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Summary

e Understanding the natural dynamics of arbuscular mycorrhizal (AM) fungi and their
response to global environmental change is essential for the prediction of future plant growth
and ecosystem functions. We investigated the long-term temporal dynamics and effect of ele-
vated atmospheric carbon dioxide (CO,) and ozone (Os) concentrations on AM fungal com-
munities.

¢ Molecular methods were used to characterize the AM fungal communities of soybean (Gly-
cine max) grown under elevated and ambient atmospheric concentrations of both CO, and
O3 within a free air concentration enrichment experiment in three growing seasons over 5 yr.
e Elevated CO, altered the community composition of AM fungi, increasing the ratio of
Glomeraceae to Gigasporaceae. By contrast, no effect of elevated O3 on AM fungal com-
munities was detected. However, the greatest compositional differences detected were
between years, suggesting that, at least in the short term, large-scale interannual tempo-
ral dynamics are stronger mediators than atmospheric CO, concentrations of AM fungal
communities.

e We conclude that, although atmospheric change may significantly alter AM fungal commu-
nities, this effect may be masked by the influences of natural changes and successional pat-
terns through time. We suggest that changes in carbon availability are important

determinants of the community dynamics of AM fungi.

Introduction

Since the industrial revolution, anthropogenic activities have
caused an increase in carbon dioxide (CO,) levels from 280 to .
400 ppm, and tropospheric ozone (O3) levels have more than
doubled (Vingarzan, 2004; IPCC, 2007; Royal Society, 2008).
The concentrations of both of these gases continue to rise, with
CO, concentrations predicted to reach 700 ppm by 2100 (Prath-
er etal., 2003; IPCC, 2007; Cooper etal., 2010). The response
of belowground organisms to these changes has received relatively
little attention (Blankinship ezal, 2011), hampering our ability
to predict future ecosystem functioning (Singh eral, 2010).
Therefore, it is important to better understand how global change
will affect functionally significant components of soil biodiver-
sity, for example, the arbuscular mycorrhizal (AM) belowground
plant—microbe symbioses formed by fungi in the Phylum Glom-
eromycota (Johnson eral., 2013). These functionally important
fungi are widely distributed, colonizing approximately two-thirds
of plant species (Fitter & Moyersoen, 1996), and play central
roles in many ecosystem processes. They have diverse functions,
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affecting plant growth, nutrient acquisition, drought and patho-
gen resistance, and heavy metal tolerance (reviewed in Smith &
Read, 2008). Furthermore, functional differentiation among AM
fungal taxa (Munkvold ez al., 2004; Jansa ez al., 2008) means that
the composition and diversity of communities of these fungi can
affect plant nutrient status (Jansa ez 2/, 2008), community diver-
sity (Blankinship eral, 2011) and plant productivity (Wagg
etal,2011).

It is likely that AM fungi will be affected by atmospheric
change, as their sole carbon source is from their host plant roots
(Smith & Read, 2008) and increases in CO, and Oj increase
and decrease plant photosynthesis and subsequent carbon alloca-
tion below ground, respectively (Andersen, 2003; Drigo eral.,
2010). It has recently been suggested that a change in carbon
availability is likely to influence AM fungal community compo-
sition and diversity by the same mechanisms by which nutrient
availability influences plant communities (Dumbrell ezal,
2011). Studies of plant communities have suggested that increas-
ing the limiting resource which structures communities reduces
evenness, as certain species often benefit disproportionately
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(Tilman, 1987; Bobbink efal, 1998; Stevens etal, 2004). In
the same manner, in carbon-limited AM fungal communities,
increased carbon availability under elevated CO, (eCO,) would
be predicted to decrease AM fungal community evenness, and
elevated ozone (eOs) to increase it. However, although total
soil fungal diversity has been shown to be related to resource
availability (Waldrop ezal, 2006), these hypotheses on the
effects of global change on AM fungi have yet to be tested.
The few studies that have examined whether atmospheric
change will affecc AM fungal community composition and
diversity have been limited in their scope. For example, no pre-
vious studies have examined the effect of O3, and those exam-
ining CO, have either used gas chambers or artificial laboratory
microcosms (e.g. Treseder eral, 2003; Drigo eral, 2013),
which may produce unnatural environmental growth condi-
tions, or have characterized communities using spores (Wolf
etal, 2003; Gamper etal, 2004), which only reflect fungal
reproduction (Clapp ezal., 1995).

Strong seasonal patterns of root growth are also significant
drivers of variability in belowground carbon delivery. The first
colonization of a plant in the growing season by a particular AM
fungus is thought to influence community composition as a
result of priority effects (Dumbrell ezal, 2010a). In arable agri-
culture, where all root systems grow from seeds every year, inocu-
lum potential and thus encounter rates between root and AM
fungi at the beginning of the season are therefore likely to exert a
strong influence on AM fungal community structure both within
and between years. However, so far, there have been no in-depth
studies of interannual variation in AM fungal communities in
such systems.

