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Abstract

Deterministic and stochastic factors interact to generate biogeographic patterns in fungal
communities, challenging efforts to predict which fungal assemblages will develop in
association with introduced plants. The coastal dune grass Ammophila arenaria has been
moved around the world. We sampled A. arenaria roots in its native range in the United
Kingdom, and in Australia and New Zealand where it is invasive. The co-occurring native
dune grass Leymus arenarius was also sampled in the United Kingdom, and the native dune
grass Spinifex sericeus was sampled in Australia and New Zealand. A. arenaria associates
with root fungal communities in its invasive range that are richer than those in the United
Kingdom, and richer than those in co-occurring native grasses, demonstrating that exotic
plants are not necessarily depauperate in fungal associates. Most of the dominant OTUs
associating with A. arenaria were shared among all three geographic regions. However,
community composition varied among regions, with differences in temperature, nitrogen and
pH correlating with community change. Within regions, community composition varied
among dunes, although the majority of sequences obtained were in OTUs that were detected
in multiple dunes. Host plant species identity influenced fungal community composition,
although the majority of the data were in OTUs that were shared between hosts. While the
roots sampled appeared healthy, many of the dominant fungi recovered are potentially
pathogenic. This study demonstrates that many fungi are widely dispersed, and that
introduced plants are likely to associate with functionally diverse fungal communities that
include species from their native ranges. However root-associated fungal community
composition is variable, even at regional and local scales in a common plant in a common

environment.

1. Introduction

Root-associated fungi have fundamental impacts on plant health, and consequently can
influence plant community structure (Aguilar-Trigueros and Rillig 2016; Dostalek et al. 2013;
Rillig et al. 2014; Shi et al. 2016). Fungal associates may, therefore, influence the success of
introduced plants (Vestergard et al. 2015). Different root fungal communities could result in

differential plant performance in the native versus the introduced range, and even influence



whether a plant becomes invasive. For example, depauperate fungal communities can
constrain the spread of introduced plants where mutualists are lacking (Nufiez et al. 2009;
Pringle et al. 2009; Spence et al. 2011). On the other hand, the Enemy Escape hypothesis
suggests that invasive plants flourish when released from pathogens encountered only in their
native range (Keane and Crawley 2002). However, introduced plants can quickly acquire
fungal associates from a range of functional groups after they arrive in a new location and
some might counteract this effect (Day et al. 2015; Majewska et al. 2015). Altogether there is
a lack of data comparing entire fungal communities in the roots of plants in their introduced
versus their native ranges. High throughput sequencing, which allows the examination of
fungal communities to a much greater extent than previous methods, has not yet been

extensively adopted by invasive plant ecologists (Coats and Rumpho 2014).

Differences in fungal communities associating with a plant in its native and introduced range
will depend in part on the dispersal abilities of the potential associates. The Baas Becking
hypothesis assumes dispersal is unlimited, stating that ‘everything is everywhere, but the
environment selects’. While this hypothesis influenced expectations regarding fungal
dispersal for decades (Baas Becking 1934; Hazard et al. 2013) in recent years it has been
largely abandoned (Bahram et al. 2014). Although molecular studies indicate that some fungal
taxa have high dispersal capacity (Frohlich-Nowoisky et al. 2012; Kivlin et al. 2014) and
broad ranges (Bonfim et al.; Cox et al. 2016; Davison et al. 2015; Timling et al. 2014)
consistent with Baas Becking, fungi can also be dispersal limited, even at regional and local
scales (Beck et al. 2015; David et al. 2015; Talbot et al. 2014).

Following dispersal, abiotic environmental conditions may determine establishment success
(Peay et al. 2016). At regional scales, climatic conditions may be an important limiting factor
(Glynou et al. 2016; Miyamoto et al. 2015; Tedersoo et al. 2014). At more local scales, soil
conditions including levels of nitrogen, phosphorus (Leff et al. 2015), carbon (Wu et al. 2013)

and pH (Geml et al. 2014) influence fungal communities.

The biotic soil environment is also important (Nemergut et al. 2013). The fungal communities
associating with the roots of co-occurring established plants are likely to be a major source of
fungal inoculum available to introduced plants. However, it is difficult to predict whether an
identical or alternative community will develop in a new arrival to a plant community. Plant

host species identity has been shown to impact fungal community composition in some



studies (Barrett et al. 2009; Becklin et al. 2012; Kernaghan and Patriquin 2015; Tedersoo et
al. 2010; Tejesvi et al. 2013; Valyi et al. 2014), but in other cases, host plant identity has had
limited or no influence on root endophytes (David et al. 2015; Glynou et al. 2016; Knapp et
al. 2012) and communities of arbuscular mycorrhizal fungi (Davison et al. 2015; Li et al.
2015; Saks et al. 2013). The degree of relatedness between resident and introduced plant host
species may impact the degree to which they share available fungal lineages (Bufford et al.
2016; Wehner et al. 2014). As well, both facilitation and competition among fungi render
arrival order important in determining fungal community composition (Fukami et al. 2010;
Werner and Kiers 2015). Stochastic factors further impact the assembly of fungal
communities, compounding variation at small spatial scales and complicating efforts to
predict fungal community composition at any given location (Beck et al. 2015; Powell et al.
2015).

Ammophila arenaria (L.) Link is a coastal dune grass native to Europe that was transported
around the world for erosion control in the latter part of the 19" century (Bell 1987; Dixon et
al. 2004; Wiedemann and Pickart 1996). It is known to share many fungi with native dune
grasses in the United States (David et al. 2015; Johansen et al. 2015), but a direct comparison
of fungal communities in its native and introduced ranges has not previously been undertaken.
There have also not been previous efforts to examine fungal communities in co-occurring

native grasses outside of the United States.

