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in families such as Orchidaceae, Ericaceae, Burmanniaceae, 
Gentianaceae, Triuridaceae, and Petrosaviaceae (Leake 
1994; Merckx et al. 2013a). The Dikarya (Basidiomycota 
and Ascomycota) are the mycorrhizal fungi of mycohet-
erotrophic plants in the Orchidaceae and Ericaceae, while 
Glomeromycotina (Spatafora et al. 2016) are the fungi 
found with other plant families, and these form the arbuscu-
lar mycorrhiza (AM).

Although partial mycoheterotrophy (mixotrophy), with 
both photosynthesis and mycoheterotrophy, has been con-
firmed in some Orchidaceae and Ericaceae plants using 13C 
and 15N abundances, it is often difficult to confirm partial 
mycoheterotrophy in AM-forming plants, as the 13C and 
15N isotopic signatures of the AM fungi are similar to those 
of the host plants (Courty et al. 2011; Merckx et al. 2010; 
Nakano et al. 1999). Nonetheless, the enrichment of 13C, 
15N, and 2H isotopes is still found in many AM-forming 
fully mycoheterotrophic plants (Courty et al. 2011; Gomes 
et al. 2020). The enrichment of 13C in particular can provide 

Introduction

In mycorrhizal symbioses, the same fungus often colonizes 
multiple host plants to form hyphal bridges among the plant 
roots. Such hyphal bridges develop into fungal networks, 
from which some plants can obtain carbon compounds and 
nitrogen. This nutritional mode is known as mycoheterot-
rophy, which has evolved among forest understory plants 
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Abstract
Gentiana zollingeri is an annual photosynthetic plant that employs a mycoheterotrophic growth strategy during its under-
ground seedling stage (initial mycoheterotrophy). Notably, the morphological characteristics of its flowering shoots, such 
as shoot size, leaf size, and leaf color, are highly variable, and it was hypothesized that these variations may be linked 
to nutritional mode. The morphological characteristics of G. zollingeri individuals were thus investigated alongside envi-
ronmental factors, 13C abundance, and diversity of colonizing arbuscular mycorrhizal (AM) fungi. The majority of G. 
zollingeri flowering individuals were found to exhibit a high affinity for the specific AM fungi that exclusively colonize 
roots of the mycoheterotrophic seedlings, while other phylogenetically diverse AM fungi could also be detected. The 
leaves to shoot dry weight ratio (leaf ratio) was negatively correlated with the canopy openness in the habitat, suggest-
ing that leaf development is impeded in sunny conditions. Furthermore, the shoot weight of G. zollingeri was positively 
correlated with leaf 13C abundance. Given that 13C enrichment can provide indirect evidence of mycoheterotrophy in AM 
plants, the results suggest that the utilization of carbon obtained through mycoheterotrophy, at least during the under-
ground seedling stage, is crucial for G. zollingeri.
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indirect evidence of partial mycoheterotrophy in AM-form-
ing green plants (Cameron and Bolin 2010; Giesemann et 
al. 2020, 2021).

The angiosperm family Gentianaceae is comprised of 
1750 species, in 102 genera and 7 tribes (Stevens 2017). Of 
these, fully mycoheterotrophic species have been found in 
three tribes: Voyrieae, Saccifolieae, and Exaceae (Merckx 
et al. 2013a, b). Some photosynthetic species in the Gen-
tianeae tribe, such as Bartonia virginica and Obolaria vir-
ginica, are thought to be partially mycoheterotrophic based 
on 15N or 13C enrichment and reduced sizes of leaves and 
root (Cameron and Bolin 2010). Partial mycoheterotrophy 
has also been suggested in Pterygocalyx volubilis in Gen-
tianeae based on 13C and 15N enrichment in a habitat with 
C4 plants, Miscanthus sinensis (Suetsugu et al. 2020). The 
13C abundance in C4 plants is significantly higher than that 
in C3 plants due to the different photosynthetic mechanisms 
involved, and thus the 13C-enriched photosynthetic products 
of C4 plants would contribute to 13C enrichment in the P. 
volubilis shoots.