In this study, we used molecular methods to characterize the
AM fungal communities in roots of soybean (Glycine max) grown
in the field and exposed to eO3 and eCO, (predicted levels for
2050) from the Soybean Free Air Concentration Enrichment
(SoyFACE) facility in Illinois, USA in three growing seasons over
5 yr. We predicted that eCO, and ¢O3 would affect AM fungal
community composition, and tested the following hypotheses:
eCO, would reduce the AM fungal community diversity by
reducing evenness, and eO3 would increase diversity by increas-
ing evenness. We also sought to measure interannual differences
among the AM fungal communities.

Materials and Methods

Study site, atmospheric manipulation and plant sampling

Roots were sampled from the SoyFACE experiment (Illinois,
USA; 40°03'21.3"N, 88°12'3.4"W; detailed descriptions in Mo-
ran & Jastrow, 2010). Briefly, the facility consisted of monocul-
tures of Glycine max L., cv Pioneer 93B15, in which four
experimental plots (called rings) of each of four different atmo-
spheric conditions had been established since 2002, consisting of
current and simulated levels of CO, or O3 predicted for 2050:
eCO, (550 ppm) with ambient ozone (a03); O3 (1.2 times aO3
in 2004 and 2006 and 1.6 times aO3 in 2008) with ambient
CO, (aCO,); eCO; and eO3; and an ambient control.
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Atmospheric treatments were produced using a free air con-
centration enrichment (FACE) system, in which gases were
released upwind from pipes surrounding 20 m diameter plots to
maintain the desired concentrations. Soybeans were planted on
28 May 2004, 25 May 2006 and 17 June 2008, and were
treated and grown using standard Midwestern agricultural prac-
tices, including growing in annual rotation with maize (Zea
mays), and ploughed every year after the maize harvest. The
¢CO, (but not eOs) fumigation treatments were continued
through the maize rotation. When present, atmospheric treat-
ment rings were located at the same positions within the fields
every year.

Soybean plant roots were sampled from plants of approxi-
mately the same age from the 16 rings in each year on 29 July
2004 (62 days after planting, dap) 18 July 2006 (54 dap) and
14 August 2008 (58 dap). As a result of the biennial crop rota-
tion and consistent location of treatment rings, plants were
always sampled from the same locations in the same field across
years. Eight, 10 and six plants were sampled from each ring in
2004, 2006 and 2008, respectively. Roots were washed with
water to remove all surface soil. The resulting roots from 2004
and 2006 were freeze-dried and those from 2008 were dried at
60°C.

Root processing and DNA extraction

Entire root systems were ground to powder with 2-mm-diame-
ter tungsten carbide beads (Qiagen Ltd, Crawley, UK) using a
ball mill (Retsch Mixer Mill, MM 301, Hann, Germany) at
23 Hz. Total community DNA was extracted from a subsample
(c. 0.04g) of the resulting homogenized powder. Roots from
2004 were pooled from plants originating in each ring before
extraction, and DNA was separately extracted from individual
plants in 2006 and 2008. All DNA extractions were performed
using a PowerPlant DNA Isolation Kit (MoBio Laboratories
Inc., Carlsbad, CA, USA) according to the manufacturer’s

instructions.

Amplification of AM fungal DNA

Partial small subunit (SSU) ribosomal RNA gene fragments
(c. 550 bp) were amplified from each DNA extract using Hot-
starTaq Plus DNA polymerase (Qiagen), with the universal
eukaryotic primer NS31 (Simon ezal., 1992) and primer AM1,
which has enhanced specificity for AM fungi (Helgason ezal.,
1998). PCRs were carried out on 1 pul of template DNA extract
in the presence of 0.64 mM deoxynucleoside triphosphates
(dNTPs), 0.2 uM of each primer, 0.5 pg dried skimmed milk
powder (Premier International Foods Ltd, Spalding, UK) to
absorb inhibitors, and the manufacturer’s reaction buffer in 25-
pl reactions (PCR conditions: 95°C for 5 min; 40 cycles at 95°C
for 30's, 60°C for 30 s and 72°C for 15s; and 72°C for 10 min
on a Techne TC-512; Techne Co., Stone, UK). Samples that
failed to amplify were reamplified using the same conditions, but
with a 60-s elongation, or repurified using Centricon 10 micro-
concentrators (Amicon, Stonehouse, UK) before PCR.
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Clone library production, screening and sequencing