In this study, we used next generation sequencing to characterize the fungal communities
associated with A. arenaria roots in three regions — its native range in the United Kingdom,
and in Australia and New Zealand where the plant has been introduced. In addition, spatially
explicit sampling allowed us to characterize heterogeneity in the fungal communities within
regions and within dunes. Although a common biome was sampled, the regions encompassed
were separated by vast distances across which abiotic factors differed, and we predicted that
the fungal community richness would be similar but composition would differ among regions.
Within regions, where dispersal limitation is likely to be less important and environmental
conditions less variable, we predicted that fungal community richness and composition would
be similar among dunes. Given the frequently disturbed nature of the dune environment, we
hypothesised that there would be high spatial turnover in fungal community composition

within dunes and this would be related to distance between samples. We also examined the



fungal communities in the roots of co-occurring native dune grasses in each of the three
regions. These grasses provide baseline community composition data, and also enable us to
examine whether host plant identity impacts fungal community composition in the dune
environment. However, given the level of relatedness between the two grasses in each
location, and the results from our previous study of the fungal communities in a dune in the
United States (Johansen et al., 2015), we hypothesised that host plant identity impacts would
not be significant. Finally, we examined the general community profile of fungi occupying

the roots of dune grasses.

2. Materials and Methods
2.1. Sample collection

We collected Ammophila arenaria samples from three regions — the United Kingdom (UK,
two sites in England, five sites in Wales), Australia (four sites) and New Zealand (four sites)
(Fig.1). Root samples of the native dune grass Spinifex sericeus were collected from one of
the Australian (Lakes Entrance) and one of the New Zealand (Waikawa Beach) sites. Root
samples of the native grass Leymus arenarius were collected from one site (Newborough
Warren) in England. A. arenaria was highly dominant at each of the sites where only this
species was collected. At Lakes Entrance in Australia, Spinifex sericeus was slightly more
prevalent than A. arenaria. At the other sites in the other regions where alternative grasses
were collected, they were co-dominant with A. arenaria. All samples were collected during
summer; UK samples were collected during June 2014, New Zealand samples during January
2015 and Australian samples during February 2015. Site location details, soil properties and
climate data are provided in Table S1 (supplementary data). At each site, 24 root samples of
A. arenaria were collected from the foredune face. Usually this was in a 100 m x 12 m belt
transect, with the shorter side placed between the dune toe and first ridge, but at one site in
Australia (Seven Mile) the belt transect was reduced to 100 m x 9.5 m to keep the transect
within the foredune face. At the sites in England and Australia where two plant species were
sampled, the species intermingled on the dune, and roots were collected from each where they
grew within one metre of each other. These transects were expanded to 150 m, and 200 m,
respectively. At the New Zealand site, the two species typically grew in monocultural blocks.
Therefore 12 samples of each were collected in pairs along a transect where two such blocks

were adjacent, and the other 12 were collected from 50 m x 12 m quadrats on either side.



Sampling points were selected via random-stratification, with the dunes divided vertically into
thirds (lower, middle and upper dune sections), and eight sample points were taken in each.
Roots were collected from the depth at which they first appeared, with the minimum depth
sampled being approximately two cm and the maximum depth sampled being approximately
50 cm. Most samples included several separate root pieces, cumulatively consisting of about
30 cm of root length, while a single continuous root piece was used where no others were
uncovered at the sample point. Where non-target species were present, or where two species
were collected, roots were traced back to the stem so that the host could be determined. Sand
adjacent to the root samples was collected from each sample point within each dune and then
mixed before being sent to the Center for Applied Isotope Studies, University of Georgia,
USA. For the combined samples from each dune, total C and N were measured using the
micro-dumas combustion method, total P using acid persulfate digest, and pH in water with a
pH meter. Samples were stored at 4 °C for a maximum of five days before processing.
Approximately 15 cm of root length per sample was selected to represent the root sections
available (i.e. different thicknesses/lateral root proliferation) and cleaned by shaking in 4%
Tween 80. Following a sterile water rinse, roots were chopped in sterile conditions and dried

at room temperature in a vacuum in 2 mL centrifuge tubes.
2.2. DNA extraction and high throughput sequencing

Samples were ground in either a SPEX CertiPrep 2000 Geno/Grinder or ball mill MM 301
(Retsch, Dusseldorf, Germany). DNA was extracted with the CTAB method (Gardes and
Bruns 1993) as follows. An overnight soak in 850 uL CTAB buffer at 4 °C preceded heating
for an hour to 65 °C. An equal volume of chloroform:isoamyl alcohol (24:1) was then added.
DNA was precipitated following centrifugation with 1.5 volume of chilled isopropanol before
incubation for one hour at -20 °C. The DNA pellet obtained following further centrifugation
was re-suspended in 500 pL of TE buffer before 50 pL of 3M Na acetate and 500 uL of
chilled isopropanol were added. Samples were chilled for 20 minutes at -80 °C then pellets
were again obtained by centrifugation. The pellets were washed twice in chilled 80% ethanol

before the DNA was eluted in 50 pL of water.

