
ORIGINAL ARTICLE

Experimental evidence of ericoid mycorrhizal potential
within Serendipitaceae (Sebacinales)

Martin Vohník1,2
& Matěj Pánek3,4

& Judith Fehrer5 & Marc-André Selosse6,7

Received: 14 April 2016 /Accepted: 14 June 2016 /Published online: 21 June 2016
# Springer-Verlag Berlin Heidelberg 2016

Abstract The Sebacinales are a monophyletic group of ubiq-
uitous hymenomycetous mycobionts which form ericoid and
orchid mycorrhizae, ecto- and ectendomycorrhizae, and non-
specific root endophytic associations with a wide spectrum of
plants. However, due to the complete lack of fungal isolates
derived from Ericaceae roots, the Sebacinales ericoid mycor-
rhizal (ErM) potential has not yet been tested experimentally.
Here, we report for the first time isolation of a serendipitoid
(formerly Sebacinales Group B) mycobiont from Ericaceae
which survived in pure culture for several years. This allowed
us to test its ability to form ericoid mycorrhizae with an
Ericaceae host in vitro, to describe its development and colo-
nization pattern in host roots over time, and to compare its

performance with typical ErM fungi and other serendipitoids
derived from non-Ericaceae hosts. Out of ten serendipitoid
isolates tested, eight intracellularly colonized Vaccinium hair
roots, but only the Ericaceae-derived isolate repeatedly
formed typical ericoid mycorrhiza morphologically identical
to ericoid mycorrhiza commonly found in naturally colonized
Ericaceae, but yet different from ericoid mycorrhiza formed in
vitro by the prominent ascomycetous ErM fungus
Rhizoscyphus ericae. One Orchidaceae-derived isolate repeat-
edly formed abundant hyaline intracellular microsclerotia
morphologically identical to those occasionally found in nat-
urally colonized Ericaceae, and an isolate of Serendipita (=
Piriformospora) indica produced abundant intracellular chla-
mydospores typical of this species. Our results confirm for the
first time experimentally that some Sebacinales can form eri-
coid mycorrhiza, point to their broad endophytic potential in
Ericaceae hosts, and suggest possible ericoid mycorrhizal
specificity in Serendipitaceae.
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Introduction

The Sebacinales are a ubiquitous monophyletic group of basal
Hymenomycetes involved in a wide range of plant root sym-
biotic associations (Oberwinkler et al. 2013; Weiss et al.
2016). These include arbutoid (Richard et al. 2005; Kühdorf
et al. 2014), cavendishioid (Setaro et al. 2006), ericoid (see
below), jungermannoid (Kottke et al. 2003; Newsham and
Bridge 2010), orchid (e.g., Warcup and Talbot 1967;
Dearnaley et al. 2009; Wright et al. 2010), and pyroloid
(e.g., Tedersoo et al. 2007; Vincenot et al. 2008; Hashimoto
et al. 2012) mycorrhizae, as well as ectomycorrhizae (e.g.,
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Selosse et al. 2002; Urban et al. 2003; Wei and Agerer 2011).
Sebacinales are phylogenetically divided into two families,
namely, Sebacinaceae (formerly Group or Clade A) and
Serendipitaceae (Group/Clade B), which also differ in ecology
(including mycorrhizal potential) and cultivability (Weiss
et al. 2004; Oberwinkler et al. 2013; Oberwinkler et al.
2014; Weiss et al. 2016).

Serendipitaceae (hereafter, serendipitoids) are frequently
detected in Ericaceae roots all over the world (Berch et al.
2002; Allen et al. 2003; Selosse et al. 2007; Ishida and
Nordin 2010; Wurzburger et al. 2011; Setaro et al. 2013;
Bruzone et al. 2015). Combined microscopic and molecular
evidence suggests that they form ericoid mycorrhiza (Selosse
et al. 2007), an endomycorrhizal type specific to Ericaceae
characterized by formation of hyphal coils within the
rhizodermal cells of host thin roots, the so-called hair roots
(Smith and Read 2008). However, transmission electron mi-
croscopy revealed that serendipitoid hyphae often co-occur
with ascomycetous hyphae in ericoid mycorrhizal (ErM)
rhizodermal cells (Bonfante-Fasolo 1980; Selosse et al.
2007). This, together with the fact that Ascomycetes, but not
Basidiomycetes, were originally isolated in vitro as typical
ErM fungi (Pearson and Read 1973; Read 1983; Read
1996), cast some doubts on their true ErM potential (Smith
and Read 2008). Moreover, all Sebacinales, and especially
serendipitoids, have retained an ancestral potential to grow
in roots as endophytes (Selosse et al. 2009; Weiss et al.
2011). Endophytes grow within living plant tissues, cause an
unapparent infection, and especially do not formmycorrhizae,
or cause any obvious disease symptoms (Wilson 1995;
Rodriguez et al. 2009). Serendipitoids are endophytic in nu-
merous plant hosts (e.g., Selosse et al. 2009; Garnica et al.
2013; Riess et al. 2014), and Serendipita (= Piriformospora)
indica (Verma et al. 1998) is a much-studied model
serendipitoid endophyte (Varma et al. 1999) with plant
growth-promoting potential (e.g., Zuccaro et al. 2011; Qiang
et al. 2012; Varma et al. 2013). It has no host specificity
(Oelmüller et al. 2009), as is typical of many fungal endo-
phytes. Thus, molecular detection of serendipitoid DNA in
ErM roots might be connected with endophytic colonization
rather than with a true ErM lifestyle (cf. Grunewaldt-Stöcker
and von Alten 2016).

The ErM potential of the Sebacinales has not yet been
experimentally verified, mainly due to the complete lack of
viable isolates derived from Ericaceae (Weiss et al. 2016).
This lack is surprising given that all Sebacinales mycobionts
detected from Ericaceae hair roots by culture-independent
methods so far belong to the Serendipitaceae, which contains
many already isolated and cultivated lineages, although ob-
tainedmostly fromOrchidaceae mycorrhizal hosts (Dearnaley
et al. 2013) and, to a lower extent, as plant endophytes (Weiss
et al. 2016). We are only aware of one report on isolation of a
serendipitoid mycobiont from Ericaceae hair roots, but this

isolate (Sebacinales sp. JPK 89; GenBank JQ926170) soon
lost its viability, preventing its use in re-synthesis experiments
(Vohník et al. 2012a). Sebacinales sp. JPK 89 was isolated
from a sheathed ericoid mycorrhiza which was formed by a
non-Sebacinales basidiomycete, further emphasizing the
above-mentioned potential endophytic lifestyle of
serendipitoids within ericoid mycorrhizae actually formed by
other mycobionts.