Gentiana zollingeri Fawc., is a small green spring-flow-
ering herbaceous plant in the Gentianaceae. Recently, the 
mycoheterotrophic seedling growth (initial mycoheterot-
rophy) of G. zollingeri was demonstrated by Yamato et al. 
(2021). The small leaves in some adult individuals also sug-
gested partial mycoheterotrophy, but this has not yet been 
confirmed. In the preliminary observations of G. zollingeri 
in several habitats, the morphological characteristics of the 
flowering shoots, such as shoot size, leaf size, and leaf color, 
were variable among individuals. Considering the initial 
and subsequent putative partial mycoheterotrophy of this 
plant, the morphological variations were hypothesized to be 
related to the dependency on mycoheterotrophy and pho-
tosynthesis, which could be influenced by environmental 
variables. Especially, it is hypothesized that 13C enrichment 
is positively correlated with mycoheterotrophy as described 
above. Furthermore, since leaves are reduced to achloro-
phyllous scales in fully mycoheterotrophic plants (Merckx 
et al. 2013c), leaf size may be negatively correlated with 
dependency on mycoheterotrophy.

Accordingly, this study investigated the morphological 
characteristics of G. zollingeri individuals, alongside envi-
ronmental factors, chlorophyll content, 13C abundance, and 
diversity of colonizing AM fungi.

Materials and methods

Sampling and light condition measurements

Adult G. zollingeri individuals were collected in April 2021 
from seven habitats (Table S1): “Nariyama,” a bamboo 

forest in Yotsukaido, Chiba Prefecture; “Muzai,” a grass-
land in Inzai, Chiba Prefecture; “Amakubo A,” a decidu-
ous woodland, and “Amakubo B,” a grassland, which 
were separated by ca. 70 m in Tsukuba Botanical Garden, 
Ibaraki Prefecture; “Obara,” a mixed forest of bamboo and 
deciduous broad-leaved trees in Tanba Sasayama, Hyogo 
Prefecture; “Kamihonjo” a tree plantation of Cryptomeria 
japonica D.Don in Mita, Hyogo Prefecture; and “Sumada” 
a broad-leaved forest in Mita, Hyogo Prefecture. At each 
site, three or four flowering G. zollingeri individuals, which 
were separated by > 1 m, were collected. At each sampling 
of the individuals, a soil core under the shoot, 5 cm in diam-
eter and 10 cm in depth, was collected using a stainless-steel 
cylinder to obtain the root system.

To estimate the light conditions for G. zollingeri individ-
uals, hemispherical photographs were taken from 1 m above 
the flowering shoot using a 4.5 mm F2.8 EX DC Circular 
Fisheye HSM lens (Sigma, Kawasaki, Japan). Each picture 
was then analyzed using a Gap Light Analyzer (Frazer et al. 
1999) to determine canopy openness.

Characterization of shoot morphologies

All leaves isolated from the shoots were scanned, and their 
total area was determined using the free software ImageJ 
version 1.8.0 (National Institutes of Health, Bethesda, MD, 
USA). After removing the biggest leaf for the measurement 
of chlorophyll content, the shoot and leaves were dried at 
70 °C for 48 h. Since G. zollingeri is an opposite-leaved 
plant and is considered to be bilaterally symmetrical, the 
total shoot dry weight (shoot weight) was calculated by 
doubling the weight of the largest leaf to compensate for 
the missing leaf that was removed to measure chlorophyll 
content. Furthermore, the leaves to shoot dry weight ratio 
(leaf ratio, defined as dry weight of leaves biomass divided 
by dry weight of shoot biomass) was also calculated. The 
quantification of root biomass could play a role in assessing 
the reliance on mycorrhizal symbiosis. Nonetheless, due to 
root loss during the field sampling process, determining the 
exact root quantity was not feasible in this study.