For an inventory of the AM fungal communities in the samples
and to identify sequence types of particular interest, cloning and
sequencing were performed. Equal volumes of successful amplifi-
cations were pooled to produce one amplification product for
each ring and each year. These were cleaned using a QIAquick
PCR Purification Kit (Qiagen) and products from the four rings
of each atmospheric treatment for each year were pooled again.
Each pooled sample was cloned into pGEM-T Easy vector (Pro-
mega Co., Madison, WI, USA) and transformed into Escherichia
coli (DH5a; Invitrogen, Paisley, UK). Thus, one clone library
was produced for each year and atmospheric treatment (4 treat-
ments X 3 yr=12 libraries). Putative positive transformants were
screened using standard T7/SP6 PCR and restriction fragment
length polymorphism (RFLP) patterns using the restriction
enzymes Hinfl, Hsp92-1I and Rsa-l, and clones with unique
RFLP patterns were sequenced using an ABI 3130 capillary
sequencer (Applied Biosystems, Warrington, UK), as described
in Dumbrell ezal. (2010a). A further digestion using Alul or
Mbol (Promega), or additional sequencing, was performed if
sequence analysis revealed that further differentiation of the ini-
tial RFLP types was required to confidently assign molecular
operational taxonomic units (MOTUs). In total, 190 clones were
sequenced, representing at least one and up to 12 clones of each
RFLP type for each year and treatment in which it was found,
depending on whether further digestions were required. Repre-
sentative sequences of each MOTU were submitted to the EMBL
Nucleotide Sequence Database (accession numbers KJ749677—
KJ749694).

Terminal restriction fragment length polymorphism
(TRFLP) analysis

Each of the four rings for each atmospheric treatment at the
SoyFACE experiment can be viewed as a true replicate. In order
to utilize this level of replication, a higher throughput method
for community analysis was required. The AM fungal communi-
ties of three of the plant root systems from each of the 16 treat-
ment rings from 2006 and 2008 were therefore characterized
using TRFLPs. Dual-labelled partial SSU rRNA gene sequences
of AM fungi were produced as described previously for clone
library production, but with the AM1 and NS31 primers
labelled with FAM and HEX dyes, respectively (Eurofins MWG
Operon, Ebersberg, Germany) and with an annealing tempera-
ture of 63°C. Labelled PCR products of ¢. 550 bp were cleaned
by gel extraction using a 1.2% agarose gel and QIAquick Gel
Extraction Kit (Qiagen) following the manufacturer’s instruc-
tions.

Eight microlitres of each cleaned PCR product were separately
digested using five units of Hinfl and Alul (Promega) in a reac-
tion volume of 15 pl containing the manufacturer’s buffer and
2 pg BSA for 15 h, and restriction products were cleaned using a
QIAquick PCR Purification Kit (Qiagen). The sizes and quanti-
ties of FAM-labelled Alul digests and HEX-labelled HinfI digests
were determined against the GS600 LIZ size standard employing
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an ABI 3130 genetic analyser (and its supplied software: GeneM-
apper v4.0; Applied Biosystems).

Data analysis

Sequence analysis All sequences were compared with the
National Center for Biotechnology Information (NCBI) database
using BLAST (www.ncbi.nlm.nih.gov) and non-AM fungal
sequences were removed from further analysis. The remaining
sequences were aligned using MAFFT (http://mafft.cbre.jp/align-
ment/server/) with default settings. Sequences were then assigned
into MOTUs using a pairwise sequence similarity threshold of
97%. Fifty clones containing AM fungal SSU sequences were
assigned to MOTUs from each of the 12 clone libraries using
their RFLP patterns. One sequence from each MOTU was cho-
sen at random and aligned with fungal sequences from three
sources: reference sequences of identified AM fungi obtained
from Kriiger eral (2012); their closest BLAST hits from the
MaarjAM database, containing all known AM fungal 18S rRNA
gene sequences divided into 288 ‘virtual taxa’ (VTX) based on
their phylogenetic analysis (Opik ezal, 2010); and sequences of
fungi whose speed of obtaining carbon from their host plants can
be inferred from a previous study by Vandenkoornhuyse e al.
(2007), in which AM fungi containing 3¢, immediately after a
pulse of >CO, was applied to their host plants, were identified.
These sequences were then used for phylogenetic analysis. Clu-
stalX (Thompson ez al., 1997) was employed for sequence align-
ment and calculation of neighbour-joining phylogeny (Saitou &
Nei, 1987) using Paraglomus brasilianum and P. occultum as out-
groups, and a tree was drawn using Treeview (v1.6.6; Page,
1996). MOTUs were assigned to the VIX that the BLAST
search showed they most closely matched under a sequence simi-
larity threshold of >97%. Phylogenetic support was calculated
using nonparametric bootstrapping with 10 000 pseudoreplicates
(Felsenstein, 1985).

