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Stable isotope natural
abundances of fungal hyphae
extracted from the roots of
arbuscular mycorrhizal
mycoheterotrophs and
rhizoctonia-associated orchids

Nutritional modes in fungi: contributions from stable
isotope natural abundances

Since the first discovery of unique carbon (C) and nitrogen (N)
isotope signatures in fungal fruiting bodies (Gebauer & Dietrich,
1993; Gleixner et al., 1993), natural abundances of stable isotopes
have been extensively used to identify the nutritional dynamics of
fungi (Mayor et al., 2009). Assigning ecological roles of fungi is
essential to determine the role of individual taxa in nutrient cycling
and forest ecology. The use of isotope natural abundances in forest
ecosystems has been crucial in distinguishing fungi with two main
modes of life: ectomycorrhizal and saprotrophic fungi (Henn &
Chapela, 2001). Within saprotrophic fungi, isotope natural
abundances further allow the identification of the substrates used
(Kohzu et al., 1999). Dual isotope analyses of the d13C and d15N
values consistently indicate a differentiation in isotopic signatures
between ectomycorrhizal and saprotrophic fungi within and
among ecosystems (Henn & Chapela, 2001; Taylor et al., 2003;
Trudell et al., 2004;Mayor et al., 2009). These signatures have been
shown to reflect the ecophysiology of fungi and demonstrate that
fungi that can utilize organic nitrogen exhibit higher d15N than
those fungi restricted to mineral nitrogen sources (Gebauer &
Taylor, 1999; Lilleskov et al., 2002). Still, the ability to distinguish
fungal nutritional modes has been long restricted to fungi that
produce macroscopic sporocarps, such as mushrooms, due to their
largemass which allows for physicalmeasurements. Thus, formany
fungi, particularly those associated with plant roots that do not
form evident fruiting bodies, isotope natural abundances of fungal
hyphae are scarce.

Fungal groups with missing stable isotope natural
abundance signatures

Besides ectomycorrhizal fungi, isotope natural abundances are
known for sporocarp-forming ericoid (e.g. Hobbie & Hogberg,
2012) and orchid-associated nonrhizoctonia saprotrophic fungi

(e.g. Ogura-Tsujita et al., 2009). Yet, values of d13C and d15N are
poorly known for arbuscularmycorrhizal fungi (but see e.g. Courty
et al., 2011; Suetsugu et al., 2020, for isotope values of fungal
spores), and the orchid-associated fungi known as ‘rhizoctonia’ in
natural conditions. Recently, Klink et al. (2020) obtained the d13C
and d15N of arbuscularmycorrhizal hyphae isolated from roots of a
grass and a legume, inoculated in experimental conditions, thereby
providing an efficient method to extract hyphae from roots. Using
this method with a few modifications, here, we measured the
isotope natural abundances d13C and d15N of naturally occurring
arbuscular mycorrhizal (Fig. 1a–c) and orchid-associated hyphae
(Fig. 1d–f) directly from roots (see Supporting Information
Methods S1). To obtain hyphae of arbuscular mycorrhizal fungi,
we selected two species of fully mycoheterotrophic plants: Thismia
megalongensisC. A.Hunt, G. Steenbee.&V.Merckx and Sciaphila
megastyla Fukuy. & T. Suzuki. Mycoheterotrophs are achloro-
phyllous plants that obtain carbon from their associated fungal
partners (Leake, 1994; Merckx, 2013). Species in the plant genus
Thismiahave been demonstrated to be highly specialized on narrow
lineages of Glomeromycotina fungi (Gomes et al., 2017; Merckx
et al., 2017), while species of Sciaphila tend to associate with awider
phylogenetic diversity within the fungal subphylum (Merckx
et al., 2012; Suetsugu & Okada, 2021). For fungi associated with
orchid roots, we selected two chlorophyllous partially mycoheter-
otrophic orchid species, known to associate with rhizoctonia
symbionts, Orchis militaris L. and Ophrys insectifera L., for which
both isotope natural abundances and Sanger sequencing of the
root-associated fungi have been performed previously (Schweiger
et al., 2018). To be able to compare isotope values across sampling
sites, the d values of C and N stable isotope abundances were
normalized by calculating enrichment factors (e; see Methods S1).

