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PREMISE OF THE STUDY: The evolution of full mycoheterotrophy is one of the
most interesting topics within plant evolution. The leafless orchid Cymbidium
macrorhizon is often assumed to be fully mycoheterotrophic even though it has a green
stem and fruit capsule. Here, we assessed the trophic status of this species by analyzing
the chlorophyll content and the natural '3C and >N abundance in the sprouting and the
fruiting season.

METHODS: The chlorophyll content was measured in five sprouting and five fruiting
individuals of C. macrorhizon that were co-occurring. In addition, their '*C and '°N
i1sotopic signatures were compared with those of neighboring autotrophic and partially
mycoheterotrophic reference plants.

KEY RESULTS: Fruiting individuals of C. macrorhizon were found to contain a
remarkable amount of chlorophyll compared to their sprouting counterparts. In addition,
the natural abundance of '3C in the tissues of the fruiting plants was slightly depleted
relative to the sprouting ones. Linear two-source mixing model analysis revealed that
fruiting C. macrorhizon plants obtained approximately 73.7 + 2.0% of their total carbon
from their mycorrhizal fungi when the sprouting individuals were used as the 100%
carbon gain standard.

CONCLUSIONS: Our results indicated that despite its leafless status, fruiting plants of
C. macrorhizon were capable of fixing significant quantities of carbon. Considering the
autotrophic carbon gain increases during the fruiting season, its photosynthetic ability
may contribute to fruit and seed production. These results indicate that C. macrorhizon
should, therefore, be considered a partially mycoheterotrophic species rather than fully

mycoheterotrophic, at least during the fruiting stage.
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The evolution of mycoheterotrophs, which have lost their photosynthetic ability, is one
of the most interesting and challenging topics in the study of plant evolution (Merckx,
2013). Full mycoheterotrophy has been observed in a wide range of plant taxa and is
estimated to have evolved independently ca. 50 times (Merckx, 2013). Among these
lineages, full mycoheterotrophy is surprisingly common among the Orchidaceae, with
greater than 1% of all orchid species having completely lost the ability to
photosynthesize (Bidartondo, 2005).

The dust-like seeds of orchids are the smallest seeds among angiosperms and are
typically wind-dispersed (but also see Suetsugu et al., 2015; Suetsugu, 2018). Orchid
seeds lack endosperm and contain only marginal C reserves within their embryos.
(Dearnaley et al., 2016). Consequently, the early seedling (protocorm) stage of orchids is
dependent on nutrient resources from fungal partners, a nutritional strategy termed initial
mycoheterotrophy (Merckx, 2013; Dearnaley et al., 2016). This mycoheterotrophic stage
has predisposed orchids to the evolution of life-long mycoheterotrophy, which is
achieved by retaining the achlorophyllous status throughout the entire life cycle (Leake,
1994). In addition, some chlorophyllous orchids utilize C resources from their
mycorrhizal fungi during their adult stage, a nutritional strategy known as mixotrophy or
partial mycoheterotrophy (Gebauer and Meyer, 2003; Selosse et al., 2004; Selosse and
Roy, 2009; Hynson et al., 2013; Suetsugu et al., 2017). This strategy is used by various
ericaceous species that, interestingly, also produce dust seeds (reviewed by Selosse and

Roy, 2009; Hynson et al., 2013).



The natural abundance of stable isotopes (e.g., *C and '°N) provides a useful
measure for assessing the degree of mycoheterotrophy in orchidaceous and ericaceous
species (Gebauer and Meyer, 2003). Since ectomycorrhizal fungal, which are the main
symbionts of orchidaceous and ericaceous mycoheterotrophs, are enriched in the heavy
stable isotopes of C and N, fully mycoheterotrophic species end up possessing isotopic
signatures that are similar to those of their fungal partners (Gebauer and Meyer, 2003;
Trudell et al., 2003, but also see Lee et al., 2015). Meanwhile, partially
mycoheterotrophic species exhibit intermediate isotopic signatures between those of
autotrophic and fully mycoheterotrophic species (reviewed by Hynson et al., 2013). The
analysis of isotopic signatures was refined by Gebauer and Meyer (2003), who used a
linear two-source mixing model that assumes a linear correlation between the nutrient
gain from fungi and the enrichment of '*C to define the heterotrophic levels of
autotrophic (0% organic nutrient gain from fungi) and fully mycoheterotrophic (100%
nutrient gain from fungi) plants.