TRFLP analysis FAM-labelled Hinfl digests and HEX-labelled
Alul fragments were not analysed, as iz silico sequence analysis
showed that they were uninformative (Supporting Information
Table S1). Relative abundances of peaks greater than 100 fluores-
cent units in height and representing terminal restriction frag-
ments (TRFs) longer than 100 bp were quantified using peak
areas, a bin width of 2bp and the local southern size calling
method. Before further analysis, TRFs that represented on aver-
age <5% of the TRFLP outputs of the samples in which they
were present were excluded to eliminate noise, as in Dumbrell
eral. (2010b). Thorough testing of the TRFLP protocol used has
previously shown that it is highly repeatable with little bias, sup-
porting the quantitative use of TRF abundance data from this
experiment (Cotton ez al., 2014).

Statistical analysis To assess whether the AM fungal commu-
nity from the roots analysed in this study had been thoroughly
inventoried, a rarefaction curve was examined using combined
data from all clone libraries employing Analytic Rarefaction 1.3
(available from http://strata.uga.edu/software/). Margalef’s index
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(predominantly affected by species richness; Dygg; Magurran,
2004) for the AM fungal communities of individual plant root
systems was calculated from the TRFLP data, using the percent-
age of each TRF for each enzyme digestion as the relative abun-
dance of individuals of that type out of 100 individuals sampled,
and the following formula:
Dyig = (S —1)/log, N Eqnl
where S is the number of unique TRFs observed and V is the
total percentage of TRFs observed across both enzymes (200).
Simpson’s index (affected by both richness and evenness; D;
Magurran, 2004) was also calculated for the AM fungal commu-
nities of individual plant root systems, using TRFLP data as
above and the following formula:
D=7 ((m[n—1)/(N[N —1])) Eqn 2
where N is the total percentage of TRFs observed (200) and 7; is
the proportion of TRFs of TRF i for each enzyme digestion. In
all analyses and in the results presented, the reciprocal of Simp-
son’s index (1/D) is used, so that an increasing value represents
an increase in community evenness.

In silico analysis of the sequence alignment generated from the
site showed that the only sequences of the Gigasporaceae found
there (MOTU2 and MOTUS3; Fig. S1) were predicted to pro-
duce similar sized TRFs. The only sequence of MOTU2 found
was predicted to produce a 297-bp HEX-labelled Hinfl TRF,
and 29 of 30 sequences of MOTU3 were predicted to produce a
similar 299-bp fragment. Such a small difference in size means
that these two TRFs were empirically indistinguishable using the
TRFLP protocol applied. The analysis of reference sequences of
cultured, named AM fungi from all families also predicted this
TREF to be produced by the majority of sequenced Gigasporaceae
(Table S2). Moreover, the conserved nature of 18S rDNA
sequences within the Gigasporaceae prevents the AM1 and NS31
amplicons from providing genus- or species-level resolution of
the fungi in this family found at the SoyFACE site (Fig. S1). We
therefore propose that the 297-299-bp TRF is considered as
diagnostic for the family Gigasporaceae in this study. A previous
experiment to empirically test for biases in the TRFLP method
and the use of diagnostic TRFs at this experiment also supported
the use of this fragment to estimate the relative abundance of this
taxon (described in Cotton eral, 2014). The average relative
abundance of Gigasporaceae in each plant in each of the treat-
ment rings in both years was therefore calculated using the rela-
tive abundances of the 297-299-bp HEX-labelled Hinfl TRF.

Detrended correspondence analysis (DCA) with downweigh-
ting of rare species was employed to characterize, analyse and
visualize the overall community composition of individual plants
using the TRFLP data. DCA was performed on the TRFLP data
for each of the 96 plants analysed. The average DCA axis 1 and 2
scores were calculated for each of the 16 treatment rings in both
years, and compared across treatments.

We used linear mixed effects models (LMMs) to examine
the influence of CO, and Oj treatments and year of sampling
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on the diversity (Margalef’s and Simpson’s indices) and com-
position (DCA axis 1 and 2 scores and percentage of Gigas-
poraceae) of AM fungal communities. In all cases, average
values of each of these measures for plants in each of the 16
rings were used to avoid pseudoreplication. A square root
transformation was applied to the Simpson’s diversity index
values and an arcsine square root transformation was applied
to the relative abundances of Gigasporaceae before analysis to
meet the assumptions of the models. We constructed two sepa-
rate models to account for temporal (sampling year) and spa-
tial (ring location) non-independence. First, we examined the
main treatment effects of CO, and O3, and the interactions
between them, on AM fungal communities (diversity and com-
position), including these as fixed factors and sampling year
and ring as random factors. We then examined year of sam-
pling as a main treatment effect, including this within our
fixed factors alongside any interaction effects with CO, and
Oj treatments, whilst keeping ring as a random factor. Models
were fitted using maximum likelihood.