Arbuscular mycorrhizal fungi

The enrichment factors e13C and e15N were significantly different
between the fungal hyphae, mycoheterotrophic and reference
plants for both T.megalongensis and S.megastyla (Fig. 1g; Table 1).
For both species, e13C was not distinguishable between the
mycoheterotrophs and respective fungal hyphae, while e15N was
significantly different between mycoheterotrophs and fungi for S.
megastyla, and marginally significant for T. megalongensis (Fig. 1;
Table 1). In relation to the reference plants, the fungi extracted
frombothmycoheterotrophic species were significantly enriched in
e13C, and fungi from S. megastyla were marginally significantly
depleted in e15N. Similarly, both mycoheterotrophic plants were
enriched in e13C although only significantly for T. megalongensis.
This indicates that the e13C of fungal hyphae drives the 13C
enrichment of arbuscular mycorrhizal fully mycoheterotrophic
plants, and there seems to be a difference in nitrogen source
between T. megalongensis and S. megastyla-associated fungi. Each
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Fig. 1 Root-associated hyphae ofThismiamegalongensis (a–c) andOrchismilitaris (d–f).Weobserved coils (a, b) andpelotons (d, e) released fromplant cells,
and hyphae present in the pellets (c, f) recovered following the hyphal extraction protocol. Mean enrichment factors e13C and e15N� SD of the two fully
mycoheterotrophic species associatedwitharbuscularmycorrhizal fungi–Sciaphilamegastyla fromJapanandT.megalongensis fromAustralia (g), and the two
rhizoctonia-associatedorchids –Ophrys insectifera andO.militaris, both collected inGermany (h) are depicted. Fungal hyphae (circles;n = 5per plant species)
and target plants (squares;n = 5per plant species) are represented. Thegreen rectangle represents theSDof the referenceplants (n = 3per plant species, except
for S.megastylawhere only two plant species were available). Bars, 20 lm.
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mycoheterotrophic plant species is associated with nonoverlapping
fungal clades within the Glomeromycotina (Fig. 2a). Sciaphila
megastyla harboured fungi belonging to the genera Dominikia,
Kamienskia and two unidentified amplicon sequence variants,
while the fungi in the roots ofT.megalongensis belonged exclusively
to the genus Rhizophagus, supporting a specialization on fungal
interactions of different degrees between these plant lineages
(Gomes et al., 2020; Suetsugu & Okada, 2021).

Rhizoctonia fungi associated with orchids

The enrichment factors e13C and e15N were generally significantly
different between fungal hyphae, orchids and reference plants for
both O. militaris and O. insectifera (Fig. 1h; Table 1). Both e13C
and e15N were significantly different between orchid leaves and
hyphae for O. militaris, while for O. insectifera, only e13C was
significantly higher in the hyphae in comparison with the plant
tissue (Fig. 1; Table 1). In both orchid species, fungal hyphae were
significantly enriched in e13C, and in O. insectifera fungi were also
enriched in e15N in relation to the reference plants. The fungal
hyphae extracted from the two orchid species were only weakly
enriched in e13C in comparison with reference plants and far less
enriched in 13C than tissues of ectomycorrhizal fungi reported
previously (Mayor et al., 2009). This observation is consistent with
previous findings of absence of 13C enrichment in fully
mycoheterotrophic protocorms of O. militaris, which were also
associated with rhizoctonia fungi by Schweiger et al. (2018).
Interestingly, in that study, protocorms of O. insectifera were
somewhat enriched in 13C.