There has been some debate in the botanical literature regarding the
photosynthetic capacity of leafless orchids, such as Corallorhiza trifida, that retain
chlorophyllous stems (Girlanda et al., 2006; Zimmer et al., 2008; Cameron et al., 2009).
In a recent study utilizing '*C labeling, Cameron et al. (2009) found that C. trifida
assimilated almost no C and possessed C levels that were similar to those of the fully
mycoheterotrophic species Neottia nidus-avis. These results deviated from those of an
older study (Montfort and Kiisters, 1940), which reported that the CO» assimilation of C.
trifida inflorescences was 2.2 times higher than the level of respiration. In contrast,
Zimmer et al. (2008) found that the natural abundance of '3C in the tissues of C. trifida

was slightly depleted when compared to that of the neighboring full mycoheterotrophs N.



nidus-avis and Monotropa hypopitys. The study reported that C. trifida obtained only ca.
77 + 10% of its C from its fungal partners, according to the two-source mixing model,
although this could be overestimated if the plant’s respiration CO: is sufficient to
perform photosynthesis, owing to low C fixation; and consequently, the 1*C utilized by C.
trifida for photosynthesis could be primarily obtained from C. trifida itself, rather than
from the atmosphere. In addition, exchange measurements only provide a snapshot of
photosynthetic activity, whereas the abundance of stable isotopes provides the insight
into the origin of C resources over the entire life history of a plant or plant organ (Liebel
et al., 2010). These differences probably explain the conflicting results reported for C.
trifida, for which the isotopic abundance data suggest that the species is partially
mycoheterotrophic (Zimmer et al., 2008), whereas results from exchange measurements
were inconclusive regarding whether the species fixes CO2 (Montfort and Kiisters, 1940;
Cameron et al., 2009).

However, even though measuring the abundance of stable natural isotopes can be
a powerful method for assessing the nutritional mode of orchid species (Gebauer and
Meyer, 2003), the C and N isotopic spectra of mycoheterotrophic plants often indicate
interspecific differences in their C and N stable isotope profiles (Hynson et al., 2016;
Schiebold et al., 2017). For example, there is evidence that the strategies for the use of C
substrates by fungal symbionts can greatly influence the °C profiles of fully
mycoheterotrophic plants, and the >N enrichment of ectomycorrhizal fungi can also
vary greatly (Taylor et al., 2003; Hobbie et al., 2005; Mayor et al., 2009), owing to
differences in the soil nutrient mining strategies and catabolic activities (Gebauer and
Taylor, 1999; Emmerton et al., 2001; Pritsch and Garbaye, 2011). In addition,

physiological differences can also influence how different plant and fungal species



interact during the exchange of C and N, thereby resulting in interspecific variation in
13C and "N enrichment (Hynson et al., 2016). Consequently, the photosynthesis-derived
C of partially mycoheterotrophic species can be overestimated when the °C and °N
signatures associated with their fungal symbionts are more depleted than those of fully
mycoheterotrophic plants (and vice versa). Therefore, stable isotopic signature data
should be interpreted cautiously, especially when the contribution of mycoheterotrophy
is predicted to be very high or low since the relative contributions of photosynthesis and
mycoheterotrophy can be masked by differences in fungal associations and plant
physiology. Accordingly, it will be difficult to precisely assess the trophic status of
leafless orchid species that retain green stems and capsules and, thus, some potential for
photosynthesis.

The leafless orchid Cymbidium macrorhizon, which possesses chlorophyllous
stems, could function as an ideal model to precisely determine the nutritional mode of
leafless species that retain chlorophyllous stems. It is ideal because chlorophyll is
strongly induced when it fruits (Fig. 1) and its flowering period is bimodal, with both
sprouting and fruiting individuals co-occurring within the same habitat. The present
study was, therefore, initiated to investigate the trophic status of both sprouting and
fruiting C. macrorhizon specimens by analyzing their '*C and N isotopic signatures

and chlorophyll content.