To confirm LMM analysis based on DCA axes, we also
used Permutational Multivariate Analysis of Variance
(PERMANOVA) to quantify the effect sizes of atmospheric
treatments and year of sampling on AM fungal communities. A
stepwise three-way PERMANOVA (permutations =10 000) was
performed on averaged TRFLP data from each ring, based on
Bray—Curtis distances and using CO, levels, Oj levels and year of
sampling as factors, to examine the variation explained by each
factor once all other variables had been accounted for.

All analyses were performed using the R statistical language (R
Development Core Team, 2007) with PERMANOVA analysis
and calculation of DCA scores conducted using the ‘vegan’
library (Oksanen ezal., 2013), and LMMs were fitted using the
nlme library (Pinheiro ez al., 2014).

Results

AM fungal identities and sampling intensity
We identified 18 MOTUs from three families (Gigasporaceae,

Glomeraceae and Acaulosporaceae) from the roots obtained from
SoyFACE (Fig. S1). Visual inspection of the rarefied species accu-
showed that MOTU accumulation had
approached an asymptote (Fig. S2), indicating that the commu-
nity had been thoroughly inventoried.

mulation curve

AM fungal community composition

Of the 18 fungal taxa present, clone analysis showed that the rela-
tive abundance of MOTU3 (identifiable only to family level of
Gigasporaceae because of the conserved nature of 18S rRNA
genes within this group, and most similar to Opik’s VTX39) was
consistently lower under eCO, (mean=7%) than under aCO,
(mean=23%; Figs1, S1). By contrast, the abundance of
MOTUI18 (putatively identified as Rhizophagus irregularis and
most similar to Opik’s VIX114) was consistently higher under
¢CO,; (mean =73%) than under aCO, (mean = 53%; Figs 1, S1).
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Fig. 1 Stacked bar charts showing the proportion of sequences of each
arbuscular mycorrhizal fungal molecular operational taxonomic unit
(MOTU) in each year and atmospheric treatment (n =50 for each
community). MOTU numbers correspond to those used in Supporting
Information Fig. S1. Atmospheric treatments are ambient carbon dioxide
(aCO,), elevated carbon dioxide (eCO,), ambient ozone (aOs) and
elevated ozone (eOs).

Differences in community composition between CO, treat-
ments were also confirmed by TRFLP analysis by demonstrating
that the relative abundance of the Gigasporaceae (measured using
the 297-299-bp TRF) was lower under ¢CO, than under aCO,
(F,12=5.48, P=0.037; Fig.2). DCA of the TRFLP data
explained 75% of the variation within the data across the first
two ordination axes (Fig. 3). However, there was no significant
main effect of CO, treatment on the broad-scale composition of
AM fungal communites (DCA axis 1: £ 1,=1.07, P=0.32;
DCA axis 2: F1,=0.67, P=0.43; Fig.3; PERMANOVA:
F,5=1.88, R=0.035, P=0.15). There was also no significant
main effect of ozone treatment on the overall composition of AM
fungal communities (DCA axis 1: £ 1,=0.12, P=0.74; ANO-
VA DCA axis 2: £ 1,=3.06, P=0.11; Fig. 3; PERMANOVA:
Fy25=1.49, R =0.028, P=0.213) or the relative abundance of
Gigasporaceae (F 1, =0.002, P=0.97; Fig. 2).

Differences in community composition between years were
found in the TRFLP data. The relative abundance of Gigaspora-
ceae was significantly higher in 2008 than in 2006 (£, 1, =27.21,
P<0.001; Fig. 3), and the year of sampling explained a signifi-
cant amount of variation in DCA axis 1 scores, showing that
there were also significant differences in overall community com-
position between years (/4 1, =48.60, 2<0.001). This was con-
firmed by PERMANOVA, which also showed that the year of
sampling had a significant effect on the AM fungal communities
(F5=22.83, R°=0.421, P<0.001). Importantly, PERMA-
NOVA also showed that 42% of the variation in the TRFLP data
was explained by the year of sampling, after accounting for the
effects of CO, and Oj treatments, compared with 3.5% by CO,
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Fig. 2 Relative abundance of Gigasporaceae in different atmospheric
treatments and years as assessed using a 297-299-bp terminal restriction
fragment (TRF) considered to be diagnostic for this taxon and terminal
restriction fragment length polymorphism (TRFLP) analysis. Atmospheric
treatments are ambient carbon dioxide (aCO,), elevated carbon dioxide
(eCO,), ambient ozone (aO3) and elevated ozone (eOs). Error bars
represent + SE among replicate treatment rings (n =4).
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Fig. 3 Detrended correspondence analysis (DCA) ordination plot of
arbuscular mycorrhizal fungal data from terminal restriction fragment
length polymorphism (TRFLP) analysis. Percentage values on the axes
represent the variation in the fungal taxa abundance matrix explained by
each axis. Different coloured symbols represent different years (black
symbols, 2006; red symbols, 2008) and different shapes and shadings
represent atmospheric treatments (circles, elevated CO,; squares, ambient
CO,; open symbols, elevated Os; closed symbols, ambient O3).

treatment and 2.8% by Oj treatment after accounting for the
other factors.