DNA amplification used three rounds of nested PCR, in a process modified from Lundberg et
al. (2013). In round one, the ITS region was amplified with the primers ITS1f (Gardes and
Bruns 1993) and ITS4 (White et al. 1990). The PCRs were carried out in 12.5 pL reactions



and included 0.4 pL (10 uM) of each primer, 2 pL (1 mM) of DNTP, 1.25 pL of BSA (10
mg/ml), 0.0625 pL of Qiagen® Taq DNA polymerase, 1.25 pL of Qiagen® 10X buffer with
15 mM MgCl; and 2.5 pL of undiluted DNA. Thermocycler protocols were initial heating to
95 °C (10 min), 10 cycles at 95 °C for one min, 50 °C for one min, 72 °C for one min; and 72
°C for ten mins. In the second PCR round, primer constructs including one of six
frameshifting nucleotide sequences (used to increase sequence diversity at each position to
improve sequencing results), a linker sequence recognized at the third step, and the ITS
sequences as above were used. Each 25 L reaction contained 5 pL of PCR product from step
one, 0.8 pL of each primer, 4 uL of DNTP, 2.5 pL of BSA, 0.125 pL of Qiagen® Taq DNA
polymerase, 2.5 pL of Qiagen® 10X buffer with 15 mM MgCl. (concentrations as above).
Thermocycler protocols were as above but 20 cycles were performed. The third PCR round
ligated MID tags (barcodes), incorporating a linker region recognizing that used in round two
and Illumina adaptor sequences. The 25 pL reactions used contained 10 pL of PCR product
from round 2, 0.5 pL of each primer, 4 pL of DNTP, 1 uL of BSA, 0.125 pL of Qiagen® Taq
DNA polymerase, 2.5 pL of Qiagen® 10X buffer with 15mM MgCl,. Concentrations were as
for step one apart from the primers which were diluted to 5 uM. The thermocycler protocol
was initial heating to 95 °C (10 min), 5 cycles at 95 °C for one min, 63 °C for one min, 72 °C
for one min 20 secs; and 72 °C for 10 mins. Further sequencing preparations were undertaken
at the University of North Carolina’s High-Throughput Sequencing Facility. Magnetic beads
were used for amplicon cleaning, size selection and purification. Quantification was done
using a LabChip GX and prepared libraries were pooled on a Tecan robotic workstation. An
Illumina MiSeq instrument was used to perform paired-end 2 x 300 bp sequencing. The
majority of samples from the UK were sequenced together, without samples from the other
regions, but 16 were sequenced in a run with the Australian samples. New Zealand samples

were not sequenced with those from the other regions.
2.3. Bioinformatics

Bioinformatics was undertaken with sequences from the forward direction only, using the
general approach of Andrei et al. (2015). Demultiplexing was done in QIIME v1.8.0
(Caporaso et al. 2010) using the split libraries.py script with quality checking steps
disabled. Cutadapt v1.7.1 (Martin 2011) was used to select the ITS1f reads and remove the
primer sequence. The UPARSE pipeline (Edgar 2013) was then largely followed. The



fastg filter command was used to trim sequences to 220bp, and to perform quality
filtering, with the maxee value set to 0.5. Following de-replication and singleton removal,
OTU picking was undertaken with de novo chimera checking disabled (uparse break -999),
otherwise default settings were used. Reference-based chimera checking was performed using
the USEARCH (Edgar 2010) uchime ref command against the Unite database QIIME
release v.7 dataset “‘uchime _sh_refs whole ITS.fasta’ (Abarenkov et al. 2010). The minh
value was set to 1.65 following examination of alignments of sequences designated chimeric
at more stringent minh values. Classification was done in QIIME v1.8.0 (Caporaso et al.
2010) using the UNITE reference database v.7 dynamic data set (Abarenkov et al. 2010).
OTUs classified as non-fungal or with no BLAST hit were checked with BLAST against
GenBank, with uncultured/environmental sample sequences excluded. These OTUs were
retained in the dataset where there were matches with fungal sequences with coverage of at
least 80 bp, and identity matches of at least 80% (and where there were no better matches
with non-fungal organisms). No attempt was made to classify them. The number of OTUs per
class (where this had been assigned by the reference database), and classified as Zygomycota
incertae sedis, was calculated. The top 20 most frequently sequenced OTUs for the A.
arenaria samples within each region were determined. To moderate the influence of dunes
with high sequence numbers, we rarefied the data so that each sample within a region had the
same number of sequences (see below). The rarefied data was used to determine the
frequency of these OTUs within regions, while unrarefied data was used to ascertain their
presence within the three regions. The top listed GenBank match from a published study for
these OTUs, named to species by the depositors (and where a better published match of an
alternative genus was not available) was recorded. Where query cover of that match was at
least 50% and the identity match was at least 97%, the UNITE species hypothesis (Kdljalg et
al. 2013) was recorded if available. Match names were updated, and classes and orders were

assigned, using Mycobank (www.mycobank.org).
2.4. Statistics

Alpha rarefaction plots were generated in QIIME to examine whether sequencing depth was
sufficient to adequately capture fungal community richness. These plots also allow richness
among sites and regions to be compared. To visualise shared and unique OTU numbers per

region, a Venn diagram was constructed using data from the A. arenaria samples only.
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The dataset was then rarefied such that each retained sample had an even sampling depth (see
Table S2 for details on final sample numbers per dune and sequencing depths where rarefied
data were used for within-dune analyses). For among-region comparisons, where rarefied data
were used, each dune in each region was represented by 146,000 sequences. We omitted
Broadhaven South from the UK for the among-region analysis due to poor sequencing
performance. For the within-region ordination and between-host comparisons, UK samples
were represented by 2,800 sequences each, Australian samples by 7,000 sequences each, and
New Zealand samples by 14,000 sequences each. For the within-region distance decay
analyses, the UK sites were represented by 103,479 sequences, the NZ sites by 561,227
sequences and the Australian sites by 312,430 sequences.

