
Communities of arbuscular mycorrhizal fungi under Picconia
azorica in native forests of Azores

Catarina Drumonde Melo1,2,3 & Sara Luna3 & Claudia Krüger4 & Christopher Walker5,6 &

Duarte Mendonça3 & Henrique M. A. C. Fonseca7 & Maria Jaizme-Vega8 &

Artur Câmara Machado3

Received: 17 November 2016 /Accepted: 10 April 2017 /Published online: 8 May 2017
# Springer Science+Business Media Dordrecht 2017

Abstract Arbuscular mycorrhizal fungi (AMF) from the rhi-
zosphere of the endemic Laurisilva tree, Picconia azorica,
were characterised at two sites in each of two Azorean islands
(Terceira and São Miguel). Forty-six spore morphotypes were
found, and DNA extraction was attempted from individual
spores of each of these. DNA was obtained from 18 of the
morphotypes, from which a 1.5 kb long fragment of the nu-
clear ribosomal RNA gene (SSU-ITS-LSU) was sequenced. A
total of 125 AMF sequences were obtained and assigned to 18
phylotypes. Phylogenetic analysis revealed sequences belong-
ing to the families, Acaulosporaceae, Archaeosporaceae,
Claroideoglomeraceae, Gigasporaceae and Glomeraceae.
Phylotype richness changed between islands and between
sampling sites at both islands suggesting that geographical
and historical factors are determinant in shaping AMF
communities in native forest of Azores. Ecological anal-
ysis of the molecular data revealed differences in AMF
community composition between islands. In Terceira, the

rhizosphere of P. azorica was dominated by species belonging
to Acaulosporaceae and Glomeraceae, while São Miguel was
dominated by members of Glomeraceae and Gigasporaceae.
This is the first molecular study of AMF associated with
P. azorica in native forest of the Azores. These symbiont fungi
are key components of the ecosystem. Further research is need-
ed to develop their use as promoters of plant establishment in
conservation and restoration of such sites.
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1 Introduction

Picconia azorica (Oleaceae), an endangered endemic woody
plant of native Laurisilva in the Azores, is present in coastal
and medium altitude forests, coastal cliffs, ravines, lava flows,
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coastal scrubland (Erica, Morella, mixed) and natural forests
(Morella, Laurus) in all the islands except Graciosa (Cardoso
et al. 2008; Silva et al. 2009; dos Santos et al. 2010). Used for
furniture construction and religious statuary, it has been over-
exploited to near-extinction in some islands and is a priority
Azorean endemic species for conservation, listed as endan-
gered (EN B1 + 2c) on the IUCN Red List 2004, and in
Annex II of the EC Habitats Directive. The tree’s small pop-
ulations and poor seed production necessitate development of
alternative propagation methods to supply saplings for resto-
ration of depleted natural populations, particularly where in-
vasive species preclude natural regeneration.

Arbuscular mycorrhizal fungi (AMF) can be helpful during
sapling production, as these ubiquitous fungi form symbiotic
associations with a wide diversity of plants, including
P. azorica. In these symbiotic associations the obligately
biotrophic fungi provide their hosts with minerals, nutrients
(e.g., particularly P) and water (Wu et al. 2013), and obtain
carbon from the plant (Smith and Read 2008). AMF also have
been shown to increase host resistance to biotic and abiotic
stresses, including pathogens (Ismail and Hijri 2012), water
stress (Boyer et al. 2015) and environmental pollutants
(Hildebrandt et al. 2007). Because of these effects on plant
and soil performance, AMF can be used to benefit in reclama-
tion and restoration of degraded ecosystems (Ferrol et al.
2004; Middleton et al. 2015). Mycorrhizas therefore should
receive special attention in indigenous tree seedling produc-
tion and restoration.

The diversity of AMF potentially influences plant fitness,
community structure, biodiversity and ecosystem variability
(van der Heijden et al. 1998). Moreover different AMF can
simultaneously colonise a single root segment, and species are
functionally diverse (Leake et al. 2004; Helgason et al. 2007;
de Oliveira and de Oliveira 2010). To understand ecological
plant–fungus interactions in natural ecosystems, it is neces-
sary to identify the fungal partners, and this can be achieved
through both morphological and molecular characterization
(Helgason et al. 2002; Verbruggen et al. 2010).

There are approximately 300 described species in the
Glomeromycota (http://amf-phylogeny.com and www.
indexfungorum.org), although the mycorrhizal status of
many of these is still unknown. There are also many more
sequences in public databases (GenBank; NCBI, etc.)
attributed to glomeromycotan fungi from ‘environmental
samples’, which consequently have not been linked with an
identified fungal organism, and therefore cannot yet be named
to species (Krüger et al. 2009; Öpik et al. 2009; Stockinger
et al. 2010). Traditional studies on AMF diversity are based
mainly on spore morphology (Walker 1992; Oehl et al. 2010),
but identification of AMF spores collected directly from the
field is difficult and can be unreliable due to degradation or
parasitism by other organism and because of morphological
similarity to closely related species. Because AMF are

obligate symbionts, they cannot be cultivated in the absence
of a phytobiont. Usually, ‘trap plants’ are established in
unsterilised soil, or with spores extracted from soil to establish
cultures of these fungi (Gilmore 1968). Spores from the resul-
tant cultures are then used for isolation and propagation of
single species cultures which can then be used for identifica-
tion and scientific study. Such cultures can then be used as
‘stock’ to initiate cultures for commercial application. For
ecological studies, this indirect culture strategy is time con-
suming and error-prone, and may reveal only a subset of spe-
cies present in the studied ecosystem (Jansa et al. 2002).