There were no significant interactions between year, CO, and
Oj treatments on DCA axis 1 and axis 2 values or the percentage
of Gigasporaceae (all 2>0.39).

AM fungal richness and evenness

There were no significant main effects of sample year, CO, and
O3 levels on community richness (Fig.4; Margalef’s index:
Fi1,=3.97, P=0.07; Fy1,=0.24, P=0.63; and F 1,=1.60,
P=0.23, respectively) or community evenness (Fig. 4; Simpson’s
index: £ 1,=3.55, P=0.08; F1,=2.79, P=0.12; and
F12=0.04, P=0.84, respectively) calculated from the TRFLP
data. However, there was a significant year by CO, level and year
by CO, by ozone level interaction for Margalefs index
(£F1,12=9.57, P=0.01 and F 1,=5.14, P=0.04, respectively).
The magnitude of these differences was small, despite being
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Fig. 4 Arbuscular mycorrhizal fungal diversity (reciprocal Simpson's index,
light grey bars) and richness (Margalef's index, dark grey bars) of
communities from each atmospheric treatment and year determined using
terminal restriction fragment length polymorphism (TRFLP) analysis.
Atmospheric treatments are ambient carbon dioxide (aCO,), elevated
carbon dioxide (eCO,), ambient ozone (aOs) and elevated ozone (eOs3).
Error bars represent + SE of the means among replicate treatment rings
(n=4).

significant (Fig. 4). For example, the year by CO, interaction was
caused by the average number of unique TRFs being one lower
under eCO, than under aCO, in 2006, and one higher in 2008,
creating a 16% decrease and 18% increase in Margalef’s index,
respectively (Fig. 4). All other interactions for Margalef’s and
Simpson’s indices were not significant (2> 0.12).

Discussion

eCO, and AM fungal communities

This experiment demonstrates that €CO, can alter in planta AM
fungal community composition in the field. Using cloning and
sequencing, we consistently observed lower relative abundance of
the Gigasporaceae under eCO, than under aCO, across three
growing seasons over 5yr at the field level (Fig.1). The same
trend was also observed in both seasons examined at the individ-
ual plant level (Fig.2). The use of replicate samples employing
high-throughput TRFLP analysis allowed this to be statistically
tested and revealed a significant reduction in the abundance of
Gigasporaceae under eCO,, although the variability was far
higher in 2008 than in 2006 (Fig. 2). Furthermore, as almost all
(>99.8%) of the other AM fungi at the site were Glomeraceae
(Figs 1, S1), this represents a significant increase in the abun-
dance of Glomeraceae relative to Gigasporaceae under eCO,
among treatments within years. This is consistent with other
studies, despite disparate methodologies and timings. For exam-
ple, the relative abundance of Gigaspora sp. extraradical myce-
lium was found to be reduced by an abrupt increase of CO, to
550 ppm (Klironomos ez al., 2005), and a study of the responses
of different species of AM fungi grown in isolation to eCO, also
showed that it enhanced the intraradical growth of Glomus
intraradices more than that of other fungal species (Klironomos
etal., 1998). However, these studies were pot-based and therefore
involved extremely artificial edaphic conditions and spatial con-
straints on root and fungal growth, and did not examine long-
term, chronic effects of atmospheric treatments. By using a
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FACE experiment, we studied more realistic simulations of con-
ditions which plants and AM fungi will experience in the future,
thereby providing the first ever predictions of the effects of atmo-
spheric change on 7z planta AM fungal field communities.

The results also show that a particular species of Glomeraceae
(MOTU18; putatively identified as Rbhizophagus irregularis) was
consistently favoured under eCO, (Figs1, S1), although it
should be noted that this could not be statistically tested as the
laborious nature of clone library production and analysis required
to examine this taxon prevented replication within years. This
sequence is identical to a sequence type previously found to be
effective at obtaining recently fixed photosynthate (Van-
denkoornhuyse ez al., 2007; accession no. EF041056, Fig. S1). In
that study, '’CO, pulse application and '’C-enriched RNA
extraction from roots were used to determine the timing and
identity of AM fungi obtaining recently fixed carbon from three
host plants. The only AM fungal sequence always found to con-
tain '°C immediately after labelling in all plants matched
MOTU18 (Fig. S1), implying that it is a fungus particularly
effective at quickly obtaining carbon from host plants. As
previously stated, this increased relative abundance of Glomera-
ceae under eCO, was further supported and found to be signifi-
cant in the TRFLP data of AM fungal communities in individual
plants. This is consistent with a stable isotope probing (SIP)
study by Drigo eral. (2010), showing that, under ¢CO,, the
Glomeraceae obtained the most recently fixed photosynthate.
Moreover, a Glomus sp. was found to more competitively colo-
nize plant roots with higher carbohydrate concentrations created
by reducing soil phosphorus concentrations (Pearson ezal.,
1994). The consistency of findings between pot-based studies
and this field study suggests that, despite their different environ-
mental conditions, a common mechanism drives the changes.
This, combined with the known properties of the fungal taxon
favoured under eCO,, strongly suggests that changes in carbon
allocation to roots caused the AM fungal community changes
detected in this study.