We detected most sequenced reads obtained from root pieces to
belong to the fungal orderHelotiales. Fungi in the genus Ilyonectria
were also detected, concordant with previous observations of these
orchid species collected at the same site (Schweiger et al., 2018).
Both Helotiales and Ilyonectria were present in the roots of both
orchid species and, as far as we know, have an unknown ecological
function. Helotiales have also been detected in the species studied
in Zahn et al. (2023). In addition, we detected rhizoctonia fungi

belonging to the families Ceratobasidiaceae, Serendipitaceae and
Thelephoraceae in the roots of O. insectifera, and to the families
Ceratobasidiaceae and Thelephoraceae in the roots of O. militaris
(Fig. 2b). One orchid individual of O. militaris presented a high
relative abundance of Ceratobasidiaceae, and another of Thele-
phoraceae in their roots.We cannot exclude that Tulasnellaceae are
underrepresented in our data influenced by the primers used (Vogt-
Schilb et al., 2020), as these taxa have been shown to be present in
O. insectifera roots (Schweiger et al., 2019). Besides rhizoctonia
fungi, we also found fungi known to form ectomycorrhizas
(according to FUNGALTRAITS; P~olme et al., 2020), such as Sebacina
(Sebacinaceae), Amphinema (Atheliaceae), Hebeloma and Hyme-
nogaster (Hymenogastraceae) in two O. insectifera individuals. In
terms of isotope signatures, no apparent differences were observed
between individual samples where rhizoctonia fungi are present
and thosewhereHelotiales are predominant, andneither in relation
to the plant material between specimens. Yet, a larger sample size
would be needed to properly evaluate this.

Fungal hyphae of arbuscular mycorrhizal and
orchid-associated fungi are depleted in 15N

While e13C values of hyphae are within the same range as found for
the respective plant tissues of the AMmycoheterotrophic plants, as
expected, e15N values of the hyphae were considerably lower than
e15N of the respective plant tissues. This relative 15N depletion of
hyphae in comparisonwith plant tissuewas also observed for the two
orchid species. One could wonder whether this depletion is either
due to potential loss of hyphal content during extraction considering
that nitrogen in chitin is depleted in 15N by c. 10& in comparison
with fungal protein (Taylor et al., 1997; Hobbie &Hogberg, 2012)
or due to a selective transport of 15N-enriched protein-derived
compounds from fungal to plant tissues. Similarly, Zahn et al.
(2023) showan equal depletion in 15Nof hyphae extracted from two
rhizoctonia-associated orchid species and for identically extracted
hyphae from ectomycorrhiza-associated orchid roots an even larger
depletion in 15N in relation to orchid leaves.

Table 1 13C and 15N enrichment factor differences between types of material: target plants (plant), fungal hyphae (hyphae) and reference plants (Ref),
calculated using the Dunn’s test.

Fungal type Plant species Isotope

Ref-plant Ref-hyphae Plant-hyphae

Z P Z P Z P

AMF Thismia megalongensis e13C 2.68 0.007 3.89 < 0.001 0.99 0.162
e15N 2.91 0.005 0.86 0.195 �1.68 0.094

Sciaphila megastyla e13C 1.08 0.140 2.53 0.017 1.22 0.223
e15N 2.64 0.008 �1.58 0.057 �3.55 < 0.001

Rhizoctonia Orchis militaris e13C �1.55 0.060 2.21 0.027 3.07 0.003
e15N 3.53 < 0.001 0.95 0.172 �2.11 0.035

Ophrys insectifera e13C �1.18 0.118 2.63 0.001 3.12 0.003
e15N 3.93 < 0.001 2.56 0.010 �1.12 0.132

Kruskal–Wallis tests indicated significant differences between tissue of target plant, fungal hyphae and reference plants (T.megalongensis: e13C: v2 = 18.28,
df = 2,P < 0.001; e15N:v2 = 8.50,P = 0.010; S.megastyla: e13C:v2 = 6.51,P = 0.040; e15N:v2 = 13.07,P < 0.001;O.militaris: e13C:v2 = 9.61,P = 0.010; e15N:
v2 = 12.44, P < 0.001;O. insectifera: e13C: v2 = 10.55, P = 0.010; e15N: v2 = 18.10, P < 0.001). Significant P-values (a < 0.05) are highlighted in bold. Target
plants and fungal hyphae are represented by five individual samples. Reference plants are represented by three plant species per target plant, except for S.
megastylawhere only two plant species were available on the sampling location (Supporting Information Table S1 for details). P-values were adjusted using
Bonferroni–Holm corrections for multiple comparisons. AMF, arbuscular mycorrhizal fungi.
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In addition, the N concentrations of the extracted fungal
hyphae of both T.megalongensis (2.25� 0.53 mmol gdw