Molecular techniques make it feasible to identify AMF
directly from plant roots, soil and spores. Several PCR-based
methods have been developed over recent years, the majority
of which target the nuclear ribosomal RNA (rDNA) gene
(Schüßler et al. 2001; Clapp et al. 2002; Krüger et al. 2009,
2012). Phylogenetic inferences from rDNA regions can be
used for AMF species characterisation and recognition
(Stockinger et al. 2009). The ITS region of the nuclear RNA
cistron, was proposed as the DNA barcode region for Fungi
(Schoch et al. 2012), but it has been shown that for AMF an
extended DNA barcode, including both ITS and LSU regions,
is needed to discriminate closely related species (Stockinger
et al. 2010; Schoch et al. 2012).

Although molecular techniques are gaining prominence,
identification approaches based on morphological criteria are
still important and can complement molecular methods
(Brundrett and Ashwath 2013). Indeed, knowing only the
phylotypes without having established cultures of AMF is of
little use for application as plant growth promoters.
Combining morphological and molecular data provides com-
plementary verification of species (Redecker et al. 2013).

In this study glomeromycotan fungal communities were
surveyed from the rhizosphere of P. azorica by morphological
and molecular methods. Native forests from two islands,
Terceira and São Miguel, were sampled to observe patterns
of distribution of AMF species and phylotypes to provide
baseline information for later use in establishing strategies
for conservation of P. azorica in particular, and native
Azorean forests in general.

2 Material and methods

2.1 Study sites

This study was conducted in two Islands of the Azorean ar-
chipelago, São Miguel (4.01 Myr BP) and Terceira (3.52 Myr
BP). The sampling localities were from four populations of
P. azorica: Terra Brava (TB) and Serreta (TS), from Terceira
and Lombo Gordo (SG) and Ribeira Quente (SR) from São
Miguel. Terra Brava, located at 38°43′51.87″N; 27°11′36.40″
W (Fig. 1), is included in the very wet Laurisilva at 650 m of
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altitude. This ecosystem is dominated by endemic woody
plants, principally Laurus azorica, Ilex perado, Frangula
azorica, Vaccinium cylindraceum, Erica azorica, Myrsine
africana, and occasionally by Juniperus brevifolia and
P. azorica. The Laurisilva of Serreta (38°45′42.54″N; 27°22′
03.61″W) is the low altitude type (95 m), characterised by a
low diversity of plants, dominated by Morella faya and
P. azorica, and occasionally by L. azorica. These forests are
located in the most thermophilic areas of Azores and are al-
most extinct (Dias 1996). The highest canopy is dominated by
a dense cover of Pittosporum undulatum, and rarely by L.
azorica. This forest is mixed with other invasive woody

species including Metrosideros excelsa, Eucalyptus globules,
Acacia melanoxylon, Sphaeropteris cooperi, Fuchsia
magellanica and Rubus inermis. The herbaceous stratum is
dominated by Dryopteris azorica, Hedera helix var. azorica,
Smilax aspera and Gomphocarpus fruticosus (Dias 1996).
Lombo Gordo (37°47′10.47″N; 25°8′35.94″W) is covered
by a coastal scrubland where P. azorica dominates in certain
areas, but is mixed with other native and invasive woody
species including M. faya, E. azorica, P. undulatum, Arundo
donax, Hedychium gardnerianum and Phormium tenax
(Martins et al. 2011). Ribeira Quente (37°44′26.65″N;
25°18′7.31″W) is also a coastal scrubland dominated by the

Fig. 1 Location of Picconia
azorica native forest of
Terceira (a) (Terra Brava - TB
and Serreta - TS) and São
Miguel (b) (Lombo Gordo -
SG and Ribeira Quente - SR)
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endemic plants L. azorica and P. azorica, but also associated
with other native and invasive woody species such as P.
undulatum, M. Faya, and A. melanoxylon.

3 Sample collection

Ten soil samples with associated roots were collected on each
site (Terceira - TB; TS and São Miguel - SG; SR) at each of
three different sampling times, September 2012 (autumn
2012), May 2013 (spring 2013) and September 2013 (autumn
2013) resulting in a total of 120 samples. The distance be-
tween samples taken on each site was at minimum 25 m,
and the distance between sample sites was about 25 km in
Terceira, and 30 km in São Miguel. Soil samples, to a depth
of up to 30 cm, to ensure feeder roots were collected, were
taken as described in Melo et al. (2017). Picconia roots could
be recognised by their gross morphology, and other roots in
the sample were discarded at the collection location.