We ordinated the fungal community data, for within-region, among-region, and between-host
comparisons, using non-metric multidimensional scaling ("MDS) on untransformed data, 4'"-
root transformed data, presence-absence data, and on untransformed data containing only
OTUs which were in more than 10% of samples being compared. Ordinations of these site-
species matrix transformations were qualitatively similar and showed similar stress values, so
in the following we present only the 4"-root transformations. We also evaluated similarity in
fungal communities from the lower, middle and upper sections across the dune faces.
Rarefied data were used for all these analyses and the Bray-Curtis metric was used as a
dissimilarity measure (Faith et al. 1987). For within-region and among-region comparisons,
we used only A. arenaria data. Within-dune analyses were performed only on those dunes
where alternative hosts were not collected. To assess whether the fungal communities being
compared differed in their location (polygon centroid) in the ordination space we used
permutational multivariate ANOVA (PERMANOVA,; Anderson 2001) via the adonis
command in the R library vegan (Oksanen et al. 2017; R Development Core Team, 2016)
with 999 permutations in all cases. We evaluated whether the fungal communities differed in
their dispersion (spread) across ordination space via a multivariate analysis of homogeneity of
dispersion (Anderson 2006) with the betadisper command in vegan. The relationship
between abiotic conditions and community composition among regions was assessed by
fitting vectors of the regionally averaged abiotic variables across the ordination space (using

the envfit command in vegan) with significance assessed via permutation (n = 999).



We used the indicator (‘diagnostic’) species approach described by De Caceres & Legendre
(2009) and De Céceres et al. (2010) to identify (suites of) OTU(s) that characterised specific
site groups (e.g. locations, host species). This method isolates ‘faithful’ taxa — that is taxa that
are consistently present/absent from groups or sites and so whose presence/absence has
predictive power with respect to site group identification. We used the indicspecies package

in R for these analyses and assessed significance with n = 9999 permutations. Because of the
very large number of taxa we considered we controlled for the familywise error rate in these

tests using the false discovery rate correction of Benjamini & Hochberg (1995).

The impact of distance on turnover in community composition among dunes within regions,
and spatial turnover across these dunes, was assessed with rarefied data, with distance-decay
relationships modelled with log-linear binomial generalized linear models (GLM) following
Millar et al. (2011). We also investigated whether species richness was higher towards the
back of dunes where only A. arenaria was collected by comparing richness in samples

collected from the lower, middle and upper sections of the dunes.
2.5. Accession number

Demultiplexed sequence data has been deposited in the NCBI Sequence Read Archive (SRA),
the accession number is PRINA322225.

3. Results
3.1. Sampling, PCR and Illumina MiSeq sequencing

We successfully extracted and amplified DNA from all 24 samples collected from each dune,
apart from Broadhaven South in the UK, from which sequences were obtained from only 21
samples. The ITS1f primer generated 10,291,415 sequences that passed quality control, and
these clustered into 4,756 OTUs. Of these, 10,267,286 sequences which clustered into 4,536
OTUs were classified as fungi. Blasting the 297 OTUs against GenBank which were initially
unclassified, or classified as non-fungi by the UNITE database, resulted in 78 of these being
retained as fungi. New Zealand had 6,001,199 sequences, Australia 2,803,901 and the United
Kingdom 1,462,186. For dunes from which only A. arenaria was sampled, sequence totals
ranged between 103,479 for Broadhaven South in the United Kingdom and 1,773,284 for

Kawhia Ocean Beach in New Zealand. These sites also had the lowest and highest OTU
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numbers at 274 and 1,476 respectively (Table 1). The alternative plants sampled always had
more sequences than A. arenaria but did not always have more OTUs (Table 2). The curves
on the alpha-rarefaction plots are beginning to asymptote for some sites but still suggested
that deeper sequencing would have generated more OTUs (Fig. 2). Considering the regions as

a whole, the curves were nearly saturated.
3.2. Fungal community profile

OTUs were recovered from 22 classes. The Sordariomycetes class contained 1,568 OTUSs,
nearly half of those which we were able to classify (Fig. 3). The next most diverse classes
were the Glomeromycetes, Dothideomycetes, and Agaricomycetes, with several hundred
OTUs each. In the UK, Australia and New Zealand, the 20 most frequently sequenced OTUs
accounted for 52%, 60% and 58% of the data respectively, with the most frequently
sequenced OTU having between 7% and 9% of the sequences (Table S3). The majority of the
47 A. arenaria OTUs comprising the most frequently sequenced list were ascomycetes, (35
OTUs), the next most dominant phylum was the Basidiomycota (nine OTUSs). Only two of the
most frequently sequenced OTUs were in the Glomeromycota, one in the UK and one in
Australia. There was only one frequently sequenced Chytridiomycota but this OTU, with a
100% match to Olpidium brassicae, was in the top 20 lists for all three regions. The four
OTUs placed in the top 20 lists for all three regions have matches of at least 98% with
sequences from species previously recorded as pathogens. According to the UNITE species
hypotheses, three of these (Plectosphaerella cucumerina, Microdochium bolleyi, and Lewia
infectoria) have broad global ranges and associate with a wide variety of hosts. The dunes
surveyed hosted OTUs that may be undescribed species; while only two of the most
frequently sequenced OTUs from the UK had matches with identity values below 95%, there
were five such OTUs from Australia and 11 from New Zealand. The two most frequently
sequenced OTUs in New Zealand had identity values with matches of only 90% and 85%,
although allowing matches from environmental sequences found identity values of 97%
(HQ010683.1) and 95% (GQ512112.1, query cover values were 96% and 92%).