The establishment of the mechanisms by which these altera-
tions occur will be vital for predicting how global change will
affect mycorrhizas and, consequently, ecosystem functioning.
Currently, little is known about the mechanisms and regulation
of resource exchange between plants and AM fungi. Fitter (2006)
proposed that AM fungi create a localized increase in nutrient
concentrations within the root, to which the plant then allocates
more carbon, which is then available to the fungus. This mecha-
nism suggests that the fungi that produce the greatest enhance-
ment in host plant nutrient uptake under eCO, will be best
placed to benefit from increased carbon availability in this atmo-
sphere, and will therefore increase in relative abundance.

This prediction is consistent with observations from this study,
as the different fungi favoured under eCO, and aCO, have dis-
tinct life history strategies that are likely to produce different
responses to additional carbon availability. Culturable Glomus
species are thought to be r-strategists, growing and providing
phosphorus to their host plants quickly (Boddington & Dodd,
1999; Sykorova et al., 2007), whereas members of Gigasporaceae
are K-strategists and grow slowly, accumulating hyphal
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phosphate before slowly releasing it to their host plants
(Boddington & Dodd, 1999; de Souza ezal., 2005). It is there-
fore likely that the members of Glomeraceae are more capable of
using the extra carbon available under ¢CO, to provide plants
with more nutrients, consequently obtaining more carbon and
increasing their relative abundance compared with the Gigaspor-
aceae. The community changes detected in this study may there-
fore follow the principle of ‘optimal allocation’ (Johnson ezal.,
2013), whereby plants and fungi respond to global change by
preferentially allocating resources towards increasing the supply
of the most limiting resource, suggesting that the community
changes detected could create a more efficient symbiosis.

Alternatively, from a mycocentric perspective, some fungi
may be capable of obtaining extra carbon from host plants irre-
spective of their ability to enhance plant growth (Alberton ezal.,
2005). AM fungi obtain carbon using monosaccharide trans-
porters (Helber ezal., 2011), and it is possible that Glomus spe-
cies have higher capacity hexose transporters than species of the
Gigasporaceae, making them inherently better at quickly obtain-
ing extra carbon allocated below ground under ¢CO,, even if
they do not provide plants with extra nutrients. The fact that
the fungus consistently favoured under eCO, (MOTUI1S) is
known to quickly obtain host plant carbon would be consistent
with this hypothesis if the activity of transporters could be con-
firmed. We therefore suggest two alternative hypotheses to
explain how AM fungi respond to eCO,, which can only be
resolved through better understanding of AM fungal function.
In particular, experiments are needed in which the ability of dif-
ferent fungi to provide nutrients to plants and carbon supplies
to fungi are simultaneously manipulated. This could be
achieved using a combination of root cultures, whereby carbon
concentrations in host roots are directly manipulated, as used
by Kiers eral (2011), and plants are grown with individual
fungal isolates and nutrient availabilities under different CO,
concentrations.

In addition to altering the efficiency of carbon and soil nutri-
ent exchange, the detected changes in AM fungal community
composition may also have significant impacts on other pro-
cesses, as other functional traits are also conserved at the family
level (Powell ez al., 2009). For example, in general, members of
the Glomeraceae have been shown to reduce pathogen infection
more than those of Gigasporaceae (Sikes eral., 2010), but pro-
duce less extraradical mycelium (Maherali & Klironomos, 2007),
which may have implications for soil stability (Leitheit ezal,
2014). Further experiments should therefore focus on the func-
tional changes associated with the predicted AM fungal commu-
nity shifts. These studies should incorporate experiments in
which the atmospheric CO, concentration is gradually increased,
as it has been found previously that AM fungal community
responses to long-term CO, changes can be more subtle than the
responses to abrupt increases, such as those applied at SoyFACE
(Klironomos ez al., 2005), implying that the changes that we
detected may be greater than those that will actually occur in
response to global change.