4 Establishment of trap cultures

Two open-pot trap cultures were established from soil samples
collected at each sampling time, one with 1-week-old Zea
mays seedlings (Melo et al. 2014) and another one with a
micropropagated P. azorica plant from a clone of the in vitro
collection of CBA-UAc, previously acclimated for two
months in the greenhouse (Mendonça et al. 2015). Two seed-
lings of Z. mays or one rooted explant of P. azorica were
transplanted to each pot, containing 1.5 kg of fresh soil sam-
pled from each site mixed with autoclaved volcanic soil^
bagacina^ (2:1 v/v). Ten pots per sampling site were
established, resulting in 240 open-pot cultures (4 sites × 10
samples/site × 3 sampling dates × 2 trap cultures). All pots
were maintained in a greenhouse for five months, watered
every two days solely with distilled water.

5 Spore extraction and morphological identification

Glomeromycotan spores were extracted from 50 g of air-dried
soil of each sample from field soil and trap cultures by wet
sieving and sucrose centrifugation (Walker 1992), and stored
at 4 °C in autoclaved water pending examination. Different
spore types were initially separated under a stereo-micro-
scope, and then examined through a compound microscope
on slides in a 1:1 mixture of polyvinyl alcohol lacto-glycerol
(PVLG) and Melzer’s reagent. They were classified into
known species or undetermined spore morphotypes based on
colour, size, surface ornamentation, hyphal attachment, reac-
tion toMelzer’s reagent, and wall structure. Once the different
spore types had been determined, from a total number of 732

specimens on PVLG slides, they could be identified by their
characteristics under a dissecting microscope.

6 Molecular identification

Molecular characterisation, including DNA extraction, PCR,
cloning, RFLP, sequencing and phylogenetic analyses are as
described in Melo et al. (2017). Sequences have been depos-
ited in GenBank (accession numbers KP756414 to
KP756538). One spore of each morphotype was characterised
for each different soil sample. Sequences were aligned by
hand to the backbone after Krüger et al. (2012). This align-
ment was used to calculate the full phylogenetic tree with
RAxML (Stamatakis 2014) and can be found in the
supporting information (Fig. S1). The phylogenetic positions
of the individual sequences are termed Bphylotypes^.

Additionally, sequences were grouped into operational tax-
onomical units (OTUs) testing different sequence similarity
threshold (97, 98 and 99%) using UPARSE (Edgar 2013) in
the SEED workbench (Větrovský and Baldrian 2013). The
most abundant sequence per OTU was chosen as representa-
tive and these sequences were automatically aligned by
PyNAST (Caporaso et al. 2010a) to the phylogenetic back-
bone alignment in the Qiime pipeline (Caporaso et al. 2010b).
Followed by placing them into the phylogenetic tree with the
Evolutionary Placement Algorithm (EPA) for short sequence
reads (Berger et al. 2011) implemented in QIIME (Fig. S2).

7 Statistical analysis

The structure of the spore communities in the rhizosphere of
P. azorica were analysed from the 18 AMF phylotypes deter-
mined. Phylotype richness was calculated as the number of
phylotypes per sample in each field site. The sampling follow-
ed a hierarchical nested design, with field sites nested within
each island. Variation in phylotypes richness between islands
and field sites within each island were analysed by Nested
ANOVA followed by a Tukey honestly significant difference
test at p < 0.05 (MINITAB Inc. 2000). All data were tested for
normality and fulfilled the assumptions of Nested ANOVA.
To investigate differences in AMF diversity between the four
sampling sites we used the phylotype occurrence (number of
samples in which each phylotype occurred in each field site)
to calculated the Shannon Wiener index (H′) (Magurran
2004). using the software package ‘Species Diversity and
Richness IV’ (see http://www.pisces-conservation.com)
(Henderson and Seaby 2002). To understand better how the
different AMF phylotypes commonly found in rhizosphere of
P. azorica were related to habitat, the phylotype occurrence
was analysed by correspondence analyses (CA) using
CANOCO for Windows (ter Braak and Smilauer 2002).
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8 Results

8.1 Glomeromycotan spore types

Forty-six distinct morphotypes from 10 families and 12 gen-
era were detected, including nine different undetermined
glomoid morphotypes (Table 1).

8.2 Molecular identification

From the 46 glomeromycotan taxa (distinguishable
morphotypes) in the rhizosphere of P. azorica, 18 were mo-
lecularly identified, and 125 sequences derived from this
study were deposited in the EMBL database (Table 2) which
were classified in 18 phylotypes, approximately equating to
species.

The 125 AMF sequences from spores were grouped either
into 35, 48 or 65 OTUs based on 97, 98 or 99% sequence
similarity (Table S1, Fig. S1); or assigned to 18 phylotypes
based on phylogenetic analysis (Fig. 2). DNA sequences of 18
glomeromycotan morphotypes (SSU-ITS-LSU) showed sim-
ilarities toGlomeromycota sequences when BLASTed against
the NCBI database, having thus been included in the phylo-
genetic analysis, and could be linked to 18 phylotypes. For the
Acaulosporaceae, sequences of the spore morphotypes Ac.
brasiliensis, Ac. koskei, Ac. lacunosa and Ac. laevis were
clustered with previously published sequences of these
glomeromycotan species with bootstrap supports (BS) of 78,
98, 42 and 100% respectively (Fig. 2). Sequences of the spore
morphotype Ac. mellea cluster together with an ‘Ac. mellea’
sequence (FJ009670) and sister to Ac. lacunosa. A BLAST
search revealed that ‘Ac. mellea’ (FJ009670) is most probably
an Ac. lacunosa, indicating that the published species identi-
fication (Yen et al. 2006) is incorrect. The morphotype Ac.
cavernata sequences clustered in a separated clade (100%
BS) sister to Ac. cavernata BEG33, W3293/Att209-37
and Acaulospora sp. W2941/Att869-3 with 80% BS.
Nevertheless, Acaulospora sp.1 and Acaulospora sp.2 each
formed a separate clade in Acaulosporaceae sister to the Ac.
brasiliensis- Ac. alpina-clade, both supported by 100% BS.