3.3. Spatial heterogeneity in A. arenaria fungal communities

11



Despite A. arenaria being in its native range in the UK, at equivalent sequencing depths the
fungal communities on UK dunes were less rich than those in Australasia (Australia and New
Zealand, Fig. 2). New Zealand had the most A. arenaria OTUs (Fig. 4). Many A. arenaria
OTUs were widely distributed, with 609 (14%) occurring in all three regions (Fig. 4).
Australia and New Zealand shared more OTUs with each other than with the UK, but each
had OTUs found in the UK but not in the other Australasian location. While most OTUs
(62%) were recovered from only one region, the OTUs found in two or all three regions
contained the majority of the sequence data — between 89% and 96% of sequences per region.
In addition, many of the top 20 most frequently sequenced OTUs for each region were
geographically widespread (Table S3). Of the 47 most frequently sequenced OTUSs listed, 33
were recovered from all three regions and nine were in more than one region’s most

frequently sequenced list.

The nMDS ordination, however, showed strong separation by region, with New Zealand and
Australian A. arenaria communities being more similar to each other than to those in the
United Kingdom (Fig. 4; PERMANOVA: F2,11 = 3.333, r? = 0.377, p = 0.001). There was no
statistically significant difference in dispersion across the ordination space among the regions
(F2,11=0.3873, p = 0.688). Regional differences in fungal communities correlated with
changes in pH and nitrogen levels among the regions, which were strongly co-linear, and with
maximum and minimum temperatures, which were also correlated (Fig. 5). No significant
correlation was found between fungal community composition and either annual rainfall or

levels of phosphorous or carbon.

Richness among dunes varied within regions, even when sequencing depths were the same
(Fig. 2d). The dune with the highest richness of fungi associated with A. arenaria roots in the
UK, Braunton Burrows, had more than twice as many OTUs as the most depauperate dune,
Broadhaven South (Table 1). There was less variation in richness in Australia and New
Zealand. While the proportion of A. arenaria OTUSs unique to any one site in a region was
between 14% and 30%, the proportion of sequence data in these OTUs was small, being
between 0.06% and 0.68%. However the nMDS ordinations again showed differences in
community structure across dunes (Fig. 6). In Australia, the fungal communities at
Dennington and Seven Mile Beach were similar to each other, but they separated from
Rosebud and Lakes Entrance (Fsgs5=8.1511, r2 = 0.223, p = 0.001). There was no difference

12



in scatter among the sites (Fzg5=1.083, p = 0.361). In the New Zealand plots, the majority of
samples separated by site (Fsgs, = 8.217, r? = 0.223, p = 0.001). There was less variation
among samples at Oreti and Pegasus than at Kawhia or Waikawa (median distance of sites to
centroid: 0.507 (Kawhia), 0.450 (Oreti), 0.454 (Pegasus) and 0.483 (Waikawa)), and there
was a significant difference in dispersion between the sites ( Fz g = 6.615, p = 0.0004). For
the UK sites, PERMANOVA analysis revealed community differences among the dunes
(Fe.145 = 8.1184, r2 = 0.251, p = 0.001), but there were also significant differences in
dispersion between sites (Fe 145 = 3.832, p = 0.001). Distance was correlated with community
difference among dunes in New Zealand, but not in the UK or Australia (Fig. S1). Soil

nutrient levels were low (Table S1).

There was also high beta-diversity among samples within dunes, demonstrating that high
spatial turnover occurred over small extents. Some sites showed a trend toward decreasing
similarity with increasing distance, with seven of the twelve sites sampled generating slopes
that were different from zero based on bootstrap resampling (Fig. S2). Relationships between
distance and community similarity were statistically significant at Seven Mile Beach in
Australia, Kawhia Ocean Beach and Pegasus Bay Beach in New Zealand, and at Braunton
Burrows and Pembrey Beach in the UK (Fig. S2). There was no consistent evidence that
fungal community composition was influenced by vertical position on the dune although there
were significant differences in community by position at Morfa Harlech in the UK (F2,20 =
1.914, p = 0.001) and Seven Mile Beach in Australia (F2,22 = 1.684, p = 0.001, data not
shown). There was no difference in the richness of root samples collected from the lower,

middle and upper sections of the dunes (data not shown).

We did not identify small and consistent groups of indicator OTUs; rather, we found many
hundreds of potential indicator taxa for any given site group. At the regional level, of the
1229 OTUs we found 110 (9.0%) to be significant indicators at o = 0.01 (with familywise
correction) and within the UK, Australia and NZ we found 163 / 1470 (11.1 %), 267 / 2399
(11.1%) and 301 / 1963 (15.3%) statistically significant indicator OTUs, respectively (with

correction applied). These OTUs are not discussed further.

3.4. Host plant species influence over fungal community composition
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Fungal community richness was similar between A. arenaria and S. sericeus at Waikawa
Beach in New Zealand. In contrast, A. arenaria associated with a richer community than S.
sericeus at Lakes Entrance in Australia and L. arenarius was considerably richer than A.
arenaria at Newborough Warren in the UK (Fig. 2, Table 2). Again, the majority of
sequences were in shared OTUs (Table 2), with the most frequently sequenced OTUs found
in both host plants in each dune (and often in similar numbers of samples, Table S4). There
was more overlap in fungal communities when comparing hosts than when comparing regions
(Fig. S3), but PERMANOVA suggests separation by host species. However, r? values were
very low (Australia: F1.44 = 2.799, r? = 0.060, p = 0.001; NZ: F1,40 = 0.9474, r>=0.053, p =
0.001; UK: F1.43=2.067, r> = 0.046, p = 0.002).