Chlorophyll content

The largest leaf from each individual was soaked in 1.0 mL 
N,N′-dimethylformamide at 4 °C for 24 h, and its absor-
bance at 646.8, 663.8, and 750 nm was then measured using 
a spectrophotometer (SP-300; Optima, Tokyo, Japan). The 
chlorophyll amount (Chl a + b) was determined according 
to Porra et al. (1989). Chl a + b (µg mL− 1) was converted to 
the per unit area (µg mm− 2) using the leaf area.
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Phylogenetic analysis of Gentiana zollingeri

Total DNA was extracted from the collected roots using 
the DNeasy Plant Mini Kit (Qiagen, Hilden, Germany) fol-
lowing the manufacturer’s instructions. To infer the phylo-
genetic relationships among the G. zollingeri individuals 
examined, the intron sequence of the trnL (UAA) gene 
in the plant plastid was amplified from the root DNA by 
polymerase chain reaction (PCR), with primers trnL-cF and 
trnL-dR (Taberlet et al. 1991), using TaKaRa Ex Taq Hot 
Start Version (Takara Bio, Inc., Otsu, Japan).

The PCR mixture contained 1 µL of extracted DNA, 
0.075 µL Taq polymerase, 0.25 µM of each primer, 200 µM 
of each deoxynucleotide triphosphate, and 1.5 µL of the sup-
plied PCR buffer to make a total volume of 15 µL. The PCR 
program was performed using the Gene Atlas G02 thermal 
cycler (Astec, Fukuoka, Japan) as follows: initial denatur-
ation at 94 °C for 2 min, followed by 30 cycles at 94 °C for 
20 s, 55 °C for 30 s, and 72 °C for 1 min, and a final elon-
gation step at 72 °C for 10 min. PCR products were puri-
fied using a Gel/PCR DNA Fragments Extraction Kit (RBC 
Bioscience, Taipei, Taiwan) and cloned using the pGEM-T 
Easy Vector System I (Promega, Madison, WI, USA) fol-
lowing the manufacturer’s instructions. DNA inserts were 
sequenced using a commercial sequencing service facility 
(Takara Bio) and then the sequences were deposited in the 
International Nucleotide Sequence Database Collaboration 
(INSDC; accession numbers LC746786–LC746808).

The trnL (UAA) sequences of G. zollingeri were pre-
viously obtained from Nariyama, Muzai, and Amakubo 
by Yamato et al. (2021), and were co-analyzed with those 
from the section Chondrophyllae in Gentiana, and this 
included the sequences of two closely related taxa, G. wing-
ecarribiensis (KT907883) and G. wissmannii (= G. wing-
ecarribiensis var. wissmannii; Adams and Williams 1988; 
KT907884), which were downloaded from the INSDC data-
base. Multiple sequence alignment was performed using 
MUSCLE (Edgar 2004) in MEGA X (Kumar et al. 2018) 
for the sequenced and downloaded data. Maximum likeli-
hood (ML) analysis using MEGA X was performed for the 
data set in which the Tamura three-parameter (T92) was 
selected as the best-fit model. The phylogenetic tree was 
drawn using FigTree version 1.4.4 (http://tree.bio.ed.ac.uk/
software/figtree/).

Molecular identification of the colonizing AM fungi

The partial nuclear small subunit rDNA gene (SSU rDNA) 
of the AM fungi was amplified from the root DNA using 
PCR with the primers AMV4.5NF and AMDGR (Sato et 
al. 2005). The Nextera Transposase Adapters Reads 1 and 
2 were added to the 5′-ends of the primers for sequencing 

using the Nextera XT index Kit (Illumina, San Diego, CA, 
USA). The PCR mixture for the first PCR contained 1 µL of 
DNA extract (5 ng µL− 1), 12.5 µL of 2 × KAPA HiFi Hot 
Start Ready Mix (Kapa Biosystems, Woburn, MA, USA), 
and 0.3 µM of each primer, to make a total volume of 25 
µL. The first PCR was performed using the following pro-
gram: initial denaturation at 95 °C for 3 min, followed by 35 
cycles at 98 °C for 20 s, 60 °C for 15 s, and 72 °C for 15 s, 
and a final elongation at 72 °C for 5 min. The PCR products 
were purified using AMpure XP (Beckman Coulter, Brea, 
CA, USA). The purified DNA was diluted to 1 ng µL− 1 and 
used as the DNA template for the second PCR. For the sec-
ond PCR, the mixture contained 2 µL of the DNA temper-
ate, 6 µL of 2 × KAPA HiFi Hot Start Ready Mix, and 2 µL 
of each Index Primer from the Nextera XT Index Kit. The 
second PCR was performed using the following program: 
95 °C for 3 min, and 12 cycles at 98 °C for 10 s, 55 °C for 
30 s, and 72 °C for 30 s. The PCR product was purified 
using AMpure XP and was sequenced using NovaSeq 6000 
version 1.5 with PE250 via a commercial service (Rhelixa, 
Tokyo, Japan).