Regarding Archaeosporaceae , the morphotype
Archaeospora sp. clustered sister to Archaeospora at the
genus-level (79% BS). In Diversisporaceae, the sequences
of the morphotype Diversispora sp.1 clustered within
Diversispora sp. W3033/Att669-1, while Diversispora sp.2
formed a separated clade in Diversisporaceae supported by
95% BS, sister to Diversispora sp. W3033/Att669-1 (an
undescribed species from Iceland) both species clusteringwith
94% BS into Diversispora.

Relative to Glomeraceae, the morphotype defined as
Glomus sp.1 falls within the genus Glomus, but as sister to
Gl. macrocarpum with 94% (BS), and in its own clade with
99% BS. Sequences of the morphotypeGlomeraceae sp. with

Table 1 Species and unidentified morpho-taxa of glomeromycotan
spores extracted from native forests of Terceira (Serreta- TS; Terra
Brava- TB) and São Miguel (Ribeira Quente- SR; Lombo Gordo- SG)

Species recorded TB TS SG SR

Acaulospora brasiliensis x x

Acaulospora cavernata x x

Acaulospora delicata x x

Acaulospora elegans x

Acaulospora cf koskei x

Acaulospora mellea x x x

Acaulospora lacunosa x x

Acaulospora laevis x x x

Acaulospora longula x x x

Acaulospora spinosa x

Acaulospora sp.1 x x

Acaulospora sp.2 x

Acaulospora sp.3 x

Acaulospora sp.4 x

Acaulospora sp.5 x x

Ambispora appendicula x x

Ambispora callosa x x x

Ambispora fennica x x x

Archaeospora trappei x x x

Archaeospora sp. x x

Claroideoglomus claroideum x x x x

Diversispora celata x x

Diversispora epigaea x x x x

Gigaspora margarita x x x x

Glomus albidum x x

Glomus sp.1 x x x x

Glomus sp.2 x x x x

Glomeraceae sp.1 x x x x

Glomoid spore type 1 x x x x

Glomoid spore type 2 x

Glomoid spore type 3 x

Glomoid spore type 4 x x

Glomoid spore type 5 x x x x

Glomoid spore type 6 x x x x

Glomoid spore type 7 x

Glomoid spore type 8 x x

Glomoid spore type 9 x

Glomoid spore type 10 x

Pacispora sp. x

Paraglomus sp. x

Rhizophagus clarus x x

Rhizophagus sp.1 x

Rhizophagus sp.2 x

Sclerocystis rubiformis x x

Scutellospora calospora x x x

Septoglomus constrictum x x x x
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99% BS form a separate branch sister to an uncultured
Rhizophagus sp. from a root sample. The morphotype
Rhizophagus sp. clustered within a clade together with a
Rhizophagus sp. VAh1_2, sister to Rh. fasciculatus, supported
by 66% BS.

Sequences of the morphotype Glomus sp.2 formed a sepa-
rated clade in Glomeraceae supported by 100%, sister to the
Gl. macrocarpum. In relation to Claroideoglomeraceae, the
sequences of the morphotype Cl. claroideum clustered with
100% BS to Cl. claroideum (AY639184). In Gigasporaceae,
sequences of the morphotype Gi. margarita clustered within
(60%BS) theGi. margaritaBEG34-clade, while sequences of
the morphotype Scutellospora sp. form a separate clade with
96% and 95% BS, sister to Sc. spinosissimaW3009/Att664-1,
Sc. calospora BEG32 and Sc. aurigloba WUM53 in the
Scutellospora (72% BS).

By implementing the different OTUs (97, 98, 99% similar-
ity) into the AMF backbone after Krüger et al. (2012) we
could show that, independent of applied threshold, the phylo-
genetic assignment resulted in the same 16 phylotypes over all
threshold-levels analysed. These 16 phylotypes, namely two
Diversispora sp., Ac. laevis, Ac. brasiliensis, Ac. lacunosa,
Ac. cavernata, Gi. margarita, Scutellospora sp., two
Rhizophagus sp., Rh. irregularis, Sclerocystis sp., Gl.
macrocarpum, Glomus sp., Cl. claroideum and Ambispora
sp., could be restored through all phylogenetic trees (Fig. S1).

Comparing the results of the automatically-aligned (EPA
tool, OTUs) and manually-aligned (phylotypes) analyses only

16 out of 18 AMF taxa could be restored, and taxonomical
classification differs between phylotypes and OTUs. Two
main differences were found: Ac. koskei could not be restored
from the OTU analysis and clusters together with some other
Acaulospora sp. in a single OTU, the Archaeospora sp.
(phylotype) also now clusters in Ambispora (OTU).
Sequences of both species were difficult to align with
already-sequenced AMF (Krüger et al. 2012) and therefore
may cluster differently dependent on the alignment method
(manual or automatic) (Table S1).