4. Discussion
4.1. Spatial heterogeneity in A. arenaria fungal communities among regions

We predicted that A.arenaria would associate with fungal communities of similar richness in
its native and introduced ranges. However the increase in richness in the fungal communities
associating with A. arenaria roots outside its native range was dramatic. A global comparison
of richness in soil fungi (Tedersoo et al. 2014) describes similar richness among the regions
we sampled. That study also identified high precipitation as driving high soil fungal richness
although the opposite effect has been described for root endophytes in Europe (Glynou et al.
2016). Our results do not demonstrate a consistent precipitation-richness relationship across
regions. The UK sites are uniformly wetter than those in Australia, which had a richer fungal
community, while the New Zealand sites are both slightly wetter and richer in species than
those in Australia. Similar inconsistencies were seen with temperature; slightly cooler New
Zealand is slightly richer than warmer Australia although the coolest region on average — the
UK —is the least rich. Even though more sites were sampled in the UK, they cover a smaller
geographic area than do the sites sampled in Australia and New Zealand. Sampling across a
smaller range could have resulted in lower richness being captured across dunes in the UK,
due to dispersal limitation or to reduced variation in abiotic factors, which could influence
fungi, among sites. For example, the greater distance covered in Australia and New Zealand
correlates with greater temperature differences between the hottest and coldest sites in these
regions compared to the UK. Temperature change has previously been shown to correlate
with change in fungal community composition (Goldmann et al. 2016; Tedersoo et al. 2014).
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In addition, we acknowledge that despite rarefying our data to accommodate for differences in
sequencing depths among regions, the reduced richness observed in the UK could have
resulted from a difference in performance of the run that sequenced the majority of the UK
samples. Nevertheless, our results demonstrate that an invasive plant outside its native range
can associate with rich fungal communities. Comparisons of fungal richness in the roots of
plants in their native and non-native ranges are rarely undertaken, but AMF community
richness has been shown to be roughly equivalent in clover species sampled in their native
UK and in New Zealand where they have been introduced (Mcginn et al. 2016). On the other
hand, fungal communities associating with Pinus contorta were less rich in that species

introduced range than in its native range (Gundale et al. 2016)

A. arenaria encounters many of the same soil fungi in both its native and invasive ranges.
While each of the three regions we sampled harboured OTUs not recovered elsewhere, the
majority of OTUs in each region were shared with at least one other region. These shared
OTUs comprised the vast majority of the sequence data. New Zealand and Australia shared
more OTUs with each other than with the more distant UK, which could result either from
more frequent fungal dispersal between the two closer regions, or from those regions sharing
more similar environments and/or geological history. Despite its greater isolation, however,
the UK had almost the same amount of data in shared OTUs as New Zealand. We recognize
that the ITS region fails to separate some fungal lineages (Ryberg 2015), hence our dataset
may include lineages with restricted ranges that have been grouped into single OTUs. It is
also possible that contamination could have resulted in some shared OTUs, which the use of
negative controls might have ruled out. However all of the New Zealand samples were
sequenced separately from those obtained in the UK and Australia, negating the opportunity
for tag switching among these samples and those from the other regions during sequencing
(Carlsen et al. 2012). OTU sharing among regions as a result of errors in MID tag production
was eliminated by the use of unique MID tags for every sample. Our bioinformatics
procedures ensured any sequences assigned to the wrong region by incorrect barcodes were
discarded. While there are few global level studies of fungal ranges, next generation
sequencing provides evidence for some soil fungi (Cox et al. 2016; Tedersoo et al. 2014) and

for AMF (Davison et al. 2015) having wide ranges spanning multiple land masses.
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Although our sampling took place in a common plant in a common environment, and even
though the majority of sequences were in shared OTUSs, the ordination analysis shows clear
differences in total fungal community composition by region, as we hypothesised. The
robustness of this pattern across data treatments shows that differences in relative abundances
of sequences occurred alongside the presence of unique OTUs. Our results suggest that
differences in temperature extremes among regions might explain this trend. As discussed
above, correlations between fungal community change and temperature have been described
previously, although corresponding changes in other environmental variables such as
precipitation (Goldmann et al. 2016, Glynou et al. 2016) and plant community variation
(Timling et al. 2014) challenge efforts to determine the relative importance of temperature in
general. Soil resource levels also influence dune fungi communities. Compositional
differences corresponded with changes in nitrogen and pH among regions. However, the
nitrogen gradient was heavily influenced by the Australian sites, with nitrogen levels so low
in Australian sands that it was effectively undetectable. Potential influences of these soil
qualities over fungal community composition have been reported previously (David et al.
2016; Geml et al. 2014; Leff et al. 2015; Walker et al. 2014). We also acknowledge that we
sampled at different relative time points during summer in the three regions and this could

account for some of the differences seen in fungal community composition.
4.2. Spatial heterogeneity in A. arenaria fungal communities within regions

Differences in fungal richness and community composition were also seen among dunes
within regions. Again, differences in the climatic variables we considered do not appear to be
driving differences in richness. For example, where sequencing depths were the same, the
wettest site in the UK, Pembrey Beach, had the highest richness while in Australia, the driest
site, Seven Mile, was the second richest. Community composition also differed within
regions, despite the vast majority of sequences being in OTUs that were shared among sites.
Variable community composition could be due to environmental variation or differences in
invasion history (i.e. time since invasion, which is not known for most sites), but stochastic
factors are also likely to be significant. For example, soil quality did not explain variation in
soil fungi composition across Scotland (Powell et al. 2015) or variation in root and soil
associates of an Australian heath species collected along a 500 km long transect (Beck et al.