<h1>MATERIALS AND METHODS
<h2>Study species and sampling locality
Cymbidium macrorhizon is a leafless orchid that occurs in dense evergreen or deciduous

broadleaf forests and mixed pine forests in Japan. The species produces 2—8 nectarless



flowers on a lax inflorescence that grows to ca. 10-30 cm tall (Fig. 1). Although C.
macrorhizon is often assumed to be fully mycoheterotrophic (Motomura et al., 2010;
Ogura-Tsuyjita et al., 2012), the species also appears to retain chlorophyll and
photosynthetic ability in its stems and ovaries, especially at the fruiting stage (Suetsugu,
2015; K. Kobayashi, Osaka Prefecture University and K. Suetsugu, unpublished data).

A field study was conducted in Tsukuba City, Ibaraki Prefecture (36°00'N,
140°08'E) ,a warm, temperate area in Central Japan. The investigated C. macrorhizon
population contained ca. 100 mature individuals. All samples were collected on 3
September 2016. At the study site, peak flowering occurs in June and October. Therefore,

both sprouting and fruiting individuals could be sampled on 3 September 2016.

<h2>Chlorophyll content

The tips (ca. 3 cm long) of stems were removed from five individuals each of sprouting
and fruiting C. macrorhizon, ground, mixed with N,N’-dimethylformamide, and then
kept in the dark at —23°C for 8 d. After centrifugation, the absorbance of the
supernatants was spectrophotometrically measured at 646.8, 663.8, and 750 nm
(U-2010; Hitachi High Technologies, Tokyo, Japan), and the chlorophyll concentrations
were calculated according to Porra et al. (1989): Chla = 12.00(4663.8 — A750) — 3.11(A646.8
— A750)

Chlb =20.78(As46.8 — A750) — 4.88(A663.8 — A750)

where 4 is the absorbance at the specified wavelength.

The Chla + b contents are given on a fresh mass basis (ug grw '). The chlorophyll
concentrations of the sprouting and fruiting C. macrorhizon were compared using

Student’s #-test.



<h2>Stable isotope analysis

Leaves were collected from reference autotrophic and partially mycoheterotrophic plants
in a 4-m? area around an individual C. macrorhizon specimen, and autotrophic reference
plants were only sampled from understory saplings. This strategy was used to limit the
influence of environmental factors, such as atmospheric CO> concentrations (which
could affect C isotope values), and soil type (which could affect N isotope values)
(Gebauer and Schulze, 1991). Each plot contained a sprouting plant and a fruiting plant
of C. macrorhizon, plus an individual of two autotrophic reference species (i.e.,
Paederia scandens and Viola verecunda). We also collected a Platanthera minor
specimen to serve as the partially mycoheterotrophic reference (Yagame et al., 2012)
whenever the species was found in a plot. Furthermore, when collecting the sprouting
and fruiting C. macrorhizon specimens, we ensured that the plants were at least 1 m
apart to avoid the possibility that sprouting and fruiting specimens were connected by
underground parts.

The collected plants were dried at 60°C for 4 d and then ground using a
Multi-Beads Shocker (MB601NIHS; Yasui Kikai Co., Osaka, Japan). The abundances of
stable C and N isotopes were measured using a Delta V Advantage mass spectrometer
(Thermo Fisher Scientific, Bremen, Germany) that was coupled with a Flash EA 1112
elemental analyzer (Thermo Fisher Scientific). The relative abundances of the stable
isotopes were calculated as 8*°N or 0'>C = Rsample / Rstandard — 1, where R is the molar
ratio of the stable isotopes, *C/!?C or '>N/"N (Coplen, 2011). Differences in the 5'*C or
SN among the fruiting C. macrorhizon, sprouting C. macrorhizon, and autotrophic

plant species were analyzed by ANOVA followed by Fisher’s multiple comparison. The



relative contribution of fungal associations to C gain in the fruiting C. macrorhizon
specimens (%Cx) was calculated as described by Gebauer and Meyer (2003), with slight
modifications: %Cx = [(dct— ICRr) / (& cs— dr)] x 100, where ct, &cs, and dCr
are the mean values of the fruiting C. macrorhizon, sprouting C. macrorhizon, and
surrounding autotrophic plant species (reference plants), respectively. However, it should
be noted that the idea that sprouting C. macrorhizon plants obtain 100% of their C from
fungal associations may underestimate the contribution of fungal associations to C gain
in fruiting C. macrorhizon and P. minor, when compared to usual two-source mixing
model because (1) the photosynthates acquired during previous years can be stored in
the underground structures of sprouting C. macrorhizon plants and (2) sprouting C.
macrorhizon plants can already perform low levels of photosynthesis. For the values of
S13C and 8N in C. macrorhizon, enrichment factors (&) were also calculated according
to the method of Preiss and Gebauer (2008) to allow the comparison of samples of fully
mycoheterotrophic species collected from different sites.

The elemental concentrations and isotope ratios of C and N were calibrated
against three laboratory standards: DL-alanine (6'°C = —25.36%o, 5N = —2.89%o),
L-alanine (6"C = —19.04%o, 6'°N = 22.71%o), and L-threonine (6'*C = —9.45%o), which
are traceable back to international standards (Tayasu et al., 2011). The analytical
standard deviations (SD) of these standards were 0.03%o (6'°C, n = 8) and 0.02%o (6"°N,
n = 10) for DL-alanine, 0.04%o (6'3C, n = 8) and 0.17%o (6'°N, n = 10) for L-alanine (n =

8), and 0.06%o (6'°C, n = 8) for L-threonine.

<h1>RESULTS

<h2>Chlorophyll content



The total chlorophyll concentrations (Chla + Chlb) of the sprouting and fruiting C.
macrorhizon differed significantly (¢ = 16.969, df =8, P <0.001). On average, the
fruiting individuals contained 126.5 + 15.7 g total chlorophyll grw !, whereas the
sprouting individuals contained only 6.1 + 2.1 pg total chlorophyll grw . However,
there was no significant difference in the Chla:Chlb ratios of the sprouting (1.8 + 0.2)

and fruiting (1.9 + 0.2) specimens (¢ = 0.708, df = 8, P = 0.50).

<h2>Stable isotope analysis
The &'*C value of fruiting C. macrorhizon (—25.3 £ 0.2%o) was significantly lower than
that of sprouting C. macrorhizon (—22.6 + 0.3%o) and significantly higher than those of
the partially mycoheterotrophic plant P. minor (—28.5 + 0.8%0) and autotrophic
references plants (—32.9 & 1.7%o; P < 0.005 in all combinations tested; Fig. 2). Similarly,
the enrichment factors (¢) for the '*C relative abundance of the sprouting and fruiting C.
macrorhizon were 10.3 £ 0.3%o and 7.6 + 0.2%o, respectively. If we consider that
sprouting C. macrorhizon plants obtain 100% of their C from the fungal association, our
model predicts that fruiting C. macrorhizon obtains 73.7 = 2.0% of its C from the fungal
association and that P. minor obtains 43.0 + 7.6% of its C from the fungal association.
There were no significant differences between the 8'°N values of the sprouting
(5.7 + 1.6%o) and fruiting C. macrorhizon (5.2 + 0.7%o; P = 0.75). Yet, the 6*°N values of
both were significantly higher than those of the reference autotrophic plants (—0.9 +
2.6%o). In addition, there are at least marginally significant differences in the '°N values
between C. macrorhizon [5.7 = 1.6%o in sprouting plants (P = 0.03) and 5.2 + 0.7%o in

fruiting plants (P = 0.06)] and P. minor (1.9 £ 4.0%o).
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<h1>DISCUSSION

The present study demonstrates that both sprouting and fruiting C. macrorhizon
specimens are significantly enriched in '3C when compared to autotrophic plants
growing in close proximity. Furthermore, the '*C enrichment factors of both the
sprouting and fruiting specimens (¢ = 10.3 + 0.3%o and 7.6 £+ 0.2%o) were similar to the
range reported for mycoheterotrophic orchids that form associations with
ectomycorrhizal fungi (¢ = 8.2 £ 1.3%0; Hynson et al., 2013). As discussed by Motomura
et al. (2010), CAM photosynthesis can be excluded as an explanation for the observed
6"3C values of C. macrorhizon. Consequently, the high §'°C values should be due to
mycoheterotrophic nutrition. In addition, although the 6'°N values of the sprouting and
fruiting specimens were lower than those reported for other mycoheterotrophic orchids
associated with ectomycorrhizal fungi (¢ = 11.6 £ 3.1%o; Hynson et al., 2013), both types
(6=6.6 £ 1.6%o and 6.1 + 0.7%o) had higher 6'°N levels than the surrounding
autotrophic plants. It was also interesting to note that the '*C value of the fruiting plants
was significantly higher than that of the partially mycoheterotrophic orchid P. minor
(Yagame et al., 2012) and that, even during fruiting, C. macrorhizon is physiologically
more similar to fully mycoheterotrophic plants than typical partially mycoheterotrophic
orchids, possibly due to its leafless habit.

In addition, the present study found that the fruiting C. macrorhizon specimens
contained much higher chlorophyll levels than their sprouting counterparts and that the
Chla:Chlb ratio of C. macrorhizon was similar to that found in Cs plants (Larcher, 2003).
When we compared the 8'°N and 6'>C of fruiting C. macrorhizon specimens using a
linear two-source mixing model with sprouting plants as the standard for 100% C gain

from fungi and autotrophic plants as the 0% baseline, we found that the fruiting C.
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macrorhizon plants obtained approximately 73.7 + 2.0% of their total C from their
fungal partners. This value could have been underestimated, as described above (see
materials and methods), or overestimated, if respiration COx> is the main source of C for
C. macrorhizon photosynthesis and '*C content utilized for photosynthesis is therefore
more depleted from the atmosphere. However, because functional stomata can be
observed on the C. macrorhizon pericarp surface (K. Kobayashi, Osaka Prefecture
University and K. Suetsugu, unpublished data), some CO; was likely obtained from
surrounding atmosphere. In either case (under- or overestimation), our results provided
strong evidence that C. macrorhizon is able to fix C, despite being leafless. Therefore,
since the species satisfies a significant proportion of its C demands through
photosynthesis, C. macrorhizon should only be considered partially mycoheterotrophic,
at least during its fruiting stage. Nonetheless, further studies will be needed to
understand how the functionality of photosynthetic machinery is adapted to the
nutritional mode in C. macrorhizon.

These results provide some support for a previously proposed model that posits
that photosynthates are not used for rhizome survival, but rather for fruit production, in
partially mycoheterotrophic orchids (Roy et al., 2013; Gonneau et al., 2014). Actually,
both Roy et al. (2013) and Gonneau et al. (2014) showed that photosynthates contribute
little or nothing to the belowground reserves and emerging shoots are almost entirely
composed of fungal resources, even in these partially mycoheterotrophic orchids with
fully developed leaves. In contrast, photosynthesis is used for late building of the stem
and for fruits production (Roy et al., 2013; Gonneau et al., 2014). This observation led
Gonneau et al. (2014) to conclude that the dependence of partially mycoheterotrophic

species on photosynthates for reproduction could impede their transition to full
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mycoheterotrophy. In addition, Roy et al. (2013) reported that the photosynthetic ability
of partially mycoheterotrophic Cephalanthera damasonium increased over the growth
season, as in fruiting C. macrorhizon. It is interesting that we found a similar trend in C.
macrorhizon, which belongs to a tribe (Cymbidieae) that has evolved partial
mycoheterotrophy independently from tribe Neottieae.

Most partially mycoheterotrophic orchids produce fully expanded leaves for long
periods of their life cycle, even during nonreproductive stages (e.g., Selosse et al., 2004;
Suetsugu et al., 2017). However, fully mycoheterotrophic species only produce
aboveground structures during reproduction, surviving for comparatively long periods in
subterranean vegetative states that allow them to escape temporal effects, such as severe
aboveground herbivory pressures (Shefferson et al., 2011, 2018). Because herbivores are
often N-limited and, therefore, attracted to plants with high N contents, such as
mycoheterotrophs (Roy et al., 2013), mycoheterotrophic species likely undergo selection
to limit their sprouting period to the minimum duration required for flowering and seed
dispersal. However, although C. macrorhizon produces shoots to coincide with
reproduction, C. macrorhizon is present aboveground for a relatively long period (more
than 4 mo). Considering that autotrophic C gain increases in C. macrorhizon during the
fruiting season, the species’ photosynthetic ability and prolonged aboveground shoot
presence are likely to contribute fruit and seed production in C. macrorhizon.
Chlorophyllous stems can serve as primary photosynthetic organs, even in autotrophic
plants, although the efficiency of photosynthesis is lower than that of leaves (Aschan and
Pfanz, 2003). In addition, photosynthesis by reproductive organs, such as fruits, can also
offset the costs of reproduction (Aschan and Pfanz, 2003; Pélabon et al., 2015).

Even though C. macrorhizon is often assumed to be fully mycoheterotrophic, the
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present study demonstrates that C. macrorhizon is not fully mycoheterotrophic, at least
at the fruiting stage. The present study also demonstrates even at the fruiting stage, the
13C enrichment of the species (7.6 + 0.2%o) is similar to that of other mycoheterotrophic
orchids associated with ectomycorrhizal fungi (8.2 = 1.3%0; Hynson et al., 2013).
Therefore, as reported by Motomura et al., (2010), the species would be concluded as
fully mycoheterotrophic if the '*C signatures of different stages had not been measured.
In contrast, our results clearly showed that the absence of normal leaves, often used as a
proxy to full mycoheterotrophy, is not necessarily a good predictor. As is the case with
the present study, to accurately assess the trophic status of leafless orchid species that
possess green stems and capsules, both chlorophyll concentrations and stable isotope

abundance should be measured throughout the species’ entire life cycle.

<h1>ACKNOWLEDGEMENTS

We wish to thank Prof. Marc-André Selosse and two anonymous reviewers for their
constructive comments on an earlier version of the manuscript. This work was
financially supported by the Toyota Foundation (KS) and the JSPS KAKENHI Grant

Number 16H02524 (to 1.T.) and 17H05016 (to K.S.).

<H1>DATA ACCESSIBILITY
Values of 6'*C and 6'°N in each sample of Cymbidium macrorhizon and surrounding

plants are available in Appendix S1.

<h1>LITERATURE CITED

Aschan, G., and H. Pfanz. 2003. Non-foliar photosynthesis — A strategy of additional

14



carbon acquisition. Flora 198: 81-97.

Bidartondo, M. 1. 2005. The evolutionary ecology of myco-heterotrophy. New
Phytologist 167: 335-352.

Cameron, D. D., K. Preiss, G. Gebauer, and D. J. Read. 2009. The
chlorophyll-containing orchid Corallorhiza trifida derives little carbon through
photosynthesis. New Phytologist 183: 358-364.

Coplen, T. B. 2011. Guidelines and recommended terms for expression of
stable-isotope-ratio and gas-ratio measurement results. Rapid Communications
in Mass Spectrometry 25: 2538-2560.

Dearnaley, J. W. D., F. Martos, and M. A. Selosse. 2013. Orchid mycorrhizas: molecular
ecology, physiology, evolution and conservation aspects. /n B. Hock[ed.], The
Mycota IX. Fungal associations, 2nd ed., 207-230. Springer, Berlin, Germany.

Emmerton, K. S., T. V. Callaghan, H. E. Jones, J. R. Leake, A. Michelsen, and D. J. Read.
2001. Assimilation and isotopic fractionation of nitrogen by mycorrhizal and
nonmycorrhizal subarctic plants. New Phytologist 151: 513-524.

Gebauer, G., and M. Meyer. 2003. 15N and '*C natural abundance of autotrophic and
myco-heterotrophic orchids provides insight into nitrogen and carbon gain from
fungal association. New Phytologist 160: 209-223.

Gebauer, G., and E. D. Schulze. 1991. Carbon and nitrogen isotope ratios in different
compartments of a healthy and a declining Picea abies forest in the
Fichtelgebirge, NE Bavaria. Oecologia 87: 198-207.

Gebauer, G., and A. F. S. Taylor. 1999. >N natural abundance in fruit bodies of different
functional groups of fungi in relation to substrate utilization. New Phytologist

142: 93-101.

15



Girlanda, M., M. A. Selosse, D. Cafasso, F. Brilli, S. Delfine, R. Fabbian, S. Ghignone,
et al. 2006. Inefficient photosynthesis in the Mediterranean orchid Limodorum
abortivum is mirrored by specific association to ectomycorrhizal Russulaceae.
Molecular Ecology 15: 491-504.

Gonneau, C., J. Jersadkova, E. de Tredern, I. Till-Bottraud, K. Saarinen, M. Sauve, M.
Roy, et al. 2014. Photosynthesis in perennial mixotrophic Epipactis spp.
(Orchidaceae) contributes more to shoot and fruit biomass than to hypogeous
survival. Journal of Ecology 102: 1183—1194.

Hobbie, E. A., A. Jumpponen, and J. Trappe. 2005. Foliar and fungal '>N:!*N ratios
reflect development of mycorrhizae and nitrogen supply during primary
succession: testing analytical models. Oecologia 146: 258-268.

Hynson, N. A., T. P. Madsen, M. A. Selosse, 1. K. U. Adam, Y. Ogura-Tsujita, M. Roy,
and G. Gebauer. 2013. The physiological ecology of mycoheterotrophic plants.
In V. S. F. T. Merckx [ed.], Mycoheterotrophy: the biology of plants living on
fungi, 297-342. Springer, NY, USA.

Hynson, N. A., J. M. L. Schiebold, and G. Gebauer. 2016. Plant family identity
distinguishes patterns of carbon and nitrogen stable isotope abundance and
nitrogen concentration in mycoheterotrophic plants associated with
ectomycorrhizal fungi. Annals of Botany 118: 467—479.

Larcher, W. 2003. Physiological plant ecology: ecophysiology and stress physiology of
plant groups, 4th ed. Springer-Verlag, Berlin, Germany.

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

Lee, Y. L., C. K. Yang, and G. Gebauer. 2015. The importance of associations with

16



saprotrophic non-Rhizoctonia fungi among fully mycoheterotrophic orchids is
currently under-estimated: novel evidence from sub-tropical Asia. Annals of
Botany 116: 423-435.

Liebel, H. T., M. L. Bidartondo, K. Preiss, R. Segreto, M. Stockel, M. Rodda, and G.
Gebauer. 2010. C and N stable isotope signatures reveal constraints to
nutritional modes in orchids from the Mediterranean and Macaronesia.
American Journal of Botany 97: 903-912.

Mayor, J. R., E. A. G. Schuur, and T. W. Henkel. 2009. Elucidating the nutritional
dynamics of fungi using stable isotopes. Ecology Letters 12: 171-183.

Merckx, V. S. F. T. 2013. Mycohetrotrophy: an introduction. /n V. S. F. T. Merckx [ed.],
Mycoheterotrophy: the biology of plants living on fungi, 1-17. Springer, NY,
USA.

Montfort, C., and E. Kiisters. 1940. Saprophytismus und Photosynthese. 1. Biochemische
und physiologische Studien an Humus-Orchideen. Botanisches Archiv 40: 571—
633.

Motomura, H., M. A. Selosse, F. Martos, A. Kagawa, and T. Yukawa. 2010.
Mycoheterotrophy evolved from mixotrophic ancestors: evidence in Cymbidium
(Orchidaceae). Annals of Botany 106: 573-581.

Ogura-Tsuyjita, Y., J. Yokoyama, K. Miyoshi, and T. Yukawa. 2012. Shifts in mycorrhizal
fungi during the evolution of autotrophy to mycoheterotrophy in Cymbidium
(Orchidaceae). American Journal of Botany 99: 1158—1176.

Pélabon, C., L. Hennet, R. Strimbeck, H. Johnson, and W. S. Armbruster. 2015. Blossom
colour change after pollination provides carbon for developing seeds.

Functional Ecology 29: 1137-1143.

17



Preiss, K., and G. Gebauer. 2008. A methodological approach to improve estimates of
nutrient gains by partially myco-heterotrophic plants. Isotopes in environmental
and health studies 44: 393—401.

Pritsch, K., and J. Garbaye. 2011. Enzyme secretion by ECM fungi and exploitation of
mineral nutrients from soil organic matter. Annals of Forest Science 68: 25-32.

Roy, M., C. Gonneau, A. Rocheteau, D. Berveiller, J. C. Thomas, C. Damesin, and M. A.
Selosse. 2013. Why do mixotrophic plants stay green? A comparison between
green and achlorophyllous orchid individuals in situ. Ecological Monographs
83: 95-117.

Selosse, M. A., and M. Roy. 2009. Green plants that feed on fungi: facts and questions
about mixotrophy. Trends in Plant Science 14: 64-70.

Selosse, M. A., A. Faccio, G. Scappaticci, and P. Bonfante. 2004. Chlorophyllous and
achlorophyllous specimens of Epipactis microphylla (Neottieae, Orchidaceae)
are associated with ectomycorrhizal septomycetes, including truffles. Microbial
Ecology 47: 416-426.

Schiebold, J. M. 1., M. 1. Bidartondo, P. Karasch, B. Gravendeel, and G. Gebauer. 2017.
You are what you get from your fungi: nitrogen stable isotope patterns in
Epipactis species. Annals of Botany 119: 1085-1095.

Shefferson, R. P., T. Kull, M. J. Hutchings, M. Selosse, H. Jacquemyn, K. M. Kellett, E.
S. Menges, et al. 2018. Drivers of vegetative dormancy across herbaceous
perennial plant species. Ecology Letters 21: 724-733.

Shefterson, R. P., M. K. McCormick, D. F. Whigham, and J. P. O’Neill. 2011. Life
history strategy in herbaceous perennials: inferring demographic patterns from

the aboveground dynamics of a primarily subterranean, myco-heterotrophic

18



orchid. Oikos 120: 1291-1300.

Suetsugu, K. 2015. Autonomous self-pollination and insect visitors in partially and fully
mycoheterotrophic species of Cymbidium (Orchidaceae). Journal of Plant
Research 128: 115-125.

Suetsugu, K. 2018. Independent recruitment of a novel seed dispersal system by camel
crickets in achlorophyllous plants. New Phytologist 217: 828—835.

Suetsugu, K., A. Kawakita, and M. Kato. 2015. Avian seed dispersal in a
mycoheterotrophic orchid Cyrtosia septentrionalis. Nature Plants 1: 15052.

Suetsugu, K., M. Yamato, C. Miura, K. Yamaguchi, K. Takahashi, Y. Ida, S. Shigenobu,
and H. Kaminaka. 2017. Comparison of green and albino individuals of the
partially mycoheterotrophic orchid Epipactis helleborine on molecular identities
of mycorrhizal fungi, nutritional modes and gene expression in mycorrhizal
roots. Molecular Ecology 26: 1652—1669.

Tayasu, L., R. Hirasawa, N. O. Ogawa, N. Ohkouchi, and K. Yamada. 2011. New organic
reference materials for carbon-and nitrogen-stable isotope ratio measurements
provided by Center for Ecological Research, Kyoto University, and Institute of
Biogeosciences, Japan Agency for Marine-Earth Science and Technology.
Limnology 12: 261-266.

Taylor, A. F. S., P. M. Fransson, P. Hogberg, M. N. Hogberg, and A. H. Plamboeck. 2003.
Species level patterns in '3C and >N abundance of ectomycorrhizal and
saprotrophic fungal sporocarps. New Phytologist 159: 757-774.

Trudell, S. A., P. T. Rygiewicz, and R. L. Edmonds. 2003. Nitrogen and carbon stable
isotope abundances support the myco-heterotrophic nature and host-specificity

of certain achlorophyllous plants. New Phytologist 160: 391-401.

19



Yagame, T., T. Orihara, M. A. Selosse, M. Yamato, and K. Iwase. 2012. Mixotrophy of
Platanthera minor, an orchid associated with ectomycorrhiza-forming
Ceratobasidiaceae fungi. New Phytologist 193: 178—187.

Zimmer, K., C. Meyer, and G. Gebauer. 2008. The ectomycorrhizal specialist orchid
Corallorhiza trifida is a partial myco-heterotroph. New Phytologist 178: 395—

400.

20



FIGURE 1. (A) Sprouting and (B) fruiting plants of Cymbidium macrorhizon from the

investigated population in Tsukuba City, Japan.
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FIGURE 2. Mean relative abundances (+SD) of stable isotopes (6'°N and §'3C) in
aboveground biomass of sprouting and fruiting Cymbidium macrorhizon, leaves of the
partially mycoheterotrophic orchid Platanthera minor, and autotrophic Viola verecunda
and Paederia scandens. ANOVA results: 6'°N, F320=10.91, P <0.001; 6"°C, F320 =

101.23, P<0.001.
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