8.3 AMF richness and distribution patterns
in the rhizosphere of P. azorica

AMF richness (based on richness of phylotypes) change be-
tween Terceira and São Miguel (Nested Anova: F1.2 = 19.73,
p < 0.001) and between sites within each island (Nested
Anova: F2.4 = 6.21, p = 0.003). The average number of phy-
lotypes was higher in samples of Terceira than is São Miguel
(Fig. 3a). The phylotype richness was similar in both sites of
Terceira (TB and TS) but different between sampled sites SR
and SG on São Miguel (Fig. 3b). The phylotype richness was
highest in TB and TS, and lowest in SG (Fig. 3b). Phylotype
diversity expressed by Shannon-Wiener index was highest in
TB (H′ = 2.43) and TS (H′ = 2.20) followed by SR (H′ = 2.05)
and SG (H′ = 2.00).

Community composition based on the 18 phylotypes
changed between both islands (CA, Fig. 4). The first axis

Table 2 Glomeromycotan phylotypes from SSU-ITS-LSU rDNA fragment

AMF species Sample origin Accession number TB TS SG SR

Acaulospora brasiliensis Field soil KP756414 -KP756416, KP756419-20 x

Acaulospora cavernata Soil trap KP756472 - KP756473 x

Acaulospora koskei Single spore KP756421 - KP756426 x x

Acaulospora lacunosa Soil trap; Field soil KP756427 - KP756436, KP756461-63 x x

Acaulospora laevis Single spore; Multi-spore; Field soil KP756437 - KP756447 x

Acaulospora mellea Soil trap; Field soil KP756453 - KP756460, KP756464 - KP756471
kKkKKP756471

x x

Acaulospora sp.1 Soil trap KP756448 - KP756452 x

Acaulospora sp.2 Field soil KP756417- KP756418 x

Claroideoglomus claroideum Field soil KP756498 - KP756499 x

Archaeospora sp. Soil trap KP756477- KP756481 x

Diversispora sp.1 Field soil KP756537 - KP756538 x

Diversispora sp.2 Field soil KP756474 - KP756476 x

Gigaspora margarita Single spore; Soil trap; Field soil KP756500 - KP756515 x x x

Glomus sp.1 Field soil KP756533 - KP756534 x

Glomus sp.2 Soil trap KP756522 - KP756532 x x

Glomeraceae sp.1 Field soil KP756482 - KP756497 x x x

Rhizophagus sp.1 Soil trap KP756535 - KP756536 x

Scutellospora sp. Field soil KP756516 - KP756521 x x

Total number of phylotypes 7 8 5 7
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clearly separated the P. azorica forests of Terceira (TB; TS)
from the São Miguel forests (SG; SR). The frequency of phy-
lotypes belonging to each AMF clade was different in rhizo-
sphere of P. azorica from that in Terceira and São Miguel
(Fig. 5). Species of Acaulosporaceae and Glomeraceae were
dominant in the rhizosphere of P. azorica from Terceira,
while in the São Miguel rhizosphere, P. azorica was
dominated by species belonging to Glomeraceae and
Gigasporaceae. Moreover, some AMF phylotypes were
found only in a specific field site. Acaulospora sp.1,
Acaulospora sp.2 and Rhizophagus sp.1 were morphologi-
cally and molecularly identified only in TB and Archaeospora
sp. Only in TS.

0.07

Diversispora sp.2 SM5-5 (KP756476)

Acaulospora mellea Att5042, SR6-8 (KP756469)

Gigaspora rosea
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Claroideoglomus claroideum SM5-4 (KP756498)

Glomus sp. W3347 (AJ301857)

Glomeraceae sp. Att5040, SR6-1 (KP756482)

Diversispora sp.

Acaulospora brasiliensis TB6-2 (KP756420)

Gigaspora margarita TS5-6 (KP756513)

Gigaspora margarita

Acaulospora brasiliensis TB6-1 (KP756419)

Acaulospora brasiliensis TB6-4 (KP756415)

Acaulospora sp. (FR750213)

Acaulospora lacunosa TS3-1 (KP756435)

‘Glomus’ sp. of Voyria corymbosa (AJ430853)

Acaulospora mellea Att5042, SR6-4 (KP756468)

Acaulospora sp. WUM18

Funneliformis

Acaulospora laevis Att5051, TS1-9 (KP756439)

Glomeraceae sp. Att5050, TS1-7 (KP756487)

Diversispora spurca

Acaulospora lacunosa TS1-8 (KP756434)

Gigaspora margarita TS5-1 (KP756512)

Glomeraceae sp. TS5-1 (KP756489)

Diversispora trimurales (FJ461854)

Acaulospora mellea SR6-1 (KP756456)

Gigaspora decipiens (U96146)

Dentiscutata

Rhizophagus sp. TB8-1 (KP756535)

Acaulospora laevis Att5051, TS1-5 (KP756438)

Corymbiglomus tortuosum (FJ461850)

Acaulospora rugosa (Z14005)

Gigaspora margarita TS4-4 (KP756514)

Redeckera

Scutellospora sp. SR5-13 (KP756521)

Acaulospora brasiliensis TB6-1 (KP756414)

