-GCCTTGCCAGCCCGCTCAGGWATTACCGCGGCKGCT
G-3’, which contain the 454 Life Sciences A and B sequenc-
ing adapters (underlined). Amplicons were produced with
Takara ExTaq in four to eight independent reactions from
10 ng of DNA; 0.05 uM each primer; 1.5 mM MgCly; in 25
cycles and purified using the AMPure Bead Purification kit,
pooled, quantified (Picogreen assay, Invitrogen), and shipped
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to 454 Life Sciences. Sequencing with both A and B primers
on a 16-zone plate was as previously described (Sogin et al.,
2006). A second set of sequences were obtained from repli-
cate cores of four treatments (NCO, NFO, HCO and HFO,
Table 1). These were subjected to a tag sequencing
approach (Huber etal., 2007) and sequenced on a 454
GS-GS-FLX machine by MWG Biosciences. Four barcoded
primers were used in place of the 338F-454A primer above.
Ten base pair tags (ACGAGTGCGT, ACGCTCGACA,
AGACGCACTC, AGCACTGTAG) were inserted between the
linker and the V3F primer. Amplifications were modified to
decrease primer-dimer formation by the addition of a touch-
down protocol, with the annealing temperature started at
65°C and decreased by 1°C per cycle for the first 10 cycles,
followed by cycling as above.

GS-20 B read sequences were sorted by primer sequence
using appropriate commands in the updated DOTUR/SONS
program, MOTHUR (http://www.mothur.org/wiki/Main_Page)
(Schloss and Handelsman, 2005; 2006a; Schloss et al.,
2009); those that did not match the primer sequence were
less than 100 bp or greater than 150 bp (including the primer
sequence), or that contained any ambiguities (Ns) were
excluded from further analysis. The GS-FLX sequences were
similarly screened by primer and barcode match, ambiguities
(0 or 1 N allowed) and length (between 185 and 280 bp,
including the tag and primer sequence). The size range was
chosen based on natural breakpoints within the GS-FLX
sequence lengths. All 20 909 trimmed sequences are avail-
able at the following URL (http://www.ceoe.udel.edu/CEG/
pages/resources.shtml#seqdat) as a fasta file, with a
separate tab-delimitated file of sequence name and sample
identifier. Representative OTU sequences from the 0.05 fur-
thest distance calculation were deposited in GenBank and
given the Accession No. GU339540-GU343711.

Diversity analyses

All sequences were combined into a single file and ordered in
the forward direction and dereplicated in MOTHUR (Schloss and
Handelsman, 2005; 2006a; Schloss et al., 2009). The derep-
licated sequences were aligned using the GreenGenes NAST
alignment template in MOTHUR and 55 unaligned sequences
were removed (DeSantis et al., 2006b). The alignment was
trimmed to the size of the shorter GS-20 sequences, a final
average size of 106 = 11.9 bp. A distance matrix was con-
structed and processed in MOTHUR. Rarefaction values,
Shannon indices and several non-parametric estimates of
species richness (e.g. ACE and Chaol) generated in MOTHUR
were imported into Microsoft Excel for generation of diversity
curves. Intra- and inter-sample diversity comparisons were
analysed using Jest, Sorclass, Jabund and 6y values
obtained via the updated SONS program, found in MOTHUR
(Schloss and Handelsman, 2006a; Schloss et al., 2009).

Phylogenetic assignment of sequence tags

Each sequence was assessed phylogenetically by two inde-
pendent means. To test the ability of different classifiers to
correctly identify sequences based on the short V3 region,
sequences assigned to the Acidobacteria phylum from both
the RDP database (75 random sequences) and Greengenes
database (540 sequences) were downloaded for analysis.
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Alignments were trimmed to include only the comparable
short V3 region (average 123 bp) analysed with our data set.
Dereplicated sequences were classified into taxonomic
groups using the naive Bayesian classifier at a confidence
threshold of 70% (Wang etal., 2007; Cole etal., 2009).
Second, the sequences were aligned using the NAST
sequence aligner against the prokMSA data set (DeSantis
et al., 2006b). Then the Greengenes classifier was used to
assign taxonomic identifiers to sequences analysed with
Simrank to identify nearest neighbours (DeSantis et al.,
2006a). Three separate taxon nomenclatures were used
(RDP, NCBI and Hugenholtz). The naive Bayesian classifier
gave a much higher percentage of correct calls within the
Acidobacteria phylum given the short V3 region analysed.
Seventy-eight per cent of the sequences were identified as
Acidobacteria given a confidence threshold of 70%, and this
increased to 93% with no threshold, whereas the Green-
genes classifier only identified 43% within the correct phylum,
at any threshold. Therefore, the MAT sequences, which
contain large amounts of Acidobacteria, were primarily
assigned taxonomic groupings based on this classifier (Wang
etal., 2007).

Comparative phylogenetic assessments

Significant shifts in 95% OTU abundance between samples
were determined in a pairwise fashion by an independent
implementation of the statistics used by the RDP LibCompare
tool (Wang et al., 2007). Briefly, the statistical test of Audic
and Claverie (1997) was utilized for comparisons where a
given OTU had relatively low abundance in both libraries
(< 5% library composition) and the standard two-population
proportions test (Christensen, 1992) was used in all other
instances. Statistically significant results were considered to
have a P-value less than 0.001 (P-values for two-population
proportions test were inferred from the Z critical value). The
Acidobacteria were analysed by comparing normalized fre-
quencies of assigned taxonomic OTUs via the RDP classifier
(Cole et al., 2009) and using these values to perform hierar-
chical Bray-Curtis clustering in PAST (Hammer et al., 2001).

Heat mapping

Taxonomic placement of sequences was determined using
the RDP Classifier tool (70% confidence) (Wang et al., 2007).
Relative abundance of each order-level taxonomy served as
input for the R PhyloTemp function (a phylogenetically
enabled adaptation of the heatmap.2 function; R gplots
package; http://phylotemp.microeco.org) (S.W. Polson,
unpublished). The resulting heat map displays relative abun-
dance of each order-level assignment across the individual
libraries, with a phylogenetic clustering of orders along the
y-axis and hierarchical clustering (Bray-Curtis) of relative
abundance data on the x-axis.

Quantitative PCR

Sequences related to Dyella spp. group in samples were
quantified using primers 338F and Dyella spp. R (5'-
TATTCCTCRGGTACCGTCAGCC-3'), which was designed
based on the GS-20 454 data set and highly related
sequences in GenBank. Total bacterial 16 rRNA gene quan-

tification was performed on the 1981, 1989 and 2005 experi-
mental samples as described elsewhere (Suzuki etal,
2000). Quadruplicate reactions containing 100 pg of sample
DNA in a final volume of 12.5 ul were amplified with Strat-
agene SYBR green mix on an ABI 7500 as follows: 95°C
10 min; 35 cycles of amplification at 95°C for 15 s and 65°C
annealing temperature for 2 min, with a final dissociation
step. Standard curves produced from linearized plasmid
clones of target sequences were linear from 10" to 10° copies
per rxn and average amplification efficiencies were 87% for
bacterial 16S rRNA gene and 88% for Dyella spp.-specific
16S rRNA gene. Twelve clones from a Dyella-specific gPCR
reaction from the HFO sample were sequenced and their
closest BLAST matches were to Dyella spp.

Community-level physiological profiling

Composited soil samples from organic and mineral layers of
new and historical plots were used to make 1:10 (w/v) slur-
ries, which were transported to the University of Delaware for
CLPP analysis using BIOLOG EcoPlates in 2006 or analysed
on site in 2007. A total dilution of 1:5000 (w/v) where soil
particles were not allowed to settle during dilution (Waldrop
et al., 2000) incubated at room temperature for less than 72 h
yielded reproducible results, whereas frozen soil samples,
4°C incubations and long-term incubations were irreproduc-
ible (data not shown). Each sample was analysed in triplicate
(three dilutions of the original slurry) in a single BIOLOG
EcoPlate. Colour development (Asqes) was measured using a
plate reader. Data were transferred to Microsoft Excel to
correct for initial absorbance in each well, calculate average
well colour development (AWCD), well absorbance/AWCD
(Waldrop et al., 2000), and plot well absorbance over time for
any given substrate.
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Supporting information

Additional Supporting Information may be found in the online
version of this article:

Fig. S1. Rarefaction analyses of individual MAT samples,
based on 0.03, 0.05 and 0.10 distances. Panels separated
by soil type (mineral versus organic) or by sequence data
set. F indicated replicate cores sequenced using GS-FLX
technology.

Fig. S2. Shannon diversity indices of individual MAT
samples, based on 0.03, 0.05 and 0.10 distances. Panels
separated by soil type (mineral versus organic) or by
sequence data set. F indicated replicate cores sequenced
using GS-FLX technology.

Fig. S3. Non-parametric analyses (ACE, Chao1) of indi-
vidual MAT samples, based on 0.05 distances. Panels sepa-
rated by soil type (mineral versus organic) or by sequence
data set. Low and high confidence intervals of the long-term
samples (HCO, HFO, HCM, HFM) are indicated by error
bars. F indicates replicate cores sequenced using GS-FLX
technology.

Fig. S4. Percentages of different phyla in MAT microbial com-
munities. Percentages based on reverse read (B) sequences.
(A) Total organic and total mineral layers; (B) HCO and HFO.
The RDP classifier was used to identify the 16S rRNA gene
sequence taxa at a confidence threshold of 70%. The asterisk
(*) indicated significance values < 0.01 using the RDP Lib-
Compare function (70% confidence threshold).

Fig. S5. CLPP data analysis by the method of Miguel and
colleagues (2007). Average well colour development data for
fertilized organic soil layers (HFO) were plotted against that
of control organic soil layers (HCO) from samples collected in
September 2007. The average utilization of each substrate in
two samples is plotted along with the standard deviation
derived from replicated samples (n=3-6). The dashed line
indicates the function y=x. Substrates whose standard
deviations did not overlap the 1:1 relationship were consid-
ered to be differentially utilized. Arrows indicate substrates
that were differentially utilized by each sample. Only sub-
strates that were differentially utilized in both 2006 and 2007
CLPP data sets were included in Table 3.

Please note: Wiley-Blackwell are not responsible for the
content or functionality of any supporting materials supplied
by the authors. Any queries (other than missing material)
should be directed to the corresponding author for the article.
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