Despite the observation that eCO), alters the community com-
position and favours particular fungi, it did not reduce the
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evenness of the communities (Fig.4). This could be because
MOTU18 was not favoured sufficiently strongly under eCO, to
dominate the community and significantly reduce community
evenness. We can speculate that crop rotation at the site and
hence the change in host plant identity every year, a form of dis-
turbance that would not occur in more natural systems, could be
driving this. Alternatively, it could be that the analysis methods
used were not sufficiently sensitive to detect any changes. Higher
resolution community characterization, for example using next-
generation sequencing, as employed in Opik eral (2010) and
Dumbrell ez 4l (2011), would resolve this issue.

€03 and AM fungal communities

No effects of eO3 on AM fungal community composition
(Figs 1-3), richness and evenness (Fig. 4) were observed. This
could be because the effects of ozone on plant photosynthesis are
cumulative (Morgan ezal., 2004) and the plants sampled were
young (54-62 dap), and so their exposure to eO3 was therefore
limited and thus may have been insufficient to alter plant growth
and thereby affect AM fungi in this experiment. This is the first
investigation to examine whether ozone affects AM fungal com-
munities, but the proposed explanation for the lack of observed
effects is supported by other studies of AM fungal growth and
microbial communities. For example, Glomus fasciculatum colo-
nization levels were unaffected by ozone after 6 wk, but signifi-
cantly reduced after 9wk (McCool & Menge, 1984), and
microbial communities of meadow mesocosms were unaffected
by eOj after 2 months, but significantly altered after 2 yr (Kaner-
va et al., 2008). The AM fungal communities of older plants are
therefore more likely to be affected by ozone, and the results of
this study should not be extrapolated to suggest that ozone can-
not influence AM fungal communities.

Interannual variation in AM fungal communities

In addition to investigating atmospheric change, this experiment
is one of the most extensive studies examining the long-term tem-
poral variation in AM fungal communities. We observed signifi-
cant differences in the overall composition of AM fungi in the
same field between different years (Figs 2, 3). In particular, the
average relative abundance of the Gigasporaceae was over three
times higher in 2008 than in 2006 (Fig. 2). Indeed, the differ-
ences between years were far greater than those between CO,
treatments (Figs 1-3), and the year of sampling affected broad-
scale community composition, whereas none of the atmospheric
treatments had the same effect (Fig. 3). PERMANOVA showed
that CO, levels explained 3.5% of the variability in the data,
compared with 42% explained by the year of sampling. The rela-
tive abundance of the Gigasporaceae also differed far more
between years than between CO, treatments (Fig. 2), suggesting
that the effect of atmospheric change may be masked by the natu-
ral dynamics of AM fungal populations. It should be noted that,
in this study, different sample preservation methods were used
between years, as samples from 2006 were freeze-dried and those
from 2008 were oven dried. Although we are unaware of any
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evidence that these two methods differentially preserved DNA
from different fungal taxa, as the effects of DNA preparation
methods have focused on roots colonized by a single AM fungus
(Bainard eral., 2010) the possibility that this contributed to the
observed interannual differences cannot be dismissed. Nonethe-
less, this study provides strong evidence that there can be large in-
terannual differences in AM fungal intraradical communities of
plants of the same age. This is a particularly novel finding as pre-
vious molecular studies that have sampled the same ecosystem in
successive years have either focused on variation within growing
seasons (Daniell ezal., 2001) or sampled the same plant cohort
through time, and were unable to differentiate between the differ-
ences caused by increased plant age and sampling time (Husband
etal., 2002). Moreover, this experiment also highlights the urgent
need for long-term monitoring of microbial communities to
understand the mechanisms that shape them. Without this
knowledge, the manipulation of soil microbial communities to
enhance crop growth and to predict responses to global change
will be challenging.

Conclusions

Opverall, this study represents the most detailed examination to
date of long-term patterns of AM fungal communities iz planta
and how they are affected by atmospheric change, providing
unparalleled insights into how these important soil microbes will
change in the future. Critically, we have demonstrated that, in
this disturbed agricultural system, the AM fungal community
changes dramatically between years, suggesting that studies car-
ried out during a single year may be difficult to interpret. In
doing so, it also highlights the need for more information on the
mechanisms that shape AM fungal communities, how global
change will affect soil microbes and the functional consequences
of these changes.
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Fig. S1 Neighbour-joining phylogenetic tree of the molecular
operational taxonomic units of arbuscular mycorrhizal fungal
taxa from the Soybean Free Air Concentration Enrichment
experiment.
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Fig. S2 Rarefaction curve for clone library analysis showing the
relationship between sampling effort and arbuscular mycorrhizal
fungal richness.

Table S1 Predicted terminal restriction fragment lengths of ar-
buscular mycorrhizal fungal sequences obtained from the Soy-
bean Free Air Concentration Enrichment experiment

Table S2 Predicted terminal restriction fragment lengths of ar-
buscular mycorrhizal fungal sequences of different species from
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