Henningsomyces_candidus_AFTOL_0468

Rhizophagus irregularis

Glomus sp. FO112-115

Rhizophagus sp. FO

Diversispora eburnea

‘Acaulospora mellea’ cf. lacunosa (FJ009670)

uncultured Rhizophagus

Acaulospora sp. (AJ306440)

Acaulospora cavernata

Archaeospora sp. TS5-3 (KP756480)

Gigaspora margarita Att5023, SR5-23 (KP756502)

Glomeraceae sp. TS5-9 (KP756491)

Cetraspora

Rhizophagus irregularis

Claroideoglomus claroideum/etunicatum clade

Rhizophagus sp. PODO

Acaulospora laevis Att5051, TS1-3 (KP756437)

Acaulospora lacunosa TB5-2 (KP756430)

Diversispora epigaea

Acaulospora mellea Att5042, SR6-11 (KP756471)

Scutellospora calospora

Acaulospora laevis Att5051, TS1-11 (KP756440)

Diversispora sp.1 SR2-3 (KP756538)

Acaulospora koskei TS1-1 (KP756425)

Gigaspora gigantea (Z14010)

Glomeraceae sp. SM2-1 (KP756492)

Rhizophagus sp. of Taxus baccata

Glomeraceae sp. SR2-4 (KP756496)

Glomus sp.2 TS3-2 (KP756530)

Acaulospora laevis (FM876787)

Acaulospora lacunosa TB2-2 (KP756428)

Acaulospora laevis Att5052, TS1-5 (KP756444)

Acaulospora mellea TS3-4 (KP756467)

uncultured Acaulospora (FR681935)

Glomus sp.

Acaulospora sp.1 TB9-1 (KP756417)

Acaulospora sp.2 TB9-1 (KP756451)

Scutellospora projecturata (AJ242729)

Rhizophagus sp. 2505.08.Otto

Scutellospora spinosissima

'Glomus' iranicum

uncultured Acaulospora (FR772334)

Acaulospora koskei

Glomus sp.2 TS3-8 (KP756532)

Rhizophagus invermaium

Gigaspora margarita Att5023, SR5-23 (KP756503)

uncultured Acaulospora (FR681936)

Acaulospora mellea SR1-10 (KP756464)

Rhizophagus clarus

Rhizophagus fasciculatus

Glomus sp.2 TS5-2 (KP756525)

Acaulospora koskei (FJ461793)

Claroideoglomus sp.

Acaulospora laevis Att5052, TS1-4 (KP756443)

Sclerocystis

Gigaspora albida (Z14009)

Acaulospora lacunosa TS3-2 (KP756436)

Glomus sp.2 SR2-2 (KP756526)

Acaulospora koskei TB4-17 (KP756421)

Acaulospora cavernata TB9-2 (KP756472)

Diversispora sp. 2 SM5-2 (KP756475)

Acaulospora mellea SR7-5 (KP756460)

Diversispora trimurales (FJ461851)

Scutellospora aurigloba

Gigaspora margarita Att5023, SR5-15 (KP756501)

Acaulospora mellea SR6-2 (KP756457)

Acaulospora koskei TB4-34 (KP756423)

Exophiala_dermatitidis_AFTOL_0668

Acaulospora brasiliensis

Gigaspora margarita Att5036, SR5-1 (KP756504)

Glomeraceae sp. SR2-3 (KP756495)

Acaulospora lacunosa TS5-1 (KP756461)

Rhodotorula_hordea_AFTOL_0674

Glomus indicum

Gigaspora margarita SM5-2 (KP756508)

Rhizophagus proliferus

Acaulospora sp.1 TB9-2 (KP756418)

Acaulospora koskei TS1-14 (KP756426)

Gigaspora margarita Att5023, SR5-4 (KP756500)

Glomus tetrastratosum

Rhizophagus intraradices

Scutellospora sp. SR5-1 (KP756520)

Acaulospora koskei TB4-21 (KP756422)

Acaulospora lacunosa TB2-1 (KP756427)

Acaulospora mellea (AJ306439)

Archaeospora sp. TS5-1(KP756479)

Glomeraceae sp. SR2-2 (KP756494)

Claroideoglomus drummondii

Diversispora trimurales (FJ461855)

Glomus sp.2 SR2-7 (KP756528)

Glomeraceae sp. Att5050, TS1-11 (KP756488)

Acaulospora laevis TS4-13 (KP756447)

Gigaspora margarita SM5-11 (KP756509)

Acaulospora lacunosa TS1-2 (KP756433)

Gigaspora margarita Att5036, SR5-23 (KP756506)

Acaulospora lacunosa TS1-1 (KP756432)

Acaulospora mellea SR7-1 (KP756459)

Acaulospora lacunosa

Scutellospora calospora

Acaulospora laevis

Schizosaccharomyces_pombe_AFTOL_1199

Acaulospora laevis Att5052, TS1-3 (KP756442)

Acaulospora sp. (Y17633)

Acaulospora laevis TS4-4 (KP756446)

Diversispora aurantia

Glomus sp. of Voyriella parviflora (AJ430852)

Acaulospora koskei (KP191475)

Scutellospora sp. SM2-2 (KP756517)

Archaeospora sp. TS4-2 (KP756478)

Acaulospora mellea SR6-13 (KP756458)

Gigaspora margarita

Glomeraceae sp. SR2-7 (KP756497)

Glomeraceae sp. Att5040, SR6-2 (KP756483)

Acaulospora mellea SR1-12 (KP756465)

Claroideoglomus claroideum SM5-4 (KP756499)

Scutellospora sp. SM2-1 (KP756516)

Rhizophagus manihotis

Acaulospora sieverdingii

Acaulospora laevis Att5052, TS1-1 (KP756441)

Acaulospora mellea TS3-3 (KP756466)

Gigaspora margarita

Otospora bareae JP-2006a/2007a

Rhizophagus sp. TB8-11 (KP756536)

Acaulospora cavernata TB9-3 (KP756473)

Gigasporaceae sp. W3006-16

Glomeraceae sp. Att5040, SR6-7 (KP756484)

Pacispora

Glomeraceae sp. TS5-2 (KP756490)

Gigaspora margarita SR2-13 (KP756511)

Acaulospora mellea SR2-7 (KP756455)

Gigaspora margarita TS4-11 (KP756515)

Acaulospora sp.2 TB9-11 (KP756452)

Glomus sp.1 SR4-2 (KP756533)

Acaulospora mellea Att5042, SR6-10 (KP756470)

Diversispora trimurales

Diversispora sp.2 SM5-1 (KP756474)

Acaulospora alpina

Scutellospora sp. SR8-9 (KP756519)

Rhizophagus cerebriformis

Glomus sp.2 SR6-1 (KP756522)

Archaeospora sp. TS5-4 (KP756481)

Glomus macrocarpum

Glomus sp.2 SR6-5 (KP756523)

Glomeraceae sp. SM2-14 (KP756493)

Acaulospora lacunosa TS5-4 (KP756462)

Acaulospora lacunosa TS5-5 (KP756463)

Geosiphon

Gigaspora margarita SR2-1 (KP756510)
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Fig. 3 a Phylotype richness (mean ± SE, N = 60) per 50 g of soil in each
island (Terceira; São Miguel); and b Phylotype richness in each field site
within each island (mean ± SE, N = 30). Different letters above each bar
indicate significant differences in phylotype richness between field sites
(Tukey test, P < 0.05)
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�Fig. 2 Collapsed maximum likelihood phylogenetic tree, spanning a part
of the SSU, the full ITS1-5.8S-ITS2 region and a large part of the nuclear
LSU rRNA gene region (ca. 1.5 kb long), including the AMF sequences
found in Picconia azoricamarked in blue. For clearer presentation, clades
were collapsed where possible, BS below 60% are not shown and for
main branches they were reduced to polytomies. Full phylogenetic tree is
provided as supplementary (Fig. S2). Scale bar shows number of substi-
tution per site



9 Discussion

Morphological characterisation of the AMF spore community
in the rhizosphere soil of Picconia azorica resulted in 46 dis-
tinguishable morphotypes, a similar number to the findings of
previous studies in the Azores (Melo et al. 2014, 2017). By
molecular analysis of representative spores from each
morphotype, 18 different phylotypes could be identified, and
these reflected the morphotype determination. Eight of these
did not cluster with sequence of any described species imply-
ing that they were either species that had not yet been se-
quenced, or were new to science, though these will need to

be isolated before they can be linked to appropriate species
names. Results were consistent with previous reports, in
which the majority of AMF sequence types detected from
natural ecosystems showed few sequenced organisms among
described and named fungi (Husband et al. 2002; Wubet et al.
2003; Rodríguez-Echeverría and Freitas 2006; Lumini et al.
2010). Secondly, there is high intraspecific variability (up to
24%) in some AMF species with the degree of variability
differing among genera (Stockinger et al. 2010; Krüger et al.
2012), and it is not yet clear to what extent this might be
reflected in interspecific variation. The number of AMF se-
quences available in GenBank, for many species, is too small
to allow interpretation of the inter- and intraspecific genetic
variation of AMF (Wang et al. 2011). For this study, DNAwas
extracted mainly from spores produced in soil-trap cultures.

Regardless of applied sequence similarity threshold (97,
98, 99%) only 16 out of 18 phylotypes could be restored,
when using the AMF database published in Krüger et al.
(2012) as backbone. This shows that species delimitation in
the Glomeromycota is challenging if not impossible with a
single sequence similarity threshold, due to their intraspecific
sequence variability (Stockinger et al. 2009, 2010), even if the
whole SSU-ITS-LSU rDNA fragment (ca. 1.5 kb) is used for
OTU analysis. Nevertheless, molecular characterisation is
useful, especially if no conclusive morphological evidence is
available (e.g. soil or root analyses without examination of
spores), but a robust sequence database from well
characterised vouchered fungal specimens is necessary for
reliable taxonomical assignment (Stockinger et al. 2010;
Krüger et al. 2012, 2015; Schlaeppi et al. 2016).

AMF phylotype richness varied between islands and be-
tween sites within each island. Our findings are consistent
with our previous work in Juniperus brevifolia forests be-
tween Terceira and São Miguel (Melo et al. 2017), suggesting
that geographical and historical (i. e., dispersion and specia-
tion) influences are fundamental in determining local diversity
of regions that share similar environmental conditions (van
der Gast et al. 2011; Bainard et al. 2014). Similar results were
also shown in other oceanic islands. Gruenstaeudl et al. (2013)
observed that AMF richness and composition associated to
Tolpis spp. not only differed between three Canarian islands
but also between habitats within each islands. Nam et al.
(2015) showed differences in composition of soil fungal com-
munities between Ulleungdo and Dokdo islands.