Sequence data was generated in a FASTQ format for 
each index primer pair, and the dataset was deposited in the 
DDBJ sequence read archive (DRA) (https://www.ddbj.nig.
ac.jp/index-e.html) under accession number DRA015507.

The demultiplexed sequences were processed in QIIME 2 
version 2021.11 (Bolyen et al. 2019). Paired-end sequences 
were denoised, dereplicated, and filtered for chimeras using 
the DADA2 plugin (Callahan et al. 2016). The first 20 and 
22 nucleotides from the 5′-ends of the forward and reverse 
sequences were trimmed, respectively. The 3′-ends of the 
forward and reverse sequences were truncated at position 
140. For amplicon sequence variants (ASVs) made by the 
DADA2 plugin, taxonomy assignments were performed 
against SILVA 138 (Quast et al. 2013) by classify-sklearn 
using the feature-classifier plugin (Bokulich et al. 2018).

After selecting the ASVs that belonged to AM fungi, they 
were clustered into operational taxonomic units (OTUs) 
with a 97% similarity threshold using their cluster-features-
de-novo in the VSEARCH plugin (Rognes et al. 2016). 
After removing the OTUs with low read numbers (< 10 
reads in total), taxonomy was assigned to the remaining 
OTUs using classify-sklearn in the feature-classifier plu-
gin against MaarjAM-type sequences (Öpik et al. 2010). 
The read numbers for the OTUs were rarefied to 4538 per 
sample using the function “rrarefy” from the vegan pack-
age (Oksanen et al. 2017) for R version 4.2.1 (R Core Team 
2022). For the rarefied AM fungal OTU composition data 
set, rarefaction curves were plotted for each sample to con-
firm the sampling efficacy using the function “rarecurve” 
from the vegan package. For the rarefied dataset, the Shan-
non–Wiener index was calculated as the α-diversity for the 
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canopy openness of the sampling position (canopy open-
ness) using the command “corr.test” in the psych package 
(Revelle 2022) of R. A heat map was then made for the 
correlation matrix using “corrplot” in the corrplot package 
(Wei and Simko 2021).

Although normal distribution of the shoot weight was 
not confirmed by the Shapiro-Wilks normality test, it can be 
approximated (W = 0.910, p = 0.0409), thus linear models 
(LMs) were used to determine the effects of the variables 
described above, on the shoot weight. In the LM, shoot 
weight was treated as a response variable, and other vari-
ables, such as AM fungal diversity, leaf δ13C, and canopy 
openness, that were suggested to have positive influences 
on shoot weight by the correlation analyses, were used as 
the explanatory variables. The effects of the explanatory 
variables were evaluated using type II analysis of variance 
(ANOVA) in the car package (Fox and Weisberg 2019). 
Those with significant effects (p < 0.05) were selected and 
reevaluated.

Results

Sampling, light conditions, and shoot characteristics

In total, 23 individuals of G. zollingeri were collected from 
seven habitats. The sampling site, plant number, sampling 
date, and location are shown in Table S1, and all plant sam-
ples collected are shown in Fig. S1. Furthermore, some rep-
resentatives with diverse morphologies are shown in Fig. 1. 
The canopy openness values ranged 11.0–78.9%, shoot 
weights 9.1–249.1 mg, and leaf ratios 9.93–49.3%. Leaf 
ratios < 30% were mostly obtained at the Amakubo and 
Muzai sites (Table S2). The Chl a + b values of the largest 
leaves were 135–547 µg mm− 1, and leaf δ13C values were 
− 34.6‰ to − 27.4‰ (Table S2). The relationships between 
shoot weight and leaf δ13C, and between canopy openness 
and leaf ratio are shown in Fig. 2.

