Research

New =
Phytologist ==~ =

>N and "*C natural abundance of two
mycoheterotrophic and a putative partially
mycoheterotrophic species associated with arbuscular

mycorrhizal fungi

Vincent Merckx"2, Marcus Stéckel®, Andreas Fleischmann®, Thomas D. Bruns® and Gerhard Gebauer®

"Laboratory of Plant Systematics, KU Leuven, Institute of Botany and Microbiology, Kasteelpark Arenberg 31, B-3001 Leuven, Belgium; *Department of

Plant and Microbial Biology, University of California Berkeley, Berkeley, CA 94720, USA; *Laboratory of Isotope Biogeochemistry, Bayreuth Center of

Ecology and Environmental Research (BayCEER), University of Bayreuth, D-95440 Bayreuth, Germany; “LMU Munich, Systematic Botany, D-80638

Munich, Germany

Author for correspondence:

Vincent Merckx

Tel: +32 (0)16 328637

Email: vincent.merckx@bio.kuleuven.be

Received: 22 April 2070
Accepted: 37 May 2070

New Phytologist (2010) 188: 590-596
doi: 10.1111/j.1469-8137.2010.03365.x

Key words: arbuscular mycorrhizal
symbiosis, Burmanniaceae, carbon transfer,
cheating, Gentianaceae, Glomeromycota,
mixotrophy, mycoheterotrophy.

Introduction

Summary

e In contrast to mycoheterotrophs that associate with ectomycorrhizal and sapro-
trophic fungi, we know little about the ecophysiology of arbuscular mycorrhizal
mycoheterotrophs. Here, we identify the mycorrhizal fungi of two unrelated my-
coheterotrophs and one putative partial mycoheterotroph that form arbuscular
mycorrhizas, and analyse their carbon (C) and nitrogen (N) isotope signatures.

e We used molecular methods to identify the mycorrhizal fungi of Dictyostega
orobanchoides, Burmannia capitata (Burmanniaceae) and Voyria aphylla
(Gentianaceae). Their C and N sources were investigated by analysing their stable
isotope natural abundances (3'3C and §'°N). In addition, four putative partially
mycoheterotrophic Burmannia species were grown ex situ.

e We found that both mycoheterotrophs and a green Burmannia species are asso-
ciated with nonoverlapping Glomeromycota fungi. The investigated mycohetero-
trophs are significantly more enriched in "C than co-occurring autotrophic plants
but lack significant "°N enrichment. The green Burmannia species is not signifi-
cantly enriched in "3C and ">N compared with surrounding plants and can grow
fully autotrophically under controlled conditions.

e Our results suggest that mycoheterotrophic Burmanniaceae and Gentianaceae
are able to exploit arbuscular mycorrhizal fungi. Green relatives of mycohetero-
trophic Burmanniaceae from high-light grassland sites also associate with arbuscular
mycorrhizal fungi but we found no evidence that they receive detectable amounts
of C from fungi.

into C and nitrogen (N) sources of mycoheterotrophic
plants mycorrhizal with ectomycorrhizal (ECM) fungi

In deeply shaded forest understoreys, plants are light-
limited and to cope with this limitation numerous plants
have evolved to cheat mycorrhizal networks, or free-living
saprotrophic fungi, by gaining organic carbon (C) and other
essential elements from the fungi. These achlorophyllous
plants are referred to as ‘mycoheterotrophs’ (Leake, 1994;
Selosse & Cameron, 2010). Analysis of 3¢ and PN natural
abundances have been extensively used to provide insights
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(Gebauer & Meyer, 2003; Trudell ez a/., 2003; Bidartondo
et al., 2004; Zimmer ez al., 2007; Hynson ez al., 2009; Roy
et al., 2009; Liebel er al, 2010) and mycoheterotrophic
plants mycorrhizal with wood-decaying (SAP) fungi
(Martos et al., 2009; Ogura-Tsujita et al, 2009). These
studies show that mycoheterotrophic plants that associate
with ECM and SAP fungi are significantly enriched in '°C
and "N compared with autotrophic understorey plants

© The Authors (2010)
Journal compilation © New Phytologist Trust (2010)



New
Phytologist

(Gebauer & Meyer, 2003; Tedersoo et al, 2007). It has
been suggested that these enrichments indicate that myco-
heterotrophic plants obtain C and N through distinct
pathways compared with those used by autotrophic plants
(Gebauer & Meyer, 2003). In addition, the C and N iso-
tope signatures of mycoheterotrophic plants resemble those
of their associated fungi providing further evidence that the
fungi are the sole nutrient source for these plants. To date,
no data on the natural abundances of stable isotopes of
arbuscular mycorrhizal (AM) mycoheterotrophs, or AM
fungi, has been published.

This investigation aimed to test: whether the mycohet-
erotrophs Dictyostega orobanchoides and Voyria aphylla from
a rain forest site in French Guiana are associated with AM
fungi as indicated by root anatomical observations (Imhof,
1999, 2001); whether these AM mycoheterotrophs are dis-
tinguished by their C and N isotope signatures from co-
occurring green plants, similar to what is observed in ECM
and SAP mycoheterotrophs; and whether the putative par-
tial mycoheterotroph Burmannia capitata, which is closely
related to achlorophyllous species (Merckx ez al., 2008), is
also associated with AM fungi and can be distinguished
from co-occuring plants by its C and N isotope signatures.
In addition we test the dependence on fungal carbon of
several green Burmannia species in growth experiments.

Materials and Methods

Sample collection and locations

Specimens of V. aphylla (Jacq.) Pers. (Gentianaceae), D.
orobanchoides (Hook.) Miers (Burmanniaceae) and B.
capitata Mart. (Burmanniaceae) were sampled from two sites
(10 X 10 m) in French Guiana. The sites are located ¢. 50 m
from each other on the granitic inselberg ‘Savane-Roche
Virginie’ at 100 m above sea level. The climate is tropically
moist, with ¢ 3000 mm of annual precipitation (Jabiol
et al., 2009). The first site (04°11742.6”” N 52°0858.5” W)
consists of rain forest on organic soil (pH 3.6) with only few
understorey plants (Rapatea paludosa Aubl. (Rapateaceae),
Miconia argyrophylla DC. (Melastomataceae) and Matayba
inelegans Spruce ex Radlk.(Sapindaceae)). The mycohetero-
trophic species V. aphylla and D. orobanchoides co-occurred
at this site. The second site (04°11746.5” N 52°08’
56.8” W) consists of wet grassland on organic soil (pH 3.8)
that formed in a depression of the inselberg surface and is
surrounded by bare granite rock. In addition to B. capitata
the vegetation consisted of grasses and sedges (including
Rhynchospora sp. (Cyperaceae)), Stylosanthes guianensis
(Aubl) Sw. (Fabaceae), Ipomoea leprieurii D.F. Austin
(Convolvulaceae), Chamaecrista  diphylla (L.) Greene
(Fabaceae) and the carnivorous plant Utricularia hispida
Lam (Lentibulariaceae). Light climate data of both plots
were obtained with a Twinmate L-208 Lightmeter (Sekonic,
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Elmsford, NY, USA) at 20 cm from ground level at three
different points in both plots. The rain forest plot received a
mean of 160 lux, while in the grassland plot a mean of
57 800 lux was measured.

Molecular identification of mycorrhizal fungi

In the field, five specimens of each species (V. aphylla, D.
orobanchoides and B. capitata) were excavated and their
entire root systems were thoroughly cleaned with water to
remove all soil particles. After cleaning the root systems
were separately stored on 2% cetyltrimethylammonium
bromide (CTAB) buffer at —80°C. Genomic DNA was
extracted from all 15 root systems using methods described
by Gardes & Bruns (1993). We carried out PCR amplifica-
tion of partial 18S rDNA following Schechter & Bruns
(2008) with primers NS31 (Simon ez 4l., 1992) and AM1
(Helgason ez al., 1998). All 15 PCR products were cloned
using the pGEM-T Vector System II (Promega). Of each
PCR product eight clones were unidirectionally sequenced
using the plasmid primer T7. The resulting 185 rDNA
sequences were combined with published sequences from
vouchered AM fungi and AM fungi detected in tree seed-
lings from a tropical forest in Panama (Husband ez al,
2002), and aligned with the alignment tool implemented in
GENEIOUS PRO (ver. 4.8.5) (Drummond ez al, 2009).
Identical sequences were defined as a single fungal opera-
tional taxonomic unit (OTU) and duplicate sequences were
removed from the alignment using raxmr (ver. 7.0.4)
(Stamatakis, 2006). Phylogenetic trees were constructed
under maximum likelihood (ML) with raxmL and under
Bayesian inference (BI) with MRBAYES (ver. 3.1.2)
(Ronquist & Huelsenbeck, 2003). Clade support under
ML was calculated using 500 nonparametric bootstrap (BS)
analyses. Bayesian analyses were run for 5 X 10° generations
sampling every 1000th generation. A majority rule consen-
sus tree was calculated on the last 2500 sampled trees to
obtain Bayesian posterior probabilities (BPP). Both ML
and BI analyses were run using the GTR + I' + I model of
molecular evolution as selected using JMODELTEST (ver.
0.1.1) (Posada, 2008). Voucher details and GenBank acces-
sions are listed in the Supporting Information, Table S1.

Stable isotope signatures

Flowering stalks of eight individuals of each mycohetero-
trophic species (D. orobanchoides and V. aphylla) and leaves
of eight individuals of each autotrophic reference species (R.
paludosa, M. argyrophylla and M. inelegans) were collected
at the rain forest plot. At the grassland plot flowering stalks
of eight individuals of B. capitata and leaves of eight or nine
individuals of each reference species (Rhynchospora sp.,
Stylosanthes guianensis, 1. leprieurii, C. diphylla, and U.
hispida) were collected. Samples were dried at 105°C,
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ground to a fine powder and stored in a desiccator. Relative
C and N stable isotope abundances were measured using a
dual element analysis mode with an elemental analyser cou-
pled to a continuous flow isotope ratio mass spectrometer
(Bidartondo ez al., 2004). Isotope abundances are denoted
as O values, which were calculated according to the follow-
ing equation: 8"°C or 8N = (Reample/ Rocandard — 1) X
1000 (%o), where R is the ratio of heavy to light isotope of
the sample or the respective standard). Mean values
(£ 1 SD) of each species per site were calculated and statisti-
cally tested against each other. In cases with normal distri-
bution and homogeneous variances a one-way ANOVA and
post hoc comparison based on Tukey-HSD test was carried
out. Otherwise, a Kruskal-Wallis test followed by a Mann—
Whitney U-test with an adjusted significance level (Holm,
1979) was used. The significance level for all statistic tests
was 0.05. Enrichment factors, €, were calculated according
to €xvp = Oxyy — Ox, with xas 1°C or °N, where 8xyy
is the & value of mycoheterotrophic species at a site and dxg
is the mean of  values of the reference plants at the respec-
tive site. Statistical analyses were performed with SPSS v.

16.0 (SPSS Inc., Chicago, IL, USA).

Growth experiments

We germinated seeds of B. capitata, Burmannia bicolor,
Burmannia disticha and Burmannia coelestis in a peat—sand
mixture at 25-30°C (daytime) to 15-2°C (night) and kept
them continuously wet under bright and humid conditions
in a glasshouse. Seedlings were transplanted separately into
small plastic pots (using the same substrate) after c
4 months and kept under artificial lights in humid condi-
tions. A liquid fertilizer (WUXAL, NPK-fertilizer 8-8-6;
Manna, Ammerbuch-Pfiffigen, Germany) diluted to 0.1%
strength with tap water was applied directly on the rosette
leaves every 2 wk.

Results

We obtained partial 185 rDNA sequences of 14 fungal
OTUs from the root systems of five D. orobanchoides speci-
mens. All OTUs are part of the Glomus Group A clade
(Schiifiler et al., 2001), and except for one OTU they form
a paraphyletic group that consists of the first two diverging
lineages of the included Glomus Group A sequences
(Fig. 1). In one D. orobanchoides specimen an additional
OTU was detected that showed affinities with Glomus
proliferum (AF213462). From the root systems of five speci-
mens of V. aphylla a total of 15 OTUs were obtained. All
OTUs detected from two specimens form a monophyletic
group (100% BPP/84% BS) within Gigasporaceae. In the
remaining three specimens Glomus Group A OTUs were
detected. These OTUs do not form a monophyletic group.
Eighteen OTUs were obtained from five B. capitata
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specimens. All fungal OTUs detected in one B. capitata
individual form a monophyletic group (97% BPP/86%
BS) that is the sister group of all included Acaulosporaceae
sequences (Fig. 1). Fungal OTUs obtained from the other
three specimens belong to Glomus Group A. The majority
of sequences belong to OTUs that are placed in a mono-
phyletic group (without significant clade support) with
affinities to Glomus sinuosum (Gerdemann & Bakshi)
Almeida & Schenck (AJ133706). In two specimens some-
what distant Glomus Group A OTUs were also detected,
each represented by a single sequence only (Fig. 1).

Stable isotope natural abundance analyses show that
D. orobanchoides and V. aphylla are significantly enriched in
C in comparison with autotrophic reference plants
growing at the same site (3C  enrichment factor
€D, orobanchoides = 55 * 0.6 Y00, n = 8 and EV. aphylla = 5.4 +
0.8 %o, 7 =8) (Fig. 2a). No statistically significant 5N
enrichment was detected in the AM mycoheterotrophs we
investigated ("N €p. posunchoides = 1.1 £ 3.1 %o, n = 8 and
&V, aphylla = —1.8 £ 2.5 %0, 7 = 8). The C isotope signatures
of B. capitata from a grassland site do not show statistically
significant enrichment in comparison with all of the refer-
ence plants growing at the same site (Fig. 2b). The mean
8'°N value of B. capitara is statistically not distinguished
from three of the five reference plant species. Four photosyn-
thetic Burmannia species were germinated and grown to
flowering stage in separate pots under normal light condi-
tions, physically separated from other plants (Fig. 3). Plants
flowered and set seed 7-8 months after germination. To our
knowledge this is the first report of cultivation of these plants
ex situ.

Discussion

All five D. orobanchoides specimens were associated with a
narrow range of Glomus Group A OTUs, corroborating
previous findings of highly specialized AM mycohetero-
trophs (Bidartondo ez al, 2002; Franke eral, 20006;
Merckx & Bidartondo, 2008). However, the use of primer
AMI, which has mismatches to Glomus Group B,
Archacosporales and Paraglomerales (Redecker ez al., 2000;
Husband er @/, 2002), may have discriminated against
these groups (but see Douhan ez 4/, 2005; Schechter &
Bruns, 2008). In one specimen of D. orobanchoides a
Glomus Group A OTU was detected that is phylogenetically
distinct from the remaining Glomus Group A fungi found
in this species. Specimens of V. aphylla collected at the same
site were either associated with a clade of Gigasporaceae or
Glomus Group A fungi. It remains to be determined
whether V. aphylla is specialized on multiple fungal lineages
— potentially there may exist different mycorrhizal host races
within V. aphylla (Taylor er al., 2004) — or whether V.
aphylla lacks mycorrhizal specificity. Interestingly, prefer-
ences towards different lineages of mycorrhizal fungi by
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Fig. 1 Phylogenetic relationships of arbuscular mycorrhizal (AM) fungi associated with mycoheterotrophic Dictyostega orobanchoides (grey
squares) and Voyria aphylla (grey triangles) plants, and green Burmannia capitata plants (grey circles). Nodes with posterior probability of 1.0
and maximum likelihood bootstrap support of > 85% are marked with closed circles; nodes with posterior probability of > 0.95 and maximum

likelihood bootstrap support of < 85% are marked with open circles.

mycoheterotrophs seem to exist as specimens of D.
orobanchoides and V. aphylla from the same site exhibited
no overlap in associated fungal OTUs. This result corrobo-
rates morphological observations, which showed structural
differences between the mycorrhizas of both species (Imhof,
1999, 2001, 2009) and suggests that mycoheterotroph—
fungus associations are not based solely on local availability
of fungi.

This is the first report of stable isotope signatures of AM
mycoheterotrophs. While it remains to be demonstrated
whether the AM fungi we detected in the roots of
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mycoheterotrophs are isotopically distinct from their photo-
synthetic host plants, similar to ECM fungi and associated
forest plants (Gebauer & Meyer, 2003; Trudell er 4/,
2003), we found that both mycoheterotrophs are signifi-
cantly enriched in '’C in comparison with autotrophic ref-
erence plants growing at the same site. We did not
investigate the mycorrhizal status of the reference plants but
published observations show that Marayba guianensis forms
arbuscular mycorrhizas (Andrade er 4/, 2000), and suggest
that the two other species are also able to associate with AM
fungi (Walker ez al., 1998; Wang & Qiu, 2006). Thus, in
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Fig. 2 Isotope signatures show that two achlorophyllous mycoheterotrophic arbuscular mycorrhizal (AM) species growing in the dark shade of
a tropical rainforest are enriched in '>C compared with accompanying autotrophic plants, but a related green species, Burmannia capitata,
growing in the full sunlight of a nearby savanna is lacking ">C enrichment. (a) Mean 5'3C and §'°N values (+ 1 SD, n = 8) of two mycohetero-
trophic AM plants (blue symbols) and three autotrophic reference species (green symbols) from the rainforest site. Mycoheterotrophic species
differ significantly in 3"3C from all reference species (P < 0.05), but their respective 3'°N values show no significant differences. (b) Mean §'3C
and 8"°N values (+ 1 SD, n = 8 or 9) in specimens of B. capitata (red symbol) and five autotrophic reference species (green symbols) from the

savanna site. Neither 8"3C nor 8'°N values of B. capitata are consistently distinguished from reference species.

Fig. 3 Green Burmannia species in situ and in cultivation. (a)
Flowering specimen of B. bicolor in cultivation. (b) Detail of reduced
rosulate leaves of B. capitata. (c) Inflorescence of B. capitata at a
savanna site in French Guiana.

parallel to observations in ECM mycoheterotrophs, the '>C
enrichment pattern of mycoheterotrophic plants is most
likely the result of the ability of mycoheterophs to obtain C
compounds from AM fungi. Therefore, this result strongly
implies their dependence on fungal C and confirms their

New Phytologist (2010) 188: 590-596
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mycoheterotrophic status as '*C enrichment is the hallmark
of mycoheterotrophy in plants. Mycoheterotrophs associ-
ated with ectomycorrhizal fungi exhibit very similar '>C
enrichments (*°C egcvimp = 7.2 + 1.6 %o, 7 = 92) (Preiss
& Gebauer, 2008) to the AM associated plants reported
here, while mycoheterotrophs that associate with sapro-
trophic fungi show even greater enrichment ("°C esap.
mu = 10.2 £ 1.0 %o, 7 = 5) (Ogura-Tsujita er al., 2009).
By contrast, '°N enrichment does not occur in the AM my-
coheterotrophs we investigated, while it is a pronounced,
consistent pattern in ECM mycoheterotrophs ("N epcp.
MH = 12.0 £ 1.7 %o, 7 = 92) (Gebauer & Meyer, 2003;
Preiss & Gebauer, 2008) and a detectable, but less extreme,
pattern in mycoheterotrophic plants associated with wood-
decaying SAP fungi (>N esapmpg = 2.9 £ 0.5 %o, 7 =5)
(Ogura-Tsujita et al., 2009). The lack of differentiation in
">N natural abundance between AM mycoheterotrophs and
reference plants suggests that all of these plants tap isotopi-
cally similar N sources, presumably inorganic N com-
pounds obtained through fungal partners, and demon-
strates that two species of AM mycoheterotrophs from
different taxonomic groups are characterized by a different
isotope abundance pattern relative to all previously studied
mycoheterotrophs.

The roots of green B. capitata specimens are also colo-
nized by AM fungi. One individual collected at the grassland
site is associated with a narrow clade of Acaulosporaceae
fungi. The other four specimens are associated with a
relatively narrow range of Glomus Group A fungi. The
stable isotope signatures of B. capitata do not show
enrichment in '°C compared with reference plants growing
at the same site. Similar to our observations in AM
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mycoheterotrophs there are no significant differences in
>N signatures between Burmannia and reference plants
(Fig. 2b). In growth experiments, B. capitata and three
other green Burmannia species were successfully germinated
from seeds and grown up to flowering stage physically sepa-
rated from other green plants (Fig. 3). While these data do
not reject the potential for partial mycoheterotrophy in
these species, they show that partial mycoheterotrophy is
not obligate for germination and development of green
Burmannia species ex situ when light levels are high. It
remains to be tested whether green Burmannia species can
obtain any C from surrounding plants through AM fungi
in low-light conditions as recently shown for two green
orchids associated with ECM fungi (Preiss ez al., 2010) or
during germination.
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