Understanding AMF distributional patterns is important
due to their relevant role in ecosystem functioning, and be-
cause of the current environmental threats to AMF diversity
(Turrini and Giovannetti 2012). Geological history and age
play an important role in patterns of biological species rich-
ness and endemism in the Azores, and should be taken into
account when evaluating local and regional patterns of diver-
sity (Borges and Brown 1999; Borges and Hortal 2009).
Evidence from arthropods suggest that recent islands (e.g.

Fig. 4 Correspondence analysis of different native forests from Terceira
(TB and TS) and São Miguel (SG and SR) according to the number of
AMF phylotypes. Phylotypes are positioned along the first two CA axes,
where eigenvalues are 0.572 for CA1 and 0.402 for CA2

Fig. 5 Frequency of phylotypes observed in each AMF clades in native
forest from Terceira and São Miguel
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Pico) have a lower diversity of native species than older
islands, due to a more homogeneous landscape. However,
sampling sites from the older island (São Miguel) did not
assemble a higher AMF richness than the sampling sites from
the younger island (Terceira). Geological age alone cannot be
used to explain the glomeromycotan richness patterns in
P. azorica forests between Terceira and São Miguel. This re-
sult is consistent with diversity of arthropods in native forest
of Azores (Laurisilva) which is likely to be influenced, not
only by physical factors of the fragment of native forest such
as the isolation, geological age and area of the islands them-
selves, but also by the fragmentation and shrinkage that have
shaped the geography directly over the last 550 years
(Gaspar et al. 2008).

The composition and dominant taxa of the AMF commu-
nity in the P. azorica rhizosphere differed between Terceira
and São Miguel. The correspondence analysis provided evi-
dence that the AMF communities had become grouped ac-
cording to the different sites – e. g., the communities at TB
tended to cluster with those at TS, whereas those from ST and
SG clustered together. Similar differences have been shown to
be related to soil characteristics, such as moisture content
(Wolfe et al. 2007; Shukla et al. 2013), structure (Lekberg
et al. 2007; AL-Ghamdi and Jais 2012), fertility (Egerton-
Warburton et al. 2007; Alguacil et al. 2008; Schreiner and
Mihara 2009), and disturbance (Alguacil et al. 2008;
Schnoor et al. 2011; Trejo et al. 2016), and such factors can
influence composition and distribution of the AMF commu-
nity (Schneider et al. 2015). Levels of organic matter, and total
N, were significantly higher in native forest of Terceira than in
those of São Miguel, whereas pH and available P were lower
(Melo et al. 2017). Some AMF respond differently to soil
disturbances, for example Hart and Reader (2002) found that
species from ‘Glomaceae’ (actually, these included glomoid-
spored groups now in two different families, Glomeraceae
and Claroideoglomeraceae) were much less resilient to soil
disturbances than species from Gigasporaceae, possibly be-
cause the former are said mainly to colonised roots by hyphae
and the latter by spores. De la Providencia et al. (2015) also
showed that species of Diversispora, Claroideoglomus and
Rhizophagus, (glomoid-spored species, one from the
Diversisporales and two from the Glomerales) dominated an
extreme petroleum hydrocarbon-polluted location, and they
suggested that their greater capacity to tolerate the presence
of oil-related organic pollutants could be explained by their
life history strategies.

The native forests of the Azores archipelago had been
mostly destroyed since human occupation and converted into
agricultural land (Martins 1993; Borges et al. 2008; Triantis
et al. 2010) and in São Miguel, most indigenous forest was
already seriously fragmented through agriculture and planta-
tion ofCryptomeria japonica. Some evidence has shown how
human-introduced invasive species can influence AMF

communities (Moora et al. 2014; Shah et al. 2015).
Mummey and Rillig (2006) found lower AMF taxon diversity
among invasive species when compared with native
vegetation. Also Violi et al. (2008) showed that conversion
of mature (indigenous) forest to pine, and thus to predomi-
nance of an ectomycorrhizal host, clearly reduced AMF spore
density. Conversion of temperate forest to avocado plantations
and maize fields in central México had considerable repercus-
sions on AMF composition and richness (González-Cortés
et al. 2012). These studies show that widespread non-native
plant invasions can alter AMF communities. If action is not
taken to control invasive plant species, distributions of indig-
enous AMF species are very likely to be disrupted.

10 Conclusion

This is the first molecular study of AMF associated with
P. azorica in native forest of the Azores. Our results suggest
that, rather than plant identity, factors such as geographical
region and conversion of native forest are probably instrumen-
tal in shaping AMF communities in Laurisilva ecosystems.
Among the glomeromycotan spores, sequences of eight
morphotypes did not cluster with sequence of any described
species, thus possibly representing undescribed fungi.
Establishment of the fungi in culture is needed to discover if
these newly identified fungal types possess useful functional
traits, but so far isolation attempts have failed. Work is pro-
ceeding to try to isolate these organisms, and to assess their
potential utility for Laurisilva ecosystem restoration in the
Azores.
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