Gentiana zollingeri phylogeny

Sequences of the trnL (UAA) gene from the plant plas-
tid DNA were obtained from all G. zollingeri individuals 
examined. The phylogenetic analysis of the G. zollingeri 
sequences, including those obtained by Yamato et al. (2021) 
and Gentiana sequences in the section Chondrophyllae in 
the INSDC database (Mishiba et al. 2009), showed that all 
G. zollingeri sequences formed a clade in the ML phylogeny 
(Fig. S2). Although identity with the database sequences 
KT907887 and AB453056 of this plant obtained from Japan 
(Favre et al. 2016; Mishiba et al. 2009) was confirmed in 
the phylogeny, a subclade, including two other species, 

colonizing AM fungi for each sample using the command 
“diversity” in the vegan package.

Representative DNA sequences of the 13 OTUs with 
> 1.0% for the total reads were deposited as the Targeted 
Locus Study in the INSDC database with accession num-
bers TAAS01000001–TAAS01000013. Sequences from the 
10 Glomeromycotina families (Glomeraceae, Gigaspora-
ceae, Pacisporaceae, Diversisporaceae, Acaulosporaceae, 
Claroideoglomeraceae, Archaeosporaceae, Ambisporaceae, 
Geosiphonaceae, and Paraglomeraceae) were downloaded 
from INSDC database as well as those of the mycobionts 
from the mycoheterotrophic Gentianaceae plants, Sebaea 
oligantha, Voyriella parvifolia, Voyria aphyla, and Voyria 
corymbosa (Bidartondo et al. 2002; Franke et al. 2006; Mer-
ckx et al. 2010). Those from a mycoheterotrophic Triuri-
daceae plant Sciaphila tosaensis (Yamato et al. 2011), that 
were found to be closely related to OTU1 and OTU2 in this 
study, were also downloaded. Multiple sequence alignment 
was performed for the sequenced and downloaded data 
using MUSCLE in MEGA X for a partial sequence (213–
224 bp). ML analysis using MEGA X was then performed, 
in which Tamura three-parameter (T92) and γ-distribution 
(+ G) were selected as the best-fit model. The phylogenetic 
tree was drawn using FigTree version 1.4.4.

Stable isotope analysis

The leaves dried at 70 °C for 48 h were collected and cut 
into fine pieces using small scissors in a small glass bottle. 
The stable carbon isotope abundance in the samples was 
measured using Flash EA 1112-ConFlo IV-Delta V Advan-
tage (Thermo Fisher Scientific, Waltham, MA, USA) at the 
Research Institute for Humanity and Nature (Kyoto, Japan). 
The relative abundance of the stable isotopes was calculated 
as δ13C = (Rsample/Rstandard–1) × 1000 (‰), where Rsample is 
the 13C/12C ratio of the sample and Rstandard is the 13C/12C 
ratio of the Vienna Peedee Belemnite. The carbon isotope 
ratios were calibrated using two laboratory standards: 
CERKU-03 (glycine, δ13C = − 34.92‰) and CERKU-05 
(L-threonine, δ13C = − 9.45‰), which can be traced to the 
international standards (Tayasu et al. 2011). The analyti-
cal standard deviations were 0.0370‰ for CERKU-03 and 
0.0543‰ for CERKU-05.

Statistical analyses

After testing for normal distribution using the Shapiro-Wilks 
normality test in R version 4.2.1, Pearson’s or Spearman’s 
correlations were analyzed among shoot weight, leaves to 
shoot dry weight ratio (leaf ratio), Chl a + b, Shannon–Wie-
ner index for the α-diversity of colonizing AM fungi (AM 
fungal diversity), δ13C value of the leaf (leaf δ13C), and the 
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Molecular identification of AM fungi

Illumina NovaSeq 6000 sequencing yielded 1,270,185 high-
quality AM fungal DNA sequences, which were classified 
into 166 ASVs and 58 OTUs. After removing the rare OTUs 
and rarefaction analyses, 51 OTUs remained, which were 
numbered in decreasing order of their read numbers, and 
then used for subsequent analyses.

G. wingecarribiensis and G. wissmannii, were formed by 
individuals collected from three habitats in Hyogo Prefec-
ture (Obara, Kamihonjo, and Sumada). Meanwhile, two 
sequences (LC590907 and LC590908) from the same habi-
tat (Muzai) that were obtained by Yamato et al. (2021) are 
placed inside and outside of the subclade (Fig. S2).

Fig. 2 Scatter plots showing 
the relationships (a) between 
shoot weight and leaf δ13C in 
the Gentiana zollingeri, and (b) 
between canopy openness in the 
sampling position and leaf ratio 
in the shoot weight obtained from 
seven sampling sites, Nariyama 
(red), Muzai (yellow), Amakubo 
A (blue), Amakubo B (light 
blue), Obara (pink), Kamihonjo 
(orange), and Sumada (brown)

 

Fig. 1 Gentiana zollingeri 
individuals collected in this study 
with diverse morphologies: (a) 
Na-2 collected in Nariyama, (b) 
AmB-3 collected in Amakubo B, 
(c) Ob-3 collected in Obara, and 
(d) Su-4 collected in Sumada. 
Bar, 1 cm
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Shannon diversity indices for the AM fungi are shown in 
Table S2. The distribution of the 13 dominant AM fungal 
OTUs, each of which constituted > 1.0% of the total rarefied 
reads, is shown in Fig. 3. The most dominant OTU (OTU1) 
constituted 50.2% of the total rarefied reads. The second 

The rarefaction curves of the AM fungal OTUs plotted 
for each sample are presented in Fig. S3. The 51 OTUs 
included members of the Glomeraceae (42 OTUs), Cla-
roideoglomeraceae (3 OTUs), Diversisporaceae (3 OTUs), 
Gigasporaceae (2 OTUs), and Ambisporaceae (1 OTU). The 

Fig. 3 Heat map showing the read ratio for the nuclear SSU rDNA of 
the AM fungal OTUs retained after rarefactions to 4538 reads per sam-
ple. DNA was obtained from the roots of Gentiana zollingeri individu-

als collected from seven sampling sites (Nariyama, Muzai, Amakubo 
A, Amakubo B, Obara, Kamihonjo, and Sumada). The 13 OTUs with 
> 1.0% of the total reads were selected and shown
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Hyogo Prefecture. Although two sequences (LC590907 and 
LC590908) from the same habitat (Muzai) in a previous 
study (Yamato et al. 2021) were placed inside and outside 
of the subclade, a significant genetic differentiation may 
have occurred within this species. Unfortunately, it was not 
possible to distinguish the effects of the putative genotype 
and environmental factors on the morphology and 13C abun-
dance in this study, as all subclade individuals were collected 
from forest environments. In addition, the trnL (UAA) gene 
examined in this study is probably not sufficient for the 
examination of species delimitation. A future study based 
on high-throughput sequencing platforms (e.g., Suyama and 
Matsuki 2015) might thus be required to examine the poten-
tial genetic differentiation within this plant group.

AM fungal symbioses of Gentiana zollingeri

Recently, an AM fungus specifically associated with myco-
heterotrophic seedlings of G. zollingeri was identified as 
conspecific or closely related to D. aurea (Kusakabe and 
Yamato 2023). In the phylogenetic analysis based on par-
tial SSU rDNA sequences (Fig. 4), the OTU1 and OTU2 
fungi in this study formed a clade with sequences of this 
fungus, LC723719 and LC723720, respectively, as well 
as the mycorrhizal fungi of G. zollingeri that were identi-
fied in a previous study (Yamato et al. 2021). LC723719 
and LC723720 sequences were obtained from a cultured 
AM fungus originating from a single isolate. The sequence 
differences between the two OTUs, which were classified 
by a 97% similarity threshold, probably originated from a 
polymorphism in the genome of the AM fungus. Thus, the 
OTU1 and OTU2 fungi in this study may have originated 
from a conspecific fungus.