The final, rigorous demonstration by re-synthesis that
serendipitoids are mycorrhizal mycobionts of Ericaceae hair
roots is pending (Smith and Read 2008) and is hampered by
the fact that available serendipitoid strains were not isolated
from Ericaceae roots but mostly from orchids. Indeed, field
comparisons of sympatric Orchidaceae and Ericaceae show
that they tend to associate with different serendipitoid guilds
(Kottke et al. 2008; Setaro et al. 2013). Thus, the many
serendipitoid isolates available from orchids may not be rele-
vant for re-synthesis of ericoid mycorrhizae.

We obtained an Ericaceae-derived serendipitoid isolate
during an attempt to isolate new strains of the basidiomycete
recently described to form sheathed ericoid mycorrhiza
(Vohník et al. 2012a). Subsequently, we established a small
collection of serendipitoids already isolated from other
sources (including the endophyte Serendipita indica) in order
to test their symbiotic potential in an ericaceous host plant, the
European blueberry (Vaccinium myrtillus). Here, we describe
(1) a simple procedure we routinely use for the isolation of
Ericaceae root mycobionts, which led to the isolation of the
Ericaceae-derived serendipitoid mycobiont, and (2) the colo-
nization patterns and performances of serendipitoid isolates
from the above-mentioned collection in the Ericaceae host,
with comparison to the typical ascomycetous ErM fungi
Meliniomyces variabilis and Rhizoscyphus ericae.

Materials and methods

Isolation and identification of a serendipitoid mycobiont
from Vaccinium hair roots

Root sampling was performed in a regenerating Norway
spruce (Picea abies (L.) Karst.) forest located in the foothills
of Forbordfjellet, close to Stjørdal in mid-Norway (63°31.125′
N, 010°53.287′E; approx. 400 m above sea level) in May
2011. The forest soil is a typical podzol, with a layer of humus
overlying mineral soil of sand and gravel. Ground ericaceous
vegetation is dominated by V. myrtillus L. with co-occurring
Vaccinium vitis-idaea L., Calluna vulgaris (L.) Hull., and
Empetrum nigrum L. A mixed hair root sample from
Vaccinium shrubs overgrowing a partially decomposed spruce
stump was transported to the laboratory and carefully washed
free of adhering substrate. Hair roots were subsequently cut
into approx. 2.5-mm pieces, surface-sterilized with 10 %
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SAVO (household bleach, 4.5 % available chlorine) for 30 s,
rinsed three times in sterile water, and placed on modified
Melin Norkrans Medium (MMN; Molina and Palmer 1982)
amended with 4 mg/L benomyl (Sigma-Aldrich, Germany),
which suppresses the growth of most ascomycetes. There
were five plastic Petri dishes, each with ten root pieces, i.e.,
50 root pieces in total. The dishes were sealed with an air-
permeable tape and incubated in the dark at room temperature
for 6 weeks. Emerging mycelia were transferred to new dishes
with MMN, kept at room temperature in the dark, and period-
ically checked for growth and possible contamination.

DNA was extracted from all obtained isolates using an
Extract-N-Amp Plant Kit (Sigma-Aldrich) following the man-
ufacturer’s instructions. The ITS1-5.8S-ITS2 nuclear ribo-
somal DNA (rDNA) region was amplified using the ITS1F+
ITS4 primer pair, with polymerase chain reaction (PCR) pa-
rameters and gel electrophoresis as in Vohník et al. (2012a).
PCR products were purified and sequenced by Macrogen
Europe Laboratory (Macrogen Inc., the Netherlands/South
Korea) using the ITS1F forward primer. Obtained sequences
were screened in Finch TV v1.4.0 (geospiza.com/finchtv) and
manually edited when needed. Subsequently, they were
subjected to BLAST searches in the GenBank database
(Altschul et al. 1997). The only serendipitoid isolate obtained
(labeled as Sebacinales sp. JPK 132) was further used in the
following re-synthesis experiments.

Isolates used for re-synthesis experiments

Twelve different fungal isolates were used in this study. Of
these, ten belonged to the Serendipitaceae (Serendipita =

Piriformospora indica isolate PIND, Sebacinales sp. isolates
#26, #29, #39, #42, #165, #316, #443, JPK 132, and PB3a)
and two represented typical ascomycetous ErM fungi
(M. variabilis isolate MVA-4 and R. ericae isolate RER-1).
Seven serendipitoid isolates originated from roots of differ-
ent species of Australian orchids, one originated from
rhizosphere soil of Phyllanthus sp. (Phyllanthaceae,
Malpighiales) from Australia, one from Ericaceae hair roots
(Sebacinales sp. JPK 132; see above), and S. indica PIND
was derived from the original S. indica isolate obtained
from the rhizosphere of Prosopis juliflora and Zizyphus
nummularia in northwest India. The two reference ascomy-
cetous isolates, R. ericae RER-1 and M. variabilis MVA-4,
were originally isolated from C. vulgaris hair roots and a
P. abies root tip, respectively (for details and references, see
Table 1). All isolates were sub-cultured on malt-yeast-
peptone (MYP) medium (malt extract 7 g, peptone 1 g,
yeast extract 0.5 g, and agar 10 g per 1 l of sterile deionized
water) and subsequently transferred to MMN, i.e., the same
medium as used for re-synthesis experiments. In total, three
independent in vitro re-synthesis experiments were performed
so as to compare/verify results in different experimental
microcosms (cf. Vohník et al. 2012a) and to test as many
available isolates as possible.

Phylogenetic placement of the serendipitoid isolates used
in this study

The D1/D2 regions of the nuclear-encoded large subunit
(nucLSU) of 28S rDNA, i.e., the standard regions for
Sebacinales phylogenetic studies (Weiss et al. 2004), were

Table 1 Fungal isolates used in this study

Isolate Source (host/country) Reference
(isolated by)

GenBank
no.

Meliniomyces variabilis
isolate MVA-4

Picea abies (Pinaceae) root tip/CZE Vohník et al. (2013) EF093169

Serendipita (= Piriformospora)
indica isolate PIND

rhizosphere soil/IND Verma et al. (1998) KT762618

Rhizoscyphus ericae isolate RER-1 Calluna vulgaris (Ericaceae) hair root/ENG Pearson and Read (1973) AJ319078

Sebacinales sp. isolate #26 Caladenia latifolia (Orchidaceae) root/AUS #026AC2 (B. Newman, K. Dixon) KT762613

Sebacinales sp. isolate #29 Eriochilus scaber (Orchidaceae) root/AUS MAFF305829 [J.H. Warcup (0714)] KT762620

Sebacinales sp. isolate #39 Phyllanthus calycinus (Phyllanthaceae)
rhizosphere soil/AUS

MAFF305839 [J.H. Warcup (0914)] KT762611

Sebacinales sp. isolate #42 Microtis unifolia (Orchidaceae) root/AUS MAFF305842 [J.H. Warcup (0977)] KT762612

Sebacinales sp. isolate #165 Caladenia longicauda longicauda
(Orchidaceae) root/AUS

#165 CD9 (B. Newman, K. Dixon) KT762615

Sebacinales sp. isolate #316 Caladenia huegelii (Orchidaceae) root/AUS #316 FB4 (B. Newman, K. Dixon) KT762617