�1) and S.
megastyla (2.18� 0.42 mmol gdw

�1) were not distinguishable

from those of the mycoheterotrophic plant tissues (1.95� 0.28
and 1.88� 0.45 mmol gdw

�1 respectively), in congruence with
Klink et al. (2020), while reference plants presented lower N
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Fig. 2 Fungal diversity detected in the roots of individual plants of (a) the arbuscular mycorrhizal mycoheterotrophic plants: Sciaphila megastyla (n = 5)
and Thismia megalongensis (n = 3), represented with the phylogenetic relationship between the fungi, where open circles indicate bootstrap support
values> 90%formajor clades; and (b) theorchid species:Ophrys insectifera (n = 5)andO.militaris (n = 4), representedper fungal family (left panel) and fungal
functional group (right panel).
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concentrations (1.36� 0.44 and 1.17� 0.19 mmol gdw
�1 for

each set respectively) in relation to both fungal hyphae (T.
megalongensis: Z = 2.772, P = 0.008, and S. megastyla: Z = 3.231,
P = 0.002) and mycoheterotrophic plants (T. megalongensis:
Z = 2.140, P = 0.032 and S. megastyla: Z = 2.710, P = 0.007).
The N concentrations between fungal hyphae (1.19� 0.23
mmol gdw

�1 for O. militaris and 1.64� 0.17 mmol gdw
�1 for O.

insectifera), orchids (1.74� 0.07 and 2.19� 0.17 mmol gdw
�1

respectively) and reference plants (1.62� 0.76 and 1.79� 0.79
mmol gdw

�1 for each set respectively) were not statistically different
for both orchid species. In Zahn et al. (2023), the fungal
hyphae extracted from rhizoctonia-associated orchids were also
nondistinguishable from reference plants, while for one species
(Anoectochilus sandvicensis), fungal hyphae had significantly lower
N concentration than the orchid leaves.

Isotopic signatures and fungal identification

The arbuscular mycorrhizal diversity in the roots of the
mycoheterotrophic plant species did not overlap between T.
megalongensis and S.megastyla, and the fungal enrichment in e15N
was variable between plant species. The association with different
fungal genera, in addition to local soil nitrogen availability, could
have contributed to the differences in e15N between species.
Further studies are required to assess the source of variation and
generality of isotope values among arbuscular mycorrhizal fungi.

In the orchid-associated fungi, the fungal composition was
variable between individual specimens, yet without reflection on
the isotopic values of the extracted hyphae. The absence of
differences in fungal isotopic values may indicate an artefact on the
integration of both techniques. The apparent dominance of specific
fungal groups in the roots could reflect spatial segregation of fungi,
as a small piece of rootwas used for sequencing, while for the hyphal
extraction, the remainder of the root system was used. Further-
more, ectomycorrhizal fungi were detected in two individuals ofO.
insectifera, while rhizoctonia fungi were detected in three
individuals. The presence of ectomycorrhizal fungi in the roots of
some rhizoctonia-associated orchids is commonly reported in the
literature (e.g. Jacquemyn et al., 2021), yet it remains to be
demonstrated whether these fungi indeed establish a mycorrhizal
symbiosis with the orchid, in a sporadic or constant way during the
orchid development, or represent endophytic fungi as it has been
shown in typical nonmycorrhizal hosts (Schneider-Maunoury
et al., 2020). Nevertheless, we cannot exclude those ectomycor-
rhizal fungi found in the roots ofO. insectifera to be responsible for
the slight enrichment in 13C and 15N of the hyphae extracted from
O. insectifera in comparison with O. militaris. However, these
isotopic differences are rather small and are not seen in the leaves of
these two species, that is there appears to be no major plant matter
gain from these ectomycorrhizal fungi. In addition, our results
reveal that sporadic appearance of ectomycorrhizal fungi in orchids
hitherto classified as rhizoctonia-associated does obviously not
affect their isotope signature. Zahn et al. (2023) present further
isotope signatures and diversity of root-associated fungi of orchids
associated with ectomycorrhizal fungi.