Most G. zollingeri individuals examined in this study 
were colonized by OTU1 fungi, which confirmed the high 
affinity of G. zollingeri to the AM fungi (Fig. 3). This can 
be caused by the specific colonization of the fungus on 
the mycoheterotrophic seedling (Yamato et al. 2021). The 
other AM fungi were found to be phylogenetically diverse 
(Fig. 4). Overall, the results suggest that the high level of 
mycorrhizal specificity in G. zollingeri seedlings may be 
somewhat alleviated in the adult stage, and this is likely 
due to its photosynthetic capabilities; given that mycorrhi-
zal specialization is often considered as a crucial strategy in 
mycoheterotrophy that enables plants to effectively acquire 
resources from their fungal partners (e.g., Suetsugu et al. 
2021).

most dominant OTU (OTU2) constituted 8.8%. OTU1 was 
detected in most individuals, except Mu-3 in Muzai and 
AmB-3 in Amakubo B.

The ML phylogeny for the representative sequences of 
these 13 AM fungal OTUs, some species-identified AM 
fungi, and the mycorrhizal fungi of G. zollingeri and some 
mycoheterotrophic plants is shown in Fig. 4. The two most 
dominant OTUs (OTU1 and OTU2) formed clades with 
the mycorrhizal fungi obtained from the mycoheterotro-
phic seedlings of G. zollingeri (Yamato et al. 2021). Two 
sequences, LC723719, and LC723720, of an AM fungus 
CI1701 that was recently isolated and identified as conspe-
cific or closely related to Dominikia aurea (Oehl & Sieverd.) 
Błaszk, Chwat, G.A. Silva & Oehl in Glomeraceae (Kusak-
abe and Yamato 2023), which is specifically associated with 
the mycoheterotrophic seedlings of this plant, also formed 
clades with OTU1 and OTU2, respectively.

Statistical analyses

Normal distributions were confirmed for the leaf ratio, 
Chl a + b, AM fungal diversity, and leaf δ13C, but not for 
the shoot weight and canopy openness. Accordingly, cor-
relations between the normal distributions were examined 
by Pearson’s tests, and other correlations including shoot 
weight or canopy openness were examined using Spear-
man’s tests (Fig. 5). Leaf ratio was negatively correlated 
with canopy openness (R = − 0.848, p < 0.01, adjusted for 
multiple tests; same below). Shoot weight was positively 
correlated with leaf δ13C (R = 0.719, p < 0.01) and nega-
tively correlated with Chl a + b (R = − 0.661, p < 0.01). Fur-
thermore, leaf δ13C was found to be positively correlated 
with canopy openness (R = 0.844, p < 0.01).

A LM, in which shoot weight was treated as the response 
variable, showed the significant effects of leaf δ13C 
(F = 18.8, p < 0.01) and AM fungal diversity (F = 5.21, 
p < 0.05), which were confirmed using a type II ANOVA.

Discussion

Phylogeny of Gentiana zollingeri

To infer the phylogenetic relationships among the G. 
zollingeri individuals in this study, a phylogeny based on 
the trnL (UAA) gene from the plant plastid DNA was con-
structed. G. zollingeri sequences formed a clade in the ML 
phylogeny (Fig. S2); however, a subclade, including two 
Australian annual Gentiana taxa, G. wingecarribiensis and 
G. wissmannii (= G. wingecarribiensis var. wissmannii; 
Adams and Williams 1988), was formed by all individu-
als collected from Obara, Kamihonjo, and Sumada in the 
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Fig. 4 ML phylogenetic tree based on the partial SSU rDNA sequences 
(213–224 bp) of the Glomeromycotina fungi, including the sequences 
obtained from Gentiana zollingeri in this study (red) and a previous 
study (purple; Yamato et al. 2021) along with the mycorrhizal fungal 
sequences from some mycoheterotrophic plants and some species-
identified AM fungi. Two sequences from an AM fungus recently 
identified as conspecific or closely related to Dominikia aurea in 
Glomeraceae (blue; Kusakabe and Yamato 2023), specifically associ-