Sebacinales sp. isolate #443 Caladenia huegelii (Orchidaceae) root/AUS #443 HB11 (B. Newman, K. Dixon) KT762619

Sebacinales sp. isolate JPK 132 Vaccinium sp. (Ericaceae) hair root/NOR this study (J. J. Sadowsky) KT762614

Sebacinales sp. isolate PB3a Caladenia attingens gracillima
(Orchidaceae) root/AUS

this study (N. Swarts) KT762616

AUS Australia, CZE Czech Republic, ENG England, IND India, NOR Norway
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used to place the serendipitoid isolates into a phylogenetic
context. To obtain their sequences, DNA was extracted from
all serendipitoid isolates as described above. The nucLSU
rDNA was amplified using the LR0R + LR5 primer pair
(Vilgalys and Hester 1990). PCR products were purified and
sequenced by Macrogen Europe Laboratory using the LR0R
forward primer. The sequences obtained were edited using
Chromas 1.45 (Technelysium Pty Ltd., Australia) and aligned
in Bioedit V7.0.9.0 (Hall 1999) to a dataset of Sebacinales
sequences kindly provided by M. Weiss (Tübingen,
Germany) and originally used in Weiss et al. (2011). The
sequences were deposited in GenBank (accession numbers
KT762611–KT762620).

Preliminary neighbor joining analyses were performed in
PAUP* v. 4.0b10 (Swofford 2002) in order to reduce the large
dataset (comprising 277 taxa including our samples) to a
smaller, representative set of sequences emphasizing the posi-
tion of the investigated isolates. To achieve this, the number of
Sebacinaceae sequences was greatly reduced, retaining only
representatives of various genera, with taxonomic adaptations
following Oberwinkler et al. (2014) and Weiss et al. (2016).
Further reductions were made in the Serendipitaceae (e.g.,
deleting sequences dissimilar to any of our samples, excluding
very similar or identical sequences). Generally, fungal isolates
were preferred to uncultured material, and a broad range of
host mycorrhizal types and geographic regions was covered.
The dataset was complemented by the newly described spe-
cies Serendipita hermamans (Riess et al. 2014) and
Serendipita (= Piriformospora) williamsii (Basiewicz et al.
2012). Samples of the complex BSebacina vermifera^ were
renamed BSerendipita vermifera^ following Weiss et al.
(2016). Subsequently, BLAST searches with each of the
serendipitoid isolates were performed against GenBank to en-
sure that all similar serendipitoid sequences were included.
Since some of our isolates (Sebacinales sp. PB3a, #316 and
#443, and Sebacinales sp. #29 and #39, respectively) were
identical in sequence, only one representative sequence was
included for tree construction. Members of the orders
Auriculariales, Trechisporales, and Geastrales were used as
outgroups. The final dataset comprising 91 sequences (includ-
ing four outgroup taxa) was subjected to phylogenetic analy-
ses based on maximum likelihood (ML), Bayesian inference,
and maximum parsimony (MP) criteria.

ML analysis was performed with raxmlGUI v. 1.3 (Silvestro
and Michalak 2012) based on RAxML (Stamatakis 2006) ver-
sion 7.4.2 (released by Alexandros Stamatakis on 23rd
November 2012). Ten ML runs with 1000 thorough bootstrap
replicates were done using a GTR substitution matrix and a
gamma model of rate heterogeneity. Bayesian analysis was
done using MrBayes (Ronquist and Huelsenbeck 2003) v.
3.2.2. x64 in a GTR+I+G model of the presumed molecular
evolution. Two parallel MCMC runs with four chains each
were run for 5 million generations, sampling every 1000th tree.

All statistical parameters indicated that convergence was
reached. The first 25 % of trees per run were discarded as
burn-in and a consensus tree based on the remaining 10,002
trees was generated. MP analysis was done in PAUP* v. 4.0b10
(Swofford 2002) as a heuristic search with 100 random addition
sequence replicates and TBR branch swapping, saving no more
than 100 trees with length greater than or equal to 1 per repli-
cate. Bootstrapping was done using the same settings and 1000
replicates, but without branch swapping.

Re-synthesis Experiment I: testing mycorrhizal ability
of the Ericaceae-derived Sebacinales sp. JPK 132

This experiment was set up (1) to verify the ErM status of the
Ericaceae-derived Sebacinales sp. JPK 132 isolate and (2) to
observe the development of host root colonization over time
as compared to a representative of the serendipitoid isolates
derived from non-Ericaceae hosts (Sebacinales sp. PB3a) and
the typical ErM ascomycete R. ericae.

Seeds of wildly growing European blueberry of local origin
(Lusatian Mountains, Northern Bohemia, Czech Republic)
were surface-sterilized in 10 % SAVO, rinsed in sterile water,
and sown on MMN without malt extract. Eighty-three-day-
old seedlings were transferred to square Petri dishes (12 ×
12 cm) with MMN without malt extract and glucose (nine
seedlings per dish), sealed with an air-permeable tape, and left
to root in a growth chamber under a 21 °C–16-h light/15 °C–
8-h dark cycle and irradiation of 200 μmol m−2 s−1. After
10 days, nine plugs (diameter approx. 5 mm) dissected from
mycelial cultures of the selected isolates grown on full MMN
were placed in each dish close to the seedlings’ roots (one plug
per seedling). There were three dishes with a total of 27 seed-
lings for each of the three inoculated fungi, and control seed-
lings (27 in three dishes) were inoculated with MMN plugs
without fungal mycelium. The inoculated dishes were
resealed, randomly placed in the growth chamber, and incu-
bated as above.

The seedlings were evaluated at three consecutive harvests:
one seedling was randomly picked per dish (i.e., three per
inoculation treatment) 22 days after inoculation, another three
(nine per treatment) 56 days after inoculation, and, finally, the
five remaining seedlings (15 per treatment) were harvested
112 days after inoculation. At each harvest, seedlings were
carefully washed free of the remaining agar medium and their
roots were separated from shoots. The roots were subsequent-
ly cleared in 10 % KOH at 121 °C for 15 min, rinsed in water,
acidified for 20 s in 3 % HCl, rinsed in water, and placed on
glass slides in 0.05 % Trypan blue solution in lactoglycerol
(lactic acid/glycerol/deionized water in a mixing ratio of
1:1:3). The percentage of intracellular hyphal colonization
was assessed using an Olympus BX60 microscope equipped
with differential interference contrast at ×400magnification in
100 random fields of view. Photographs of root fungal
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colonization were taken with an Olympus DP70 camera at
magnifications of ×200, ×400, and ×1000. Subsequently, they
were assembled and modified for clarity as needed in
Paint.NET and Adobe Photoshop.

At the final harvest, a small piece of the growth medium
with fungal mycelium was picked from the rhizosphere of the
remaining seedlings, transferred to a 6-cm Petri dish filled
with MMN, incubated in the dark at room temperature, and
periodically screened for hyphal growth during the next
2 months. This was done to ensure that the inoculated fungi
remained alive during the whole experiment as some
Sebacinales isolates often die when transferred from MYP
(a medium not suitable for plant growth) to MMN.

Re-synthesis Experiment II: comparative mycorrhizal
abilities of several serendipitoids

In this experiment, we mainly wanted to compare the root
symbiotic potential of the Ericaceae-derived Sebacinales sp.
JPK 132 with other non-Ericaceae serendipitoid isolates using
a peat-based substrate that better reflects natural conditions.
Nine fungal isolates were pre-cultivated for 24 days in plastic
Petri dishes with MMN as above: the reference ErM isolates
M. variabilis MVA-4 and R. ericae RER-1, the S. indica iso-
late PIND, and the serendipitoid isolates Sebacinales sp. #26,
#29, #42, #165, JPK 132, and PB3a. Sterile 50-ml polypro-
pylene Neptune centrifuge tubes (Pretech Instruments,
Sollentuna, Sweden) were filled with 5 ml of MMN without
malt extract and glucose, inoculated with plugs dissected from
the pre-cultivated fungal cultures, and incubated in the dark at
room temperature. Control tubes were inoculated with plugs
dissected from Petri dishes without fungal mycelium. After
1 month of incubation, 1.5 g (fresh weight, FW) of gamma-
sterilized peat + vermiculite (1:9, v/v) substrate was added to
each tube; the tubes were each watered with 3 ml of sterile
deionized water and incubated in the dark at room temperature
for 10 days to let the fungal mycelium develop into the newly
added substrate. Eventually, developed seedlings of European
blueberry (five to six leaves, prepared as above) were inserted
into the tubes, these were sealed with an air-permeable tape,
randomly placed in the growth chamber, and incubated as
above for 3 months. There were nine tubes for each inoculated
fungus and non-inoculated control. After 3 months, the seed-
lings were destructively harvested and their roots were treated
as above, including graphic documentation.

Re-synthesis Experiment III: comparative effects on host
plants of several serendipitoids

This experiment was set up to compare the root symbiotic
potential of the Ericaceae-derived Sebacinales sp. JPK
132 with the rest of the serendipitoid isolates available
in our culture collection, and to screen their effect on

the host plant growth, in larger, better ventilated cultiva-
tion vessels. We used seven isolates pre-cultivated on
MMN in more realistic soil-like conditions: R. ericae
RER-1, S. indica PIND, and the serendipitoid isolates
Sebacinales sp. #39, #316, #443, JPK 132, and PB3a.
Fifty milliliters of MMN without malt extract and with
1 g of glucose per liter were poured into sterile plant
culture containers Magenta GA7-3 (275 ml; Sigma-
Aldrich), solidified at room temperature, and then inocu-
lated with one of the six fungal strains using five mycelial
plugs (diameter approx. 5 mm) of the respective strain per
container and three containers per fungal strain. Control
containers were inoculated with plugs without mycelium.
All containers were incubated in the dark at room temper-
ature for 2 weeks, which allowed the mycelium of the
inoculated fungi to cover the surface of the medium.
Subsequently, 13 g (FW) of gamma-sterilized peat + ver-
miculite substrate (approx. one fifth of the container
depth) was transferred onto the surface of the MMN
medium, watered with 15 ml of sterilized tap water, and
three 1-month-old European blueberry seedlings (prepared
as above) were aseptically planted in each container. The
containers were randomly placed and incubated in the
growth chamber under the same regime as described
above. The seedlings were harvested after 2, 3, and
4 months by picking one randomly selected seedling from
each container at each harvest. Their roots were gently
washed under running tap water, dried with paper towels,
weighed to obtain fresh root weight (FRW), and trans-
ferred to 10 % KOH solution overnight. The following
day, the roots were acidified as above, stained 3 days in
Trypan blue solution in lactoglycerol, and de-stained for
3 days in lactoglycerol (all at room temperature). Their
percentage colonization was estimated by random screen-
ing of 500 rhizodermal cells per root system (50 cells per
ten randomly selected hair roots) using the equipment
described above. Shoots were dried in a laminar flow
hood at room temperature overnight and weighed to
obtain dry shoot weight (DSW). Kruskal–Wallis test
followed by multiple comparisons of mean ranks was
conducted in Statistica 12.6 (StatSoft Inc., Tulsa, USA).

Results

Isolation of a serendipitoid mycobiont from Vaccinium
hair roots

In total, we obtained 28 isolates from Forbordfjellet’s
Vaccinium. BLAST searches in GenBank revealed that most
of them belonged to non-serendipitoid Basidiomycetes be-
longing to the Agaricales (Gymnopilus spp. and Mycena
spp.) and Polyporales (Hypochnicium geogenium; details not
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shown). Only one ITS sequence had 98–99 % similarity to
depos i ted sequences be longing to Sebac ina les /
Serendipitaceae (e.g., AM181401 and HQ211970), and the
respective isolate (Sebacinales sp. JPK 132) was subjected
to further investigations.

Phylogenetic analyses

The serendipitoid isolates used in this study covered most
of the phylogenetic diversity of the family (Fig. 1).
Sequences of the BSerendipita vermifera^ complex (for-
merly BSebacina vermifera^), a non-monophyletic species
in need of taxonomic revision (Weiss et al. 2004), were
scattered across Serendipitaceae. Most of the isolates
screened in this study (#26, #29, #39, #42, #316, #443,
and PB3a) had sequences identical or nearly identical to
previously known S. vermifera strains (Fig. 1). One
Australian Orchidaceae-derived isolate (#165) was most
similar to an uncultured symbiont from an Australian or-
chid (AY643801, 98 % identity) and to available BS.
vermifera^ sequences from Australian orchids (e.g.,
AY505550 and AY505551, 96–97 % identity). The se-
quence of S. indica PIND was, as expected, identical to
that of the original isolate (see BMaterials and methods^).
Apart from cultivated Serendipita fungi, the basal part of
the Serendipitaceae contained sequences from fungi my-
corrhizal with orchids or endophytic with different hosts.
The terminal crown group of Serendipitaceae showed a
more versatile assemblage of host mycorrhizal types
(cavendishioid, ericoid, jungermannoid, and orchid my-
corrhizal) and endophytic associations. The new
Sebacinales sp. JPK 132 isolate clustered in this crown,
among taxa that were exclusively derived from ErM hosts
(especially the host genus Vaccinium) from all over the
world. In this part of the Serendipitaceae phylogenetic
tree, no other in vitro isolated fungus was present.

Re-synthesis Experiment I: testing mycorrhizal ability
of the Ericaceae-derived Sebacinales sp. JPK 132

This experiment shows that the Vaccinium-derived isolate
Sebacinales sp. JPK 132 forms ericoid mycorrhiza with
typical intracellular hyphal coils and documents its devel-
opment in host roots over time. Intracellular hyphal colo-
nization was always limited to the host rhizodermis and
started by the formation of loose loops (Fig. 2a), which
became denser over time (Fig. 2b), eventually filling the
whole lumen of the colonized cells (Fig. 2c). In later
stages, hyphae started to lose their contours and the intra-
cellular dense coils appeared to undergo stages of diges-
tion (Fig. 2d; cf. McLennan 1935). Intracellular hyphal
colonization often started right behind the apical part of
the colonized hair root (Fig. 2e) and was often markedly

high around zones where lateral hair roots emerged from
main roots (Fig. 2f). In contrast, the intracellular coloni-
zation pattern of the Orchidaceae-derived serendipitoid
isolate typically comprised loose loops formed by con-
str icted hyphae which became denser over t ime
(Fig. 3a), eventually forming hyaline microsclerotia
(Fig. 3b–d), which are occasionally found in naturally
colonized Ericaceae hair roots. Very rarely, Sebacinales
sp. PB3a formed dense intracellular coils which might
be interpreted as ericoid mycorrhizae (Fig. 3e).
However, such colonization was limited to a few
rhizodermal cells within all the root systems. Roots of
control plants were free of any visible colonization.
Beyond sparse hyphae, no fungal sheath was ever seen
around the roots.

Although Sebacinales sp. JPK 132 formed typical er-
icoid mycorrhizae as in naturally colonized roots, its
colonization pattern differed from that of the ErM fun-
gus R. ericae , whose hyphae often filled whole
rhizodermal cells, but the contours of the resulting dense
coils were not distinct and it was often difficult to dis-
tinguish single hyphae (Fig. 4a, b). On the other hand,
the latter ErM morphology is also frequently seen in
naturally colonized roots.

Twenty-two days after inoculation, the average root
intracellular colonization was 45.3 ± 24.0 % (mean ± SD)
for plants inoculated with R. ericae RER-1, 33.3 ± 1.52 %
for Sebacinales sp. PB3a, and 7.7 ± 8.6 % for Sebacinales
sp. JPK 132. After 56 days, it was 46.9 ± 26.6 % for RER-
1, 26.9 ± 20.1 % for PB3a, and 11.3 ± 11.1 % for JPK
132. At the final harvest, 112 days after inoculation, it
was 34.9 ± 16.7 % for RER-1, 19.13 ± 11.7 % for PB3a,
and 26.8 ± 19.4 % for JPK 132. Apparently, although the
colonization levels of the serendipitoid isolate JPK 132
were the lowest in the first half of the experimental time
span, they eventually reached values comparable to those
of the typical ErM fungus R. ericae (Table 2).

All 15 plugs dissected from the rhizosphere of the
seedlings inoculated with Sebacinales sp. PB3a and R.
ericae RER-1 and ten plugs dissected from the rhizo-
sphere of those inoculated with Sebacinales sp. JPK
132 produced viable fungal mycelium morphologically
identical to the respective inoculated mycobiont,
confirming that the inoculum had remained viable.

Re-synthesis Experiment II: comparative mycorrhizal
abilities of several serendipitoids

Sebacinales sp. JPK 132, Sebacinales sp. PB3a, and R. ericae
RER-1 formed intracellular hyphal colonization identical to
Experiment 1 (Figs. 2, 3, and 4a, b). M. variabilis MVA-4
very rarely (a few rhizodermal cells for the whole experimen-
tal set) formed intracellular coils of hyaline hyphae (Fig. 4c),
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Fig. 1 Phylogenetic placement of serendipitoid isolates investigated in
this study. Phylogenetic analyses were based on sequences of the D1/D2
regions of the nuclear LSU repeat of 28S ribosomal DNA. The best
maximum likelihood tree is shown with bootstrap support values
≥70 %, Bayesian posterior probabilities ≥0.95, and bootstrap support
values of maximum parsimony analysis ≥70 % near the respective
branches. For easier orientation, sequences derived from the isolates
investigated in this study are indicated with an asterisk and in bold, and

sequences of Serendipita (including former Piriformospora) isolates
determined at species level are in bold and italics. Further sequence
labels indicate putative symbiotic status for sequences derived from
isolates (CAV cavendishioid mycorrhiza, END endophytic, ERM ericoid
mycorrhiza, JMM jungermannoid mycorrhiza, ORM orchid mycorrhiza),
host plant (where available), GenBank accession number, and country of
origin (following ISO 3166-1 alpha-3)
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which differed from Sebacinales sp. JPK 132 and R. ericae
RER-1, but resembled the infrequent intracellular colonization
of Sebacinales sp. PB3a (Fig. 3e).

While in the seedlings inoculated with Sebacinales sp.
#42 there was no apparent root colonization, Sebacinales
sp. #26, #29, and #165 rarely formed intracellular loose
loops similar to Sebacinales sp. PB3a, i.e., with irregularly
lobed hyphae (Fig. 5a, b). However, the frequency of these
structures was much lower (individual rhizodermal cells
per screened root system) than in Sebacinales sp. PB3a
and formation of typical hyaline microsclerotia was absent.
S. indica PIND typically formed intracellular round bodies,
which we interpret as intracellular chlamydospores
(Figs. 6a–e; cf. Verma et al. 1998; Varma et al. 1999),
one to four per single colonized cell, often in the cells right
below the rhizodermis. Chlamydospores formed up to the
apex of the colonized hair roots (Fig. 6a) and were discon-
tinuously present throughout the whole colonized roots
(Fig. 6b–e). S. indica PIND also produced intracellular

coiled hyphae resembling the intracellular colonization of
Sebacinales sp. PB3a and M. variabilis MVA-4 (Fig. 6b–e)
and Bcoiled and branched intracellular hyphae^ (Fig. 6b–e)
as reported by Varma et al. (1999). Control roots were free
of any apparent fungal or bacterial colonization.

Re-synthesis Experiment III: comparative effects on host
plants of several serendipitoids

All previously tested isolates (S. indica PIND, R. ericae RER-
1, and Sebacinales sp. JPK 132 and PB3a) displayed similar or
identical colonization patterns also in Experiment III, i.e., in-
tracellular chlamydospores, ericoid mycorrhizal coils with
barely visible contours, ericoid mycorrhizal coils with clearly
visible hyphae, and hyaline microsclerotia, respectively.
Sebacinales sp. #39 infrequently produced loose to dense in-
tracellular coils formed by narrow hyphae (Fig. 5c), which
were similar to those of M. variabilis MVA-4 and
Sebacinales sp. PB3a. In contrast to Sebacinales sp. #316,

Fig. 2 Ericoid mycorrhizal
colonization in Vaccinium
myrtillus hair roots inoculated
with Sebacinales sp. JPK 132. a
Early stages of colonization
characterized by the formation of
loose intracellular hyphal loops
(arrows) in the host rhizodermis.
b, c Later stages of intracellular
colonization characterized by the
development of dense hyphal
coils (asterisks) typical of ericoid
mycorrhiza. d The final phase of
intracellular colonization when
contours of some hyphal coils
become less visible (asterisks).
Hyphal colonization often started
in the rhizodermal cells
developing immediately behind
the root cap (e) or at the basis of
lateral roots (f). All roots stained
with Trypan blue and observed
with differential interference
contrast. Bars = 20 μm; all
pictures from three consecutive
harvests in Experiment I
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which did not form any visible intracellular colonization,
Sebacinales sp. #443 produced thick constricted intracellular
hyphae, which often developed into hyaline microsclerotia
(Fig. 5d), and occasionally produced loose intracellular loops
of narrow hyphae (Fig. 5e). All results concerning the inter-
actions between the inoculated fungi and the host roots at the
morphological/cellular level are summarized in Table 3.

The differences in shoot and root growth among the inocu-
lated variants were statistically non-significant (Table 2), proba-
bly due to the high variability inherent to genetically non-
homogeneous seedlings and the low number of replicates.
Similarly, while the Kruskal–Wallis test showed significant dif-
ferences in the colonization rates after the first and third harvests,
multiple comparisons of mean ranks were unable to detect dif-
ferences between the inoculation variants. Nevertheless, the
serendipitoid isolate JPK 132 eventually reached colonization
comparable to R. ericae RER-1 (40.1 ± 19.9 and 51.7 ± 7.0, re-
spectively), and these levels were by far the highest among all

inoculated plants (Table 2). In contrast, the plants inoculatedwith
these two fungi produced the lowest dry shoot biomass (compa-
rable to non-inoculated control but approx. twofold lower than
the rest; Table 2), suggesting an (albeit statistically non-
significant) negative correlation between root colonization and
host shoot growth, i.e., a fungal carbon drain typical of mycor-
rhizal mycobionts (cf. Colpaert et al. 1996).

Discussion

To our knowledge, there are only two reports of a successful
isolation of a serendipitoid mycobiont from Ericaceae hair
roots, even though Sebacinales are considered as common
ErM fungi worldwide (Selosse et al. 2007). Both reports are
from the same area in mid-Norway and use the same isolation
method as here on Vaccinium roots. The isolate from the first
report (Vohník et al. 2012a) soon lost its viability, in contrast

Fig. 3 Colonization pattern of
Sebacinales sp. PB3a in
Vaccinium myrtillus hair roots. a
Thick septate intracellular hyphae
forming loose loops to
microsclerotia in the host
rhizodermis (arrows).
Bar = 20 μm, Experiment II. b
Host rhizodermal cells filled with
microsclerotia (asterisks).
Bar = 50 μm, Experiment I. c, d
Host rhizodermal cells filled with
microsclerotia in detail (asterisks
in (c) and arrow in (d)).
Bars = 20 μm, Experiments I and
III, respectively. e The
Sebacinales sp. isolate PB3a
rarely formed dense intracellular
hyphal coils morphologically
similar to ericoid mycorrhizae
(asterisks). Bar = 20 μm,
Experiment III. All roots stained
with Trypan blue and observed
with DIC
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Fig. 4 Colonization patterns of
Rhizoscyphus ericae RER-1 and
Meliniomyces variabilis MVA-4
in Vaccinium myrtillus hair roots.
a, b Dense intracellular hyphal
coils typical of ericoid
mycorrhizal colonization
abundantly formed by R. ericae
isolate RER-1 in the rhizodermis
of V. myrtillus (representatives
marked by asterisks).
Bars = 50 μm, Experiment I. c
Single dense hyaline hyphal coil
formed byM. variabilis isolate
MVA-4 in a rhizodermal cell of
V. myrtillus. This colonization
pattern was infrequent in the host
roots, but can be attributed to
ericoid mycorrhiza. Bar = 20 μm,
Experiment II. All roots stained
with Trypan blue and observed
with DIC

Table 2 Vaccinium myrtillus growth response to inoculation and root fungal colonization (Experiment III)

Isolate FRW (mg) DSW (mg) Colonization (%)

1 (NS) 2 (NS) 3 (NS) 1 (NS) 2 (NS) 3 (NS) 1 (S) 2 (NS) 3 (S)
H = 1.29,
p = 0.990

H = 6.17,
p = 0.520

H = 5.85,
p = 0.557

H = 10.51,
p = 0.160

H = 6.78,
p = 0.451

H = 13.03,
p = 0.071

H = 11.76,
p = 0.011

H = 11.06,
p = 0.055

H = 18.79,
p = 0.008

S. indica PIND 7.7 ± 7.2 19.2 ± 17.7 156.1 ±
137.2

4.8 ± 2.5 11.5 ± 4.1 92.6 ± 38.2 2.5 ± 3.7 3.0 ± 2.7 5.7 ± 1.4

R. ericae RER-1 5.4 ± 4.6 35.7 ± 26.4 97.2 ± 82.0 7.1 ± 4.7 12.5 ± 5.6 41.6 ± 5.5 36.1 ± 15.2 31.5 ± 27.5 51.7 ± 7.0

Sebacinales sp.
#30

5.9 ± 2.3 16.3 ± 11.1 214.9 ±
122.5

3.4 ± 0.4 12.4 ± 10.1 62.1 ± 10.1 0 0 7.8 ± 4.0

Sebacinales sp.
#316

5.7 ± 3.3 8.1 ± 1.1 150.5 ±
129.1

3.0 ± 0.7 14.6 ± 1.7 111.2 ± 37.1 0 0 0.2 ± 0.3

Sebacinales sp.
#443

4.4 ± 2.7 22.4 ± 16.5 117.9 ±
93.9

2.0 ± 1.1 21.2 ± 12.1 99.9 ± 20.9 2.1 ± 2.6 2.1 ± 3.7 3.1 ± 2.7

Sebacinales sp.
JPK 132

3.6 ± 2.8 103.1 ±
126.5

122.8 ±
116.0

4.2 ± 2.6 24.0 ± 14.2 55.7 ± 39.2 0 23.9 ± 12.1 40.1 ± 19.9

Sebacinales sp.
PB3a

5.1 ± 4.2 34.5 ± 34.1 269.4 ±
89.8

4.3 ± 1.2 21.8 ± 10.1 96.5 ± 34.6 0 4.7 ± 5.5 6.5 ± 8.6

Control 4.5 ± 1.8 14.1 ± 17.1 74.8 ±
104.6

1.9 ± 0.8 9.6 ± 4.8 66.9 ± 18.9 0 0 0

Columns within each variable (FRW, DSW, Colonization) contain measurements from the first (1), second (2) and third (3) harvests, respectively (n = 3
replicates each). The two isolates forming abundant unambiguous ericoidmycorrhizal structures, i.e.,R. ericaeRER-1 andSebacinales sp. JPK132, are in bold

FRW fresh root weight, DSW dry shoot weight, Colonization% intracellular fungal colonization of the host hair roots rhizodermis
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to the present study (the JPK 132 isolate has now survived in
pure culture for approx. 5 years). The same methodology was
also used in our previous study in NW Patagonia on
Gaultheria roots, but despite detection of serendipitoid DNA
using specific primers, no serendipitoid isolate was obtained
(Bruzone et al. 2015). In general, Ericaceae-associated
Basidiomycetes grow slowly and commonly represent a mi-
nority of the cultivable mycobiont communities from
Ericaceae hair roots, even when Ascomycetes-suppressing
media are used for isolation. For example, using a benomyl-
amended medium, Bruzone et al. (2015) found that fast-
growing Ascomycetes still represented approx. 77 % of iso-
lates from Gaultheria roots. In contrast, in the studies where
serendipitoid isolates were obtained, Ascomycetes represent-
ed only approx. 38 % (Vohník et al. 2012a) or were totally
absent (this study). It thus seems that successful isolation of a
serendipitoid mycobiont is not a matter of a special procedure
but of competition between different guilds of cultivable root
mycobionts. Therefore, the source hair roots have to contain
only low amounts of fast-growing, competing (ascomycetous)
mycobionts, especially the dark septate endophytes (DSE)
related to Phialocephala fortinii/Acephala applanata. These
mycobionts are nearly omnipresent in Ericaceae roots (e.g.,
Walker et al. 2011; Vohník and Albrechtová 2011; Gorzelak et

al. 2012), do not form ericoid mycorrhiza (Lukešová et al.
2015), but can mask typically slow-growing ErM fungi, in-
cluding the Serendipitaceae (cf. Bruzone et al. 2015). In the
current study, such an environment was represented by a dead
spruce stump overgrown by Ericaceae dwarf shrubs which
apparently favored root symbioses with Basidiomycetes and
suppressed Ascomycetes.

The nucLSU rDNA sequence of the Vaccinium-derived
isolate tested here for its ability to form ericoid mycorrhiza
clustered among sequences that were exclusively derived
from ErM hosts (Fig. 1), including samples from all over the
world (cf. Selosse et al. 2007). Interestingly, the most similar
sequences (99.8 % identity) were also derived from
Vaccinium. We are not able to judge whether this similarity
entails conspecificity because the intraspecific variation range
of nucLSU remains unknown for Sebacinales. Nevertheless,
this observation, together with the fact that only the
serendipitoid isolate derived from Vaccinium roots formed
ericoid mycorrhiza, points to possible ErM specificity within
clades of the Serendipitaceae, perhaps similar to the ErM
specificity of R. ericae within the R. ericae aggregate (cf.
Vohník et al. 2013). On the one hand, experimental corrobo-
ration as well as investigation of the mechanisms underlying
the evolution of this specificity are limited by the absence of

Fig. 5 Colonization pattern of
Sebacinales sp. #26, #29, #39,
and #443 in Vaccinium myrtillus
hair roots. a Loose intracellular
hyphal loops formed by
Sebacinaceae sp. #26 (asterisk),
Experiment II. b Loose
intracellular hyphal loops formed
by Sebacinaceae sp. #29
(asterisks), Experiment II. c
Loose intracellular hyphal loops
and coils formed by Sebacinaceae
sp. #39 (asterisks), Experiment
III. These structures would be
interpreted as ericoid mycorrhizae
when observed in naturally
colonized Ericaceae roots. d
Intracellular microsclerotia
formed by Sebacinaceae sp. #443
(arrows), Experiment III. e
Primordium of an intracellular
microsclerotium (asterisk) and
some sparse intracellular hyphae
(arrows) formed by Sebacinaceae
sp. #443, Experiment III. All
roots stained with Trypan blue
and observed with DIC. Bars =
20 μm

Mycorrhiza (2016) 26:831–846 841



Fig. 6 Colonization pattern of
Serendipita (= Piriformospora)
indica PIND in Vaccinium
myrtillus hair roots. a Terminal
part of a V. myrtillus hair root
heavily colonized by S. indica
PIND intracellular
chlamydospores, both in the
rhizodermis and the root cortex
(arrows), Experiment II. b–e
Intracellular chlamydospores
(arrows) were frequently
accompanied by fine intracellular
hyphae forming loops and coils
(asterisks), sometimes
morphologically resembling
ericoid mycorrhizae, Experiments
II and III. All roots stained with
Trypan blue and observed with
DIC. Bars = 20 μm

Table 3 Results of microscopic observations with conclusions about the symbiotic status of the investigated isolates

Isolate Experiment I Experiment II Experiment III Symbiotic
statusa

M. variabilisMVA-4 nu Infrequent IC hyaline coils
resembling ErM

nu ErM or endophytic

S. indica PIND nu IC spores, infrequent
IC hyphal loops

IC spores, infrequent
IC hyphal loops

Endophytic

R. ericae RER-1 Typical fine IC ErM coils Typical fine IC ErM coils Typical fine IC ErM coils Typical ErM

Sebacinales sp. #26 nu Infrequent IC hyphal loops nu Endophytic

Sebacinales sp. #29 nu Infrequent IC coarse hyphae,
often constricted

nu Endophytic

Sebacinales sp. #39 nu nu Infrequent fine IC coils
resembling ErM

Endophytic

Sebacinales sp. #42 nu No colonization nu No interaction

Sebacinales sp. #165 nu Scarce hyaline IC hyphal loops nu Endophytic

Sebacinales sp. #316 nu nu No colonization No interaction

Sebacinales sp. #443 nu nu IM, loose often constricted
IC hyphal loops

endophytic

Sebacinales sp. JPK 132 Typical coarse IC ErM coils Typical coarse IC ErM coils Typical coarse IC ErM coils Typical ErM

Sebacinales sp. PB3a IM, infrequent IC
coiled hyphae

Infrequent IC coarse
coiled hyphae

IM, coarse and fine coils
resembling ErM

Endophytic

The two isolates forming abundant unambiguous ErM structures, R. ericae RER-1 and Sebacinales sp. JPK 132, are in bold

ErM ericoid mycorrhizal, IC intracellular, IM intracellular microsclerotia, nu not used
a Proposed symbiotic status of the investigated isolates in Ericaceae hair roots based on our microscopic observations and host growth response

842 Mycorrhiza (2016) 26:831–846



other serendipitoid isolates derived from Ericaceae and our
generally poor knowledge of the global diversity and distribu-
tion of Ericaceae root mycobionts (cf. van der Heijden et al.
2015). On the other hand, several studies suggest that
Ericaceae roots do host serendipitoid fungi distinct from those
of neighboring plants, e.g., in sympatric orchids and erica-
ceous plants in Ecuador (Kottke et al. 2008; Setaro et al.
2013). This is surprising, considering the generally broad
spectrum of Ericaceae root mycobionts and the apparent abil-
ity of Ericaceae to associate with many nonspecific root en-
dophytes co-occurring in the roots of the surrounding vegeta-
tion (Bougoure et al. 2007; Tedersoo et al. 2009; Vohník et al.
2013). Indeed, most of the Orchidaceae-derived isolates tested
in this study were able to intracellularly colonize apparently
healthy roots of the model Ericaceae host.

In terms of morphology, ericoid mycorrhiza is character-
ized by the formation of dense intracellular hyphal coils in the
host rhizodermis (Smith and Read 2008), and this ability is
used as a trait sufficient to classify a tested fungus as an ErM
mycobiont (cf. Dalpé 1986, 1989). However, many apparently
non-ErM fungi (e.g., endophytic, saprotrophic, and
ectomycorrhizal) can form these structures in Ericaceae roots
in vitro, usually at (very) low colonization levels (e.g., Vohník
et al. 2007a, 2012a; Zhang et al. 2009). In this study, several
serendipitoid isolates derived from non-Ericaceae hosts infre-
quently formed dense intracellular hyphal coils, which might
be interpreted as ericoid mycorrhiza (cf. Figs. 3e, 5c, and 6d).
We suggest, more conservatively, that the fact that an isolate/
strain of a certain fungal species infrequently forms intracel-
lular hyphal coils in the Ericaceae rhizodermis in vitro is not,
on its own, sufficient to prove the ErM status of that fungal
species (cf. Grunewaldt-Stöcker and von Alten 2016). Instead,
a true ErM fungal species has first to be isolated from surface-
sterilized (i.e., contaminant-free) Ericaceae hair roots in pure
culture and, subsequently, it has to form intracellular hyphal
coils similar to those observed under natural conditions in a
monoxenic culture, with an apparently healthy Ericaceae host,
at reasonable levels of colonization, i.e., similar to those of
already verified ErM isolates (that is, in a way fulfilling
Koch’s postulates; Koch 1878). We make this conservative
suggestion in an attempt to reduce the number of cases where
claims of new ericoid mycorrhizal fungi are debatable, espe-
cially when those belong to typical saprobes (Zhang et al.
2009) and typical ectomycorrhizal fungi (Bougoure et al.
2007; Villarreal-Ruiz et al. 2012; cf. Vohník et al. 2012a), or
even DSE (Usuki and Narisawa 2005; cf. Lukešová et al.
2015). In this study, among the serendipitoid fungi tested, only
the Ericaceae-derived Sebacinales sp. JPK 132 isolate met all
these criteria.

Although the Sebacinales sp. JPK 132 colonization
pattern differed from the R. ericae RER-1 intracellular
hyphal colonization, it corresponded to typical ericoid
mycorrhiza often seen in naturally colonized Ericaceae

hair roots (e.g., Figs. 14–20 in Massicotte et al. 2005).
Moreover, it allowed blueberries to reach a biomass sim-
ilar to that seen in some other treatments, even higher
(albeit non-significantly) than in plants colonized by the
ErM isolate R. ericae RER-1. To discuss the impact on
biomass in more detail is beyond the scope of this study
because host biomass depends on the cost of the fungal
partner (which may be related to colonization level) and
growth conditions (especially nutrient concentrations; van
der Heijden et al. 2015) and engaging in mycorrhizal
symbiosis does not need to result in altered/ increased
biomass of the host (e.g., Smith et al. 2003). Yet, it is
important that no evidence for parasitism was observed
in terms of growth. Although we did not apply any meth-
od to test whether the colonized rhizodermal cells were
living (cf. Bonfante-Fasolo 1980; Grunewaldt-Stöcker
and von Alten 2016), they were turgescent and without
any obvious microscopic symptoms of plant-pathogen
defense. Moreover, the colonization rates of plants inoc-
u la ted wi th the JPK 132 serendip i to id i so la te
corresponded to those inoculated with R. ericae RER-1
at the end of all three experiments.

Intriguingly, although the M. variabilis MVA-4 isolate
originating from a non-Ericaceae host used here as a pos-
itive ErM control in Experiment II also formed intracel-
lular hyphal coils, the incidence of these structures in the
host rhizodermis was very low. This is in contrast with
our recent study (Vohník et al. 2013) where it formed
vigorous ericoid mycorrhizae and even enhanced the
growth of V. myrtillus, but in agreement with two previ-
ous studies where two other non-Ericaceae M. variabilis
isolates behaved in the same manner (Vohník et al. 2007a,
b). Apparently an isolate originating from an Ericaceae
host must be used in future experiments for comparison,
in agreement with our suggestions made above.

Several serendipitoid isolates tested in this study
formed hyaline intracellular microsclerotia, and S. indica
PIND-1 formed intracel lular rounded structures
interpreted as chlamydospores, similar to those developed
by this species 1–2 weeks after inoculation on barley
(Waller et al. 2005). Additionally, the majority of the test-
ed non-Ericaceae serendipitoid isolates apparently had the
ability to colonize the Vaccinium rhizodermis intracellu-
larly, often forming irregularly lobbed hyphal loops in
living cells, although at low colonization levels. Similar
structures are found infrequently in naturally colonized
Ericaceae hair roots (M. Vohník, unpublished observa-
tions), and this finding, coupled with the formation of
these structures under monoxenic controlled conditions,
suggests a potential of the Serendipitaceae for a root en-
dophytic lifestyle in Ericaceae. However, since these
mycobionts originated from orchids, a wider selection of
serendipitoid isolates derived from Ericaceae roots and
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behaving in the same manner is needed to corroborate this
hypothesis. Yet our observations tally with the general
view that Sebacinales are common root endophytes
(Selosse et al. 2009; Weiss et al. 2011) and are congruent
with the hypothesis that the Ericaceae evolved ErM asso-
ciations with representatives of fungal taxa that were en-
dophytic in their ancestors. According to the so-called
waiting room hypothesis, some mycorrhizal lineages
evolved from former root endophytes because root
endophytism acts as a symbiotic Bwaiting room^ predis-
posing the fungus to evolve a tighter mutualism with some
hosts (Selosse et al. 2009; van der Heijden et al. 2015).
Several of these isolates increased the production of shoot
biomass in the inoculated plants, most probably not by
enhancing symbiotic nutrient transfer but rather by in-
creased CO2 concentration in the cultivation vessels (cf.
Lukešová et al. 2015), non-symbiotic nutrient release (cf.
Vohník et al. 2012b), or a combination of both.

Conclusions

This study confirms for the first time experimentally that
some members of the Serendipi taceae (formerly
Sebacinales Group B) form ericoid mycorrhizae. Further
investigations of the Sebacinales lifestyle in Ericaceae hair
roots, as well as corroboration of the hypotheses
concerning the possible ericoid mycorrhizal specificity
and broad endophytic potential within the Seren
dipitaceae, are condit ioned by isolation of more
serendipitoid mycobionts from ericaceous hosts, if possi-
ble from different phylogenetic backgrounds within the
Seren dipitaceae. Yet we show that this could be achieved
by a relatively easy method commonly used in ericoid my-
corrhiza research. The Sebacinales sp. JPK 132 isolate de-
rived from Vaccinium hair roots still survives in pure cul-
ture under artificial conditions, opening a space for testing
its physiological traits and comparing its performance with
the prominent ErM fungus R. ericae.
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