The assessment of fungal diversity often comprises a qualitative
snapshot of a fraction of the root system, and although different
fungal species or guilds may contribute differently to nutrient
uptake at multiple occasions, we still lack a solid framework to
quantify the contribution of each of these fungi to fungal–plant
matter exchange. By contrast, isotopic abundance data are a
temporal and spatial integrator (Dawson et al., 2002) over all
fungal–plant matter exchange processes without providing direct
information about the role of the individual potential fungal
players, which is less sensitive to occasional changes in carbon or
nitrogen supply.

Conclusion

To the best of our knowledge, we reveal for the first-time
isotope signatures of hyphae of arbuscular mycorrhizal fungi in
mycoheterotrophic plants and, together with Zahn et al. (2023),
of fungal pelotons present in chlorophyllous orchids in relation
to the plant tissues from their roots. Arbuscular mycorrhizal
hyphae have isotope signatures that allow a significant
distinction in e13C abundance in relation to reference plants.
Subsequently, hyphae resemble the e13C of the mycohetero-
trophic plants, suggesting that these mycoheterotrophs gain
carbon from the detected fungi. For the orchid-associated fungi,
hyphae are only slightly enriched in 13C in relation to both
reference and orchid plants, remaining unclear whether these
orchids gain C from the associated fungi based on these results.
However, the significant enrichment in 15N of hyphae or orchid
leaves indirectly indicates a partial mycoheterotrophic matter
gain by these orchids.

Our study appeals to a careful interpretation when integrating
root-associated fungal diversity and isotope natural abundances
considering their inherent ecological significance as each method
contains fundamentally different categories of information. Still,
the combination of both approaches is greatly valuable and
contributes to understand complex patterns in plant–fungal
interactions, for example considering spatial and temporal fungal
colonization in roots, and both advantages and caveats of each
technique should be considered in the subsequent interpretation of
ecological patterns. Finally, including the isotopic signatures of
root-associated fungi in the context of mycorrhizal symbiosis
contributes to a direct observation of fungal participation to
organic matter gain of the plant.

Acknowledgements

The authors thankChristineTiroch,CarinaBauer andPetra Eckert
(BayCEER – Laboratory of Isotope Biogeochemistry) for skilful
technical assistance with stable isotope abundance measurements,
and also Johanna Pausch for allowing to use her laboratory for
fungal extractions. Financial support was provided by an EMBO
short-term fellowship to SIFG. The authors acknowledge the
authorization by theRegierung vonOberfranken to collect samples
of protected orchid species. Open Access funding enabled and
organized by Projekt DEAL.

New Phytologist (2023) 239: 1166–1172
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

LettersForum

New
Phytologist1170

 14698137, 2023, 4, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18990 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [16/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



Competing interests

None declared.

Author contributions

SIFG and GG designed the research and collected the orchid
material. PG and SK guided the fungal hyphal extraction by SIFG.
CH and KS collected the arbuscular mycorrhizal plant material.
GG supervised the isotope abundance analyses. SIFG performed
the molecular analysis, analysed the data, and together with GG
wrote the manuscript. All authors commented and approved the
final version of the manuscript.

ORCID

Gerhard Gebauer https://orcid.org/0000-0003-1577-7501
Sofia I. F. Gomes https://orcid.org/0000-0001-7218-1531
Kenji Suetsugu https://orcid.org/0000-0002-7943-4164

Data availability

Isotope abundance data are available in the Supporting Informa-
tion. Raw sequencing data are available in GenBank/SRA under
project number PRJNA966927.

Sofia I. F. Gomes1,6 , Philipp Giesemann1, Saskia Klink2,

ColinHunt3,Kenji Suetsugu4,5 andGerhardGebauer1*

1Laboratory of Isotope Biogeochemistry, Bayreuth Center of
Ecology and Environmental Research (BayCEER), University of

Bayreuth, Bayreuth 95440, Germany;
2Department of Agroecology, Bayreuth Center of Ecology and
Environmental Research (BayCEER), University of Bayreuth,

Universit€atsstraße 30, Bayreuth 95440, Germany;
3Greenlife Industry Australia, PO Box 68,

Kiama, NSW 2533, Australia;
4Department of Biology, Graduate School of Science, Kobe
University, 1-1 Rokkodai, Nada-ku, Kobe 657-8501, Japan;

5The Institute for Advanced Research, Kobe University,
1-1 Rokkodai, Nada-ku, Kobe 657-8501, Japan;

6Present address: Institute of Biology, Above-belowground
Interactions Group, Leiden University, PO Box 9505, 2300 RA,

Leiden, the Netherlands
(*Author for correspondence: email gerhard.gebauer@uni-

bayreuth.de)

References

Courty P-E, Walder F, Boller T, Ineichen K,Wiemken A, Rousteau A, Selosse M-A.

2011.Carbonandnitrogenmetabolisminmycorrhizalnetworksandmycoheterotrophic

plants of tropical forests: a stable isotope analysis. Plant Physiology 156: 952–961.
Dawson T, Mambelli S, Plamboeck A, Templer P, Tu K. 2002. Stable isotopes in

plant ecology. Annual Review of Ecology and Systematics 33: 507–559.
GebauerG,DietrichP. 1993.Nitrogen isotope ratios indifferent compartments of a

mixed stand of spruce, larch and beech trees and of understorey vegetation

including fungi. Isotopenpraxis Environmental and Health Studies 29: 35–44.

Gebauer G, Taylor AFS. 1999. 15N natural abundance in fruit bodies of different

functional groups of fungi in relation to substrate utilization.NewPhytologist142:
93–101.

Gleixner G, Danier HJ,Werner RA, Schmidt HL. 1993.Correlations between the
13C content of primary and secondary plant products in different cell

compartments and that in decomposing basidiomycetes. Plant Physiology 102:
1287–1290.

Gomes SIF, Aguirre-Guti�errez J, BidartondoMI,MerckxVSFT. 2017.Arbuscular

mycorrhizal interactions ofmycoheterotrophicThismia aremore specialized than

in autotrophic plants. New Phytologist 213: 1418–1427.
Gomes SIF, Merckx VSFT, Kehl J, Gebauer G. 2020.Mycoheterotrophic plants

living on arbuscular mycorrhizal fungi are generally enriched in 13C, 15N and 2H

isotopes. Journal of Ecology 108: 1250–1261.
HennMR,Chapela IH. 2001.Ecophysiology of 13C and 15N isotopic fractionation

in forest fungi and the roots of the sapro-trophic-mycorrhizal divide. Oecologia
128: 480–487.

Hobbie EA, Hogberg P. 2012.Nitrogen isotopes link mycorrhizal fungi and plants

to nitrogen dynamics. New Phytologist 196: 367–382.
Jacquemyn H, Brys R, Waud M, Evans A, Figura T, Selosse MA. 2021.

Mycorrhizal communities and isotope signatures in two partially

mycoheterotrophic orchids. Frontiers in Plant Science 12: 1–9.
Klink S, Giesemann P, Hubmann T, Pausch J. 2020. Stable C and N isotope

natural abundances of intraradical hyphae of arbuscular mycorrhizal fungi.

Mycorrhiza 30: 773–780.
KohzuA, Yoshioka T, AndoT, TakahashiM, KobaK,Wada E. 1999.Natural 13C

and 15N abundance of field-collected fungi and their ecological implications.New
Phytologist 144: 323–330.

Leake JR. 1994. The biology of myco-heterotrophic (‘saprophytic’) plants. New
Phytologist 127: 171–216.

Lilleskov EA, Hobbie EA, Fahey TJ. 2002. Ectomycorrhizal fungal taxa

differing in response to nitrogen deposition also differ in pure culture organic

nitrogen use and natural abundance of nitrogen isotopes. New Phytologist 154:
219–231.

Mayor JR, Schuur EAG, Henkel TW. 2009. Elucidating the nutritional dynamics

of fungi using stable isotopes. Ecology Letters 12: 171–183.
Merckx VSFT. 2013.Mycoheterotrophy: the biology of plants living on fungi. New

York, NY, USA: Springer.

Merckx VSFT, Gomes SIF, Wapstra M, Hunt C, Steenbeeke G, Mennes CB,

Walsh N, Smissen R, Hsieh TH, Smets EF et al. 2017. The biogeographical
history of the interaction between mycoheterotrophic Thismia (Thismiaceae)

plants andmycorrhizal Rhizophagus (Glomeraceae) fungi. Journal of Biogeography
44: 1869–1879.

Merckx VSFT, Janssens SB,HynsonNA, Specht CD, Bruns TD, Smets EF. 2012.

Mycoheterotrophic interactions are not limited to a narrow phylogenetic range of

arbuscular mycorrhizal fungi.Molecular Ecology 21: 1524–1532.
Ogura-Tsujita Y, GebauerG,HashimotoT,UmataH, YukawaT. 2009.Evidence

for novel and specialized mycorrhizal parasitism: the orchid Gastrodia confusa
gains carbon from saprotrophic Mycena. Proceedings of the Royal Society B:
Biological Sciences 276: 761–767.

P~olme S, Abarenkov K, Henrik Nilsson R, Lindahl BD, Clemmensen KE,

Kauserud H, Nguyen N, Kjøller R, Bates ST, Baldrian P et al. 2020.
FUNGALTRAITS: a user-friendly traits database of fungi and fungus-like

stramenopiles. Fungal Diversity 105: 1–16.
Schneider-Maunoury L,DeveauA,MorenoM,Todesco F, Belmondo S,MuratC,

Courty PE, Jazkalski M, Selosse MA. 2020. Two ectomycorrhizal truffles, Tuber
melanosporum and T. aestivum, endophytically colonise roots of non-
ectomycorrhizal plants in natural environments. New Phytologist 225: 2542–
2556.

Schweiger JMI, Bidartondo MI, Gebauer G. 2018. Stable isotope signatures of

underground seedlings reveal the organic matter gained by adult orchids from

mycorrhizal fungi. Functional Ecology 32: 870–881.
Schweiger JMI, Kemnade C, Bidartondo MI, Gebauer G. 2019. Light limitation

and partial mycoheterotrophy in rhizoctonia-associated orchids. Oecologia 189:
375–383.

SuetsuguK,Matsubayashi J, OgawaNO,Murata S, Sato R, TomimatsuH. 2020.

Isotopic evidence of arbuscular mycorrhizal cheating in a grassland gentian

species. Oecologia 192: 929–937.

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

New Phytologist (2023) 239: 1166–1172
www.newphytologist.com

New
Phytologist Letters Forum 1171

 14698137, 2023, 4, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18990 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [16/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense

https://orcid.org/0000-0003-1577-7501
https://orcid.org/0000-0003-1577-7501
https://orcid.org/0000-0003-1577-7501
https://orcid.org/0000-0001-7218-1531
https://orcid.org/0000-0001-7218-1531
https://orcid.org/0000-0001-7218-1531
https://orcid.org/0000-0002-7943-4164
https://orcid.org/0000-0002-7943-4164
https://orcid.org/0000-0002-7943-4164
info:refseq/PRJNA966927
https://orcid.org/0000-0001-7218-1531
https://orcid.org/0000-0001-7218-1531
https://orcid.org/0000-0001-7218-1531
https://orcid.org/0000-0002-7943-4164
https://orcid.org/0000-0002-7943-4164
https://orcid.org/0000-0002-7943-4164
https://orcid.org/0000-0003-1577-7501
https://orcid.org/0000-0003-1577-7501
https://orcid.org/0000-0003-1577-7501
mailto:gerhard.gebauer@uni-bayreuth.de
mailto:gerhard.gebauer@uni-bayreuth.de


Suetsugu K, Okada H. 2021. Symbiotic germination and development of fully

mycoheterotrophic plants convergently targeting similar Glomeraceae taxa.

Environmental Microbiology 23: 6328–6343.
Taylor AFS, Fransson PM, H€ogberg P, H€ogberg MN, Plamboeck AH. 2003.

Species level patterns in 13C and 15N abundance of ectomycorrhizal and

saprotrophic fungal sporocarps. New Phytologist 159: 757–774.
Taylor AFS, Hogbom L, Hogberg M, Lyon AJE, Nasholm T, Hogberg P. 1997.

Natural 15N abundance in fruit bodies of ectomycorrhizal fungi from boreal

forests. New Phytologist 136: 713–720.
Trudell SA, Rygiewicz PT, Edmonds RL. 2004. Patterns of nitrogen and carbon

stable isotope ratios in macrofungi, plants and soils in two old-growth conifer

forests. New Phytologist 164: 317–335.
Vogt-Schilb H, T�e�sitelov�a T, Kotil�ınek M, Such�a�cek P, Kohout P, Jers�akov�a J.

2020. Altered rhizoctonia assemblages in grasslands on ex-arable land support

germination ofmycorrhizal generalist, not specialist orchids.NewPhytologist227:
1200–1212.

Zahn FE, Soll E, Chapin TK, Wang D, Gomes SIF, Gebauer G. 2023. Novel

insights into orchid mycorrhiza functioning from stable isotope signatures of

fungal pelotons. New Phytologist 239: 1449–1463.

Supporting Information

Additional Supporting Information may be found online in the
Supporting Information section at the end of the article.

Methods S1Methods used in this paper.

Table S1 Isotope raw data and identity of reference plants at genus
level.

Please note:Wiley is not responsible for the content or functionality
of any Supporting Information supplied by the authors. Any
queries (other thanmissingmaterial) should be directed to theNew
Phytologist Central Office.

Key words: arbuscular mycorrhizal fungi, carbon, DNA sequencing, ITS2,

mycoheterotrophy, nitrogen, rhizoctonia.

Received, 20 December 2022; accepted, 29 April 2023.

New Phytologist (2023) 239: 1166–1172
www.newphytologist.com

� 2023 The Authors

New Phytologist� 2023 New Phytologist Foundation

LettersForum

New
Phytologist1172

 14698137, 2023, 4, D
ow

nloaded from
 https://nph.onlinelibrary.w

iley.com
/doi/10.1111/nph.18990 by U

niversitaet B
ayreuth, W

iley O
nline L

ibrary on [16/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense


	 Nutritional modes in fungi: contributions from stable isotope natural abundances
	 Fungal groups with missing stable isotope natural abundance signatures
	 Arbuscular mycorrhizal fungi
	nph18990-fig-0001

	 Rhizoctonia fungi associated with orchids
	 Fungal hyphae of arbuscular mycorrhizal and orchid-associated fungi are depleted in 15N
	nph18990-fig-0002

	 Isotopic signatures and fungal identification
	 Conclusion
	 Acknowledgements
	 Competing interests
	 Author contributions
	 Isotope abundance data are available in the Supporting Information. Raw sequencing data are available in GenBank/SRA under project number PRJNA966927.

	 References
	nph18990-bib-0001
	nph18990-bib-0002
	nph18990-bib-0003
	nph18990-bib-0004
	nph18990-bib-0005
	nph18990-bib-0006
	nph18990-bib-0007
	nph18990-bib-0008
	nph18990-bib-0009
	nph18990-bib-0010
	nph18990-bib-0011
	nph18990-bib-0012
	nph18990-bib-0013
	nph18990-bib-0014
	nph18990-bib-0015
	nph18990-bib-0016
	nph18990-bib-0017
	nph18990-bib-0018
	nph18990-bib-0019
	nph18990-bib-0020
	nph18990-bib-0021
	nph18990-bib-0022
	nph18990-bib-0023
	nph18990-bib-0024
	nph18990-bib-0025
	nph18990-bib-0026
	nph18990-bib-0027
	nph18990-bib-0028
	nph18990-bib-0029
	nph18990-bib-0030

	nph18990-supitem