ated with the mycoheterotrophic seedlings of G. zollingeri, are also 
included. Representative sequences are shown for these 13 AM fungal 
OTUs. INSDC accession numbers are given for all sequences. The tree 
is rooted with Paraglomus occultum (NG017179). Bootstrap values 
(BS) with 1000 replications are shown at each node (only BS > 60% 
are shown). The scale bar indicates the number of substitutions per 
site. The bar indicates nucleotide substitutions per site
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chlorophyll digestion to transfer nutrients for shoot growth 
may also have some effect. In perennial plants, a small 
shoot for the next year is usually prepared at the flowering 
stage. However, these shoots have not been observed in G. 
zollingeri, as shown in the collected samples (Fig. 1 and 
Fig. S1). Thus, this plant is regarded as an annual, although 
several years may be required until an aboveground shoot 
is formed. Thus, mycoheterotrophic seedling growth before 
forming an aboveground shoot (initial mycoheterotrophy) 
would be important for the growth of this plant.

The positive correlation between canopy openness and 
leaf δ13C may be caused by the lower leaf ratio in sunny 
conditions, as this could disrupt photosynthesis. However, 
a positive correlation between irradiance and the leaf δ13C 
value has also been observed in autotrophic plants due to 
stomatal regulation (Preiss et al. 2010), which may have 
some effect on the positive correlation in G. zollingeri. 
Furthermore, even if mycoheterotrophy is vital for plant 
growth, it remains uncertain as to whether this primarily 
occurs through prolonged mycoheterotrophy at the adult 
stage, as a partial mycoheterotrophy, or through the utili-
zation of carbon obtained during the underground seedling 
stage as the initial mycoheterotrophy.

Morphological and physiological diversity of 
Gentiana zollingeri

Gentiana zollingeri individuals in this study were morpho-
logically diverse. The leaves to shoot dry weight ratio was 
variable (Fig. 1, Table S2) and negatively correlated with 
canopy openness (Figs. 2a and 5), which indicated that leaf 
development is impeded in sunny conditions.

Although AM fungal diversity was not significantly 
correlated with the variables examined, its effect on shoot 
weight was confirmed using the LM. Diverse AM fungi col-
onizing G. zollingeri roots may enhance plant growth after 
the formation of aboveground shoots. However, this result 
may also have been caused by an encounter with various 
AM fungi in larger individuals that may have longer roots.

Shoot weight was also variable and positively correlated 
with leaf δ13C values (Figs. 2b and 5), suggesting the major 
contribution of mycoheterotrophy for the seedling growth 
(Cameron and Bolin 2010; Giesemann et al. 2020, 2021). 
Meanwhile, shoot weight was negatively correlated with Chl 
a + b (Fig. 5), indicating that individuals that grow well via 
mycoheterotrophy during the underground seedling stage 
exhibit reduced dependency on photosynthesis, although 

Fig. 5 Heat map showing correla-
tions between the shoot weight, 
leaf ratio, Chl a + b, AM fungal 
diversity, leaf δ13C, and canopy 
openness for the Gentiana 
zollingeri individuals examined 
in this study. Pearson’s correla-
tions are shown with a white 
background, while Spearman’s 
correlations have a yellow back-
ground. The significance of the 
correlation coefficients is shown 
at the top right of each circle 
(*p < 0.05; **p < 0.01). Those 
above the diagonal are adjusted 
for multiple tests
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Giesemann et al. (2020, 2021) suggested that partial 
mycoheterotrophy may be common among green plants 
forming Paris-type AM from the higher 13C enrichment. 
However, Murata-Kato et al. (2022) found a positive cor-
relation between light availability and δ13C in an understo-
rey plant Trillium camschatcense along with autotrophic 
nonmycorrhizal plants. Notably, the study also found that 
there was 13C enrichment in some understory Arum-type 
AM plants. Further investigations, using strategies such as 
14C labeling, are required to determine the effects of myco-
heterotrophy on the growth of G. zollingeri at each stage of 
development and to assess the extent of the partial myco-
heterotrophy in other green plants forming Paris-type AM 
associations.
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