2015). In both of these cases it was concluded that stochastic processes were likely to be
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important in driving community assembly. Mueller et al. (2016) suggested stochastic factors
were behind the differential development of fungal communities in two secondary forests in
Brazil. Stochastic processes may be particularly significant on dunes, as highly disturbed
ephemeral environments may preclude niche-driven community assembly (Kriiger et al. 2015;
Martinez-Garcia et al. 2015). While geographic distance was not consistently related to
differences in community composition, fungal dispersal can be sporadic and is unlikely to be
either constant in time or equal across species (Kivlin et al. 2014; Peay and Bruns 2014). Sand
deposition promotes growth in A. arenaria (Huiskes 1979; Konlechner et al. 2013). Sand
erosion and deposition could result in fungal community turnover, with new roots becoming
available and community assembly depending on the fungi arriving at the time. While some
dispersal will occur continuously, and later arrivals could still be detected by sequencing,
their dominance may be reduced by already established fungi (Fukami et al. 2010; Werner

and Kiers 2015) resulting in the development of different communities in different dunes.
4.3. Spatial heterogeneity in A. arenaria fungal communities within dunes

There was a high degree of community turnover within dunes, which, in contrast to our
hypothesis, was not consistently related to geographic distance between samples, suggesting
that fungi are highly dispersed within dunes. High beta-diversity for fungal communities over
small extents is commonly reported (Cheeke et al. 2015; Kjgller and Rosendahl 2014; Queloz
et al. 2011; Ramirez et al. 2014; Talbot et al. 2014). The fine-grained heterogeneity we
observed indicates that extensive sampling is necessary to capture the composition of fungal
communities fully, and likely reflects the frequently disturbed nature of the dune
environment. We found no evidence that vertical dune position influenced fungal community
richness and no consistent evidence for dune position influencing fungal community
composition. This lack of effect may be because the distances surveyed between the lower
and upper dune regions were short. The vertical environmental gradient seen on dunes has
been found to influence endophytic fungal communities in dune grass roots in the United
States (David et al. 2016) and AMF in a dune in Japan (Yamato et al. 2012). However, in
these instances the vertical distance surveyed was much greater and so may have spanned a
greater environmental gradient, which will in turn have a consistently greater effect on fungal

communities.

4.4. Host plant species influence over fungal community composition
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The fungal communities associated with A. arenaria roots in its invasive range were richer
than those in the native grasses sampled, further confirming that a diverse array of fungi can
associate with non-native plants. Again, the majority of data were in OTUs shared between
host species, and all of the most frequently sequenced OTUs were found in both host species.
This level of sharing is unsurprising given that the host plant species are in the same family,
and closely related hosts are more likely to share fungi (Gilbert and Webb 2007; Gundale et
al. 2016; Wehner et al. 2014). Our hypothesis that plant host species would not impact fungal
community composition was not supported, as composition differed between A. arenaria and
the alternative host plants surveyed at each of the three dunes. While the r? values obtained
for each comparison are low, the host species impacts on fungal community composition
shown in this study contrast with results from a previous study we conducted, using the same
methodology, that found no statistical evidence for differences in fungal communities
between A. arenaria and an alternative native grass in California (Johansen et al. 2016.)
Previous studies have demonstrated that host plant identity impacts fungal community
assembly. AMF differed among Poaceae species in grasslands in Germany (Valyi et al. 2014)
and host identity influenced both AMF and non-AMF fungal communities in herbaceous
alpine perennials in Colorado, U.S.A (Becklin et al. 2012). More research is needed to
understand the circumstances under which host identity influences fungal community
composition (Dickie et al. 2015), and to examine differences in fungal functions between
hosts. Differing fungal relationships between native and exotic plants can influence
competitive relationships between them (Yang et al. 2014) and could therefore influence

invasion trajectories (Pringle et al. 2009).
4.5. Fungal community profile

Most OTUs could be identified to class, with the Sordariomycetes dominant in the dune
environments sampled. This class, the third most speciose of the ascomycete classes (Kirk et
al. 2008), has also been found to be dominant in Amazonian tropical forest soils (Mueller et
al. 2016; Peay et al. 2013). The UNITE species hypotheses reveal the extent to which some of
the most common fungi are wide-ranging and flexible in terms of environment and host.
However classifying OTUs by matching them to sequences in public databases remains
problematic. For example two of our OTUs matched the same sequence named as Lewia

infectoria, with 97% and 98% identity values. These OTUs may represent either different
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species or intraspecific variability. The UNITE species hypothesis associated with the match
has a different name from the match, and includes sequences with 28 different names. In other
cases, we could not identify even frequently recovered OTUs with any confidence. While this
inability may reflect a poor knowledge of the diversity of the fungal kingdom (Kdljalg et al.
2013) these OTUs do not necessarily represent unknown species. Many formally described
species do not have sequences in public databases and rectifying this shortcoming would
improve efforts to classify OTUs (Brock et al. 2009; Opik et al. 2014).

Where we obtained named matches with high identity values, they reflect the high functional
and phylogenetic diversity represented by the fungal community on the dunes. These matches
were commonly with sequences from pathogenic fungi (e.g. O. brassicae, P. cucumerina, M.
bolleyi, L. infectoria, Sarocladium strictum, Fusarium oxysporum, Fusarium graminearum),
some of which have been recovered from a wide range of environments and hosts. However,
they may not be pathogenic on the dune grasses sampled. Fungi that are pathogenic on some
plants can exist as apparently harmless endophytes on others (Bonfim et al. 2016; Malcolm et
al. 2013). There were also matches with the saprotrophic dune specialists Psathyrella

ammophila and Peziza ammophila.

Only two Glomeromycota matches, which may be AMF, were recorded as frequently
sequenced. This fungal group is considered to be functionally important in dunes and many
morphologically described AMF have been found in this environment (Koske et al. 2004).
Molecular techniques have previously recovered Glomeromycota extensively associating with
dune grass roots, including those of the plant host species used in this study (Johansen et al.
2015; Johansen et al. 2016; Rodriguez-Echeverria and Freitas 2006; Yamato et al. 2012).
Primer choice can heavily influence the AMF recovered from environmental surveys
(Johansen et al. 2016, Kohout et al. 2014) and the general fungal primer we used may not be
optimal for recovering the group. Studies targeting this group typically use the small sub unit
(SSU) rDNA region. While we have recovered more AMF OTUs in the dune environment
than ‘virtual taxa’ recognized via the SSU region, and more OTUs than morphospecies
currently described (Opik et al. 2014; Opik et al. 2016), this may reflect the high variability
within the ITS region that can occur within AMF taxa (Stockinger et al. 2010; Stockinger et
al. 2009).
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5. Conclusion

We demonstrate that many of the same root-associated fungi can be detected in coastal dunes,
associated with dune grasses, in both the Northern and Southern Hemispheres. Consequently,
invasive plants may encounter familiar fungi as they expand their ranges even if they cross
vast geographic distances. In addition, there is evidence that invasive species can associate
with local fungi whose distribution may be more restricted so that altogether their root-
associated fungal communities are not necessarily depauperate in comparison to those in their
native range. With the vast majority of our data in shared OTUs, both among and within
regions, dispersal limitation does not seem to be prevalent among dominant members of the
fungal communities associating with A. arenaria roots. However dispersal may be sufficiently
inconsistent in time and space to explain some of the multi-scale heterogeneity we observed.
Differences in temperature and soil resource levels correlated with differences in community
composition at large extents, suggesting that they influence dune root associates. While native
dune grasses co-occurring with A. arenaria shared most of this plant’s fungal associates, host
plant identity consistently influenced fungal community composition, showing this can be
important for even closely related plants. The predominance of potential pathogens in
apparently healthy roots, and the regular recovery of OTUs without matches to sequences
from described organisms, highlights a lack of knowledge of fungal community function and

composition in natural ecosystems.
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Tables

Table 1: Total sequences and OTUs per site derived from A. arenaria roots collected from
dunes in three regions. The number of OTUs that are unique, within the region, to each site
and the percentage of total OTUs at each site that they represent, as well as the percentage of
sequences in these OTUs, of all sequences from each site, is given.

% of seqs
Total Total ~ OTUs unique within region  in unique

Region/Site sequences  OTUs (% of total OTUs) OTUs
UK

Braunton Burrows 209,430 746 155 (20.78%) 0.17%
Pembrey Beach 148,016 704 151 (21.45%) 0.17%
Broadhaven South 103,479 274 40 (14.6%) 0.07%
Ynyslas Sand Dunes 242,605 652 127 (19.48%) 0.07%
Morfa Harlech 226,738 651 107 (16.44%) 0.06%
Newborough Warren 146,318 318 49 (15.41%) 0.06%
Cabin Hill 182,047 623 129 (20.71%) 0.10%
Australia

Dennington 312,430 1,004 300 (28%) 0.15%
Rosebud 492,429 999 303 (30%) 0.12%
Lakes Entrance 772,187 1,196 331 (28%) 0.07%
Seven Mile Beach 398,979 1,027 237 (23%) 0.12%
NZ

Kawhia Ocean Beach 1,773,284 1,476 406 (28%) 0.35%
Waikawa Beach 561,227 1,220 184 (15%) 0.21%
Pegasus Bay Beach 1,677,560 1,364 235 (14%) 0.24%
Oreti Beach 937,452 1,327 394 (30%) 0.68%
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Table 2: Total sequences and OTUs per site derived from A. arenaria and alternative host
plant roots collected from dunes in three regions. The number of OTUs unique to each host
and the proportion of sequences in these OTUs, of all sequences from each host, is given.

Total Total OTUs unique to  Proportion total seqs
Site/Host sequences  OTUs host at site in unique OTUs
UK
Newborough Warren A. arenaria 146,318 318 118 0.91%
Newborough Warren L. arenarius 203,553 511 311 6.31%
Australia
Lakes Entrance A. arenaria 772,187 1,196 489 1.61%
Lakes Entrance S. sericeus 827,876 957 250 0.24%
NZ
Waikawa Beach A. arenaria 561,227 1,220 341 0.48%
Waikawa Beach S. sericeus 1,051,676 1,345 466 0.76%

Figure captions
(Figures follow in this order)
Fig. 1: Location of sites where dune grass roots were collected.

Fig. 2: Rarefaction curves for sites in the UK (a), Australia (b), NZ (c), and for the three regions
sampled (d), showing OTU accumulation with sequencing depth. Samples are from A. arenaria
roots and L. arenarius roots in (a), from A. arenaria and S. sericeus roots in (b) and (c), and
from A. arenaria roots in (d).

Fig. 3: Number of OTUs per class recovered from roots of A. arenaria sampled in the UK and
Australasia, from L. arenarius roots sampled from the UK and from S. sericeus roots sampled
from Australasia.

Fig. 4: Unique and shared OTUs recovered from A. arenaria sampled in New Zealand,
Australia and the UK.

Fig. 5: Distribution of fungal communities in A. arenaria roots in three regions based on 4™-
root transformed data using non metric multidimensional scaling. The significant predictors
minimum and maximum annual temperature are correlated with each other, as are total
nitrogen and pH. Stress = 0.106, F2,11 = 3.333, r> = 0.377, p = 0.001.

Fig. 6: nMDS ordinations of fungal communities in A. arenaria roots in dunes in the UK (a),
Australia (b), and New Zealand (c) based on 4"-root transformed data using non metric
multidimensional scaling. For the UK, stress = 0.242, Fg145 = 8.1184, r? = 0.251, p = 0.001,
for Australia stress = 0.221, F385=8.1511, r?> = 0.223, p = 0.001, for New Zealand, stress =
0.247, Fag6, = 8.217, r> = 0.223, p = 0.001. Grey lines indicate distance from each location to
the polygon centroid.
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