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PREMISE: Difficulties in comparing extremely divergent features in fully mycoheterotrophic
plants with those in closely related chlorophyllous plants have complicated attempts to
reveal the evolutionary patterns and processes of fully mycoheterotrophic plants. Albino
mutants of partially mycoheterotrophic plants, generally observed in Orchidaceae, have
provided an ideal model for investigating the evolution of mycoheterotrophy within
similar genetic backgrounds. In 2018, we found a putative albino population of Pyrola
(Ericaceae). Here we aimed to reveal the identity of the albino pyroloid and confirm its fully
mycoheterotrophic status.

METHODS: To reveal the putative albino pyroloid's identity, we examined its morphology
and sequenced its chloroplast DNA. In addition, we assessed the trophic status of the
putative albino pyroloid by analyzing chlorophyll fluorescence, chlorophyll concentration,
and natural 3C and "*N abundances.

RESULTS: We identified albino individuals as P. japonica—otherwise a partially
mycoheterotrophic species. We confirmed their albino status by their considerably lower
chlorophyll fluorescence and concentrations than those of sympatrically occurring
chlorophyllous plants. '*C abundance in the albino individuals was significantly higher
than in the green individuals of P. japonica.

CONCLUSIONS: This first report of albino mutants from partially mycoheterotrophic species
in angiosperms other than orchids will play a valuable role in further studies focused on
mycoheterotrophy. For instance, their §'*C and 6'°N values represent a reference for fully
mycoheterotrophic plants in Pyrola. Our findings also indicate the strong dependence of
some leafy Pyrola species on fungal C during their entire life cycle.

KEY WORDS Chimaphila; Ericaceae; flora; Japan; mixotrophy; Pyrola aphylla; Pyrola
japonica species complex; Pyrola subaphylla; stable isotope.

The evolution of fully mycoheterotrophic plants is one of the most
interesting and challenging topics of plant evolution (Merckx,
2013). They obtain their nutrients not from autotrophy (photo-
synthesis), but from heterotrophy with their associated mycorrhi-
zal fungal networks and generally exhibit extreme morphology or
ecology, such as achlorophyllous shoots and the absence of ordinary
leaves (Merckx, 2013). These extreme features complicate compari-
sons with closely related chlorophyllous plants (Merckx et al., 2013).
Therefore, achlorophyllous (albino) mutants of otherwise partially
mycoheterotrophic plants have often been used to understand the
evolutionary process of fully mycoheterotrophic plants because
they simplify the comparison between photosynthetic plants and
fully mycoheterotrophic plants (Merckx et al., 2013; Suetsugu et al.,

2017). In this study, we use the term “partial mycoheterotrophy
(partially mycoheterotrophic)” rather than “mixotrophy (mixotrop-
hic)” as recommended by Merckx (2013).

Although partially mycoheterotrophic species, which some-
times produce albino mutants, obtain nutrients through both
photosynthesis and mycoheterotrophy regardless of their re-
spective proportions, albino mutants rely solely on mycoheter-
otrophy (Selosse et al., 2016). Such mutants are known mainly
in Orchidaceae, especially in Epipactis (e.g., Salmia, 1989) and
Cephalanthera (e.g., Julou et al., 2005). The discovery of such
albino orchids has provided an ideal model for investigating
the evolution of mycoheterotrophy within similar genetic back-
grounds (e.g., Abadie et al., 2006; Roy et al., 2013; Suetsugu et al.,
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2019). Recently, they were also used for studies focusing on ge-
nomics or metabolomics (Suetsugu et al., 2017; Lallemand et al,,
2019).

In July 2018, we found a population comprising putative al-
bino mutants of Pyrola (Pyroleae, Ericaceae); such albino mutants
are rarely known outside the family Orchidaceae (Fig. 1). All shoots
were white or pale reddish and never green. The genus Pyrola, along
with Orchidaceae, has attracted attention as an ideal model to ex-
amine mycoheterotrophic plants because it includes both putative
fully and partially mycoheterotrophic species (Selosse and Roy,
2009; Shutoh et al., 2018). However, to date, albino mutants have
never been reported in this genus (Lallemand et al., 2017). They are
perennial herbs generally growing in forests and have entomophi-
lous flowers, capsule fruits, and dust seeds like many orchid species
(Takahashi, 1993).In addition, recent phylogenetic analysis revealed
that their mycoheterotrophic status was independently evolved
from fully mycoheterotrophic Monotropeae within Ericaceae
(Lallemand et al., 2016).

Here, we aimed to (1) reveal the identity of the putative albi-
nos based on morphological observation and chloroplast DNA
sequences and (2) confirm their fully mycoheterotrophic sta-
tus based on chlorophyll fluorescence, chlorophyll concentra-
tion, and *C and "*N abundances. Consequently, we report the
albino mutants of P. japonica Klenze ex Alef. (taxonomically
defined by Shutoh et al., 2018) for the first time as those of par-
tially mycoheterotrophic species in Ericaceae. In addition, we dis-
cuss the nutritional mode in the plant tribe Pyroleae (Ericaceae)
based on our novel discovery.

MATERIALS AND METHODS

Population description

We conducted a field survey in Sapporo-shi, Hokkaido, Japan, on 17
and 18 July 2018. The population comprised three patches, includ-
ing nine shoots. Among them, two patches, including three shoots
(one flowering) and five shoots (two flowering), respectively, were
approximately 2 m from each other. The remaining patch, includ-
ing only one vegetative shoot, occurred in a patch of P. japonica
about 20 m from the other two patches. Therefore, the population
probably included at least three genetic individuals. The population
was found for the first time in 2016 by coauthor Y. Tajima and has
been observed every year until 2019. Therefore, the population has
survived for at least 4 years.

The population is in a young broad-leaved deciduous for-
est along a road in a graveyard where Quercus sp. (Q. serrata
Murray or its hybrid with Q. crispula Blume) was dominant.
Cephalanthera erecta (Thunb.) Blume and P. japonica also oc-
curred as partially mycoheterotrophic species (Matsuda et al.,
2012; Sakamoto et al., 2016). Notably, P. japonica exhibits plas-
ticity in its heterotrophic levels on fungal C correlated with light
availability (Matsuda et al., 2012). In addition, Anthoxanthum
odoratum L., Acer palmatum Thunb. (probably derived from
cultivation), Aria alnifolia (Siebold & Zucc.) Decne., Artemisia
indica Willd. var. maximowiczii (Nakai) H.Hara, Carex microtri-
cha Franch., Celastrus orbiculatus Thunb., Chimaphila japonica
Miq., Euonymus oxyphyllus Miq., Miscanthus sinensis Andersson,
Sorbus commixta Hedl., and Plantago lanceolata L. occurred
sympatrically with the population.
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Species identification of putative albinos

To reveal the identity of putative albino mutants, we examined
their morphological characteristics and sequenced three noncod-
ing regions of chloroplast DNA. For morphological identifica-
tion, we recorded qualitative characteristics in flowers and leaves,
counted the number of leaves, and measured the length and width
of all leaves in all shoots of the putative albino mutants and co-oc-
curring P. japonica. The key to Japanese Pyrola species by Shutoh
et al. (2017) was used for identification. In addition to identifi-
cation, scape length was measured and flower number on each
scape was counted. We looked for any morphological differences
between the albinos and the green plants and tested differences
using the Mann-Whitney U test (leaf number) or Student’s ¢ test
(other traits) in R ver. 3.4.4 (R Core Team, 2018). For molecular
identification, we sampled two patches per putative albino mutant
and P. japonica and sequenced their trnT-trnL intergenic spacer,
rpl16 intron, and ndhA intron, based on the results of Shutoh
et al. (2016), using protocols from DNA extraction to molecular
identification by sequence comparisons as described previously
(Shutoh et al., 2019), except we used the three primer pairs and
annealing temperatures of Shutoh et al. (2016). We collected two
putative albino shoots as voucher specimens and stored them in
the herbarium of the Hokkaido University Museum (K. Shutoh &
Y. Tajima 3000, SAPS53508).

Chlorophyll fluorescence and concentration

To confirm the albino status of the population, we evaluated
their chlorophyll fluorescence and chlorophyll concentrations.
We measured three shoots of potential albino individuals, one
from each of the three patches. In addition, we measured one
individual of Quercus sp. and three shoots of P. japonica as the
reference for an autotrophic plant and partially mycoheterotro-
phic plants (Matsuda et al., 2012), respectively. For measuring
chlorophyll fluorescence, we dark-adapted samples for 15 min
and then measured their steady-state quantum yield of photosys-
tem II (QY) using FluorPen FP100 (Photon Systems Instruments,
Brno, Czech Republic). We defined this value as the ratio between
the actual fluorescence yield (F,) and the maximum fluorescence
(F_) when samples were dark-adapted before measurements. In
chlorophyll concentrations, we used a chlorophyll meter (SPAD-
502; Konica Minolta Sensing Inc., Osaka, Japan) and measured
the soil plant analysis development (SPAD) values. We repeated
the SPAD measurements three times per sample. We calculated
chlorophyll concentrations (Chl, mg m™) from the SPAD values
according as Chl = 1.034 + 0.308(SPAD) + 0.110(SPAD?) (Monje
and Bugbee, 1992; Stockel et al., 2011).

Stable isotope analysis

To collect samples for stable isotope analysis, we set up five
2 x 2 m quadrats around the putative albino plants or P. japon-
ica (one quadrat included both species; Appendix S1). Within
each quadrat, we sampled putative albino plants and/or P. ja-
ponica and several surrounding understory plant species as
reference plants. We used this strategy to limit the influence of
environmental factors, such as atmospheric CO, isotope com-
position, microscale light climate (which could affect C isotope
values), and soil type (which could affect N isotope values) on
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FIGURE 1. Albino mutants of Pyrola japonica at Sapporo-shi, Hokkaido, Japan on 18 July 2018. A, Habit; B, flower; C, developed leaf; D, young fruits;
E, roots; F, habitat. Scale bars =2 cm.




stable isotope ratios (Gebauer and Schulze, 1991). We recognized
samples of Acer palmatum, Artemisia indica var. maximowiczii,
Quercus sp., and Sorbus commixta as autotrophic reference spe-
cies. We sampled flowers, if present, of putative albino plants and/
or P. japonica and analyzed the flowers and leaves to compare
their isotope abundances and provide reference values for flowers
of albino plants. The carbon isotope ratio of leaves is known to
be lower than that of non-assimilating organs (e.g., Badeck et al.,
2005), also reported in Pyrola (Hynson et al., 2009). The samples
had been dried with silica gel after storage at —30°C until analysis.
We dried the collected plants at 60°C for 4 d and then measured
the stable C and N isotopes using a Delta plus XP mass spectrom-
eter (Thermo Fisher Scientific, Bremen, Germany) coupled with a
Flash EA 1112 elemental analyzer (Thermo Fisher Scientific) via a
Conflo III interface (Thermo Fisher Scientific). We then calculated
the relative abundance of the stable isotopes as §°N or §“°C = (R
I R, 4q = 1) X 1000 [%o], where Rsample is the *C/*2C or *N/*N ra-
tio of the sample, and R, . is the “C/*C ratio of Vienna Pee Dee
Belemnite (VPDP) or the *N/*N ratio of atmospheric nitrogen.
We calibrated the isotope ratios of C and N against three laboratory
standards: pL-alanine (6"*C = —25.36%o, 6"°N = —2.89%o), L-alanine
(6VC = -19.04%o, 6N = 22.71%o), and glycine (6"*C = —34.92%o,
6N = 2.18%o), which are traceable back to international standards
(Tayasu et al.,2011). The analytical standard deviations (SD) of these
standards were 0.17%o (0"°N, n = 6) for pL-alanine, 0.07%o (6°C,
n = 13) and 0.14%o0 (6“N, n = 13) for L-alanine, and 0.05%o (6"*C,
n = 8) for glycine. We tested for homogeneity of variances of values
for §"°C or §"°N among leaves of the putative albino plants and leaves
and flowers of P. japonica, C. japonica, and autotrophic plant species
using Bartlett’s test (P = 0.87 for 6*°C and P = 0.06 for §**N), and dif-
ferences were tested for significance using Tukey’s test after ANOVA
(6"C, F, ,, = 4036, P < 0.001; "N, F, , = 53.79, P < 0.001) using
R ver. 3.4.4. We excluded flowers of the putative albino plants from
these statistical analyses because we had fewer than three samples.
For the values of §"°C and 6"°N in each quadrat, we also cal-
culated enrichment factors (¢) for the putative albino plants, P.
japonica, and C. japonica according to the method by Preiss and
Gebauer (2008). After tests of homogeneity of variances for en-
richment factors as mentioned above (P = 0.96 in *C and P = 0.03
in N), their differences were tested for significance using Tukey’s
test after ANOVA for £*C (FS’ 1 = 21.94, P < 0.001) or Steel-Dwass
test (using the Monte Carlo method with 10000 iterations) after
Kruskal-Wallis test for "N (y* = 12.88, df = 3, P = 0.005) in R ver.
3.4.4.In addition, we obtained enrichment factors for P. aphylla—a
fully mycoheterotrophic Pyrola distributed in North America—and
P. subaphylla—a putative nearly fully mycoheterotrophic plant with
limited photosynthetic ability (having no or relatively small leaves;
Shutoh et al., 2017, 2018)—from previous studies (Hynson et al.,
2009; Shutoh et al., 2016) and compared them with those of puta-
tive albino plants. Because Shutoh et al. (2016) did not calculate an
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enrichment factor, we newly calculated the enrichment factor of P.
subaphylla based on the raw data set of the study. Care is needed
regarding the enrichment factors; they cannot be used simply to
compare heterotrophic levels because the values can vary depend-
ing on the heterotrophic levels and sampling sites (e.g., Hynson
et al., 2009). We also calculated the relative contribution of fungal
associations to C gain in P. japonica (%C) as described by Gebauer
and Meyer (2003), with slight modifications: %C_= [(6C, - 6C,) /
(6C, - 8C,)] x 100, where 6C,, §C,, and §C, is the mean value of
the leaves of P. japonica, leaves of the putative albino plants, and
leaves of the surrounding autotrophic reference plants (within each
quadrat), respectively.

RESULTS

Species identification of albinos

The albino population had radially symmetrical flowers, orbicular to
elliptic ordinary leaves, and leaf-like scales. All shoots lacked leaves
or had one small leaf (mean leaf number + SD = 0.9 + 0.3; mean
blade length + SD = 2.2 + 0.6 cm, range = 1.4-3.5 cm; mean blade
width + SD = 2.1 + 0.7 cm, range = 1.3-3.6 cm) (Table 1). Its scape
color was neither red nor green but instead, white with pale reddish,
due to albinism (Fig. 1). Pyrola japonica had significantly more leaves
than in the albino population (mean leaf number + SD =2.3 + 1.8;
Mann-Whitney U test, Z = —2.85, P = 0.006), although the leaf sizes
(mean blade length + SD = 2.5 + 1.1 cm, range = 0.7-4.8 cm; mean
blade width + SD = 2.2 + 1.2 cm, range = 0.3-4.1 cm) were simi-
lar to each other (blade length, Student’s t test, t = —0.67, df = 47,
P =0.51; width, t = -0.21,df = 47, P = 0.83) (Table 1). Furthermore,
fewer flowers and shorter scapes were produced by the albino pop-
ulation (mean flower number + SD = 2.8 + 1.0, range 2-4; mean
scape length + SD = 11.9 + 3.8 cm, range = 7.7-16.4 cm) compared
with those of P. japonica (mean flower number + SD = 6.1 + 2.3,
range 2-9; mean scape length + SD = 16.3 + 2.3 cm, range = 11.8-
21.0 cm; flower number, t = —2.75, df = 18, P = 0.01; scape length,
t =-2.97,df = 18, P = 0.008) (Table 1). Chloroplast sequences of
the albino (LC498633 [trnT-trnL spacer], LC498635 [rpl16 intron],
and LC498637 [ndhA intron]) were identical to those of P. japonica
(LC498632,L.C498634, and LC498636), corresponding to haplotype
C of the P. japonica species complex of Shutoh et al. (2016).

Chlorophyll fluorescence and concentration

Chlorophyll fluorescence and chlorophyll concentrations of albinos
were considerably lower than those of Quercus sp. and P. japonica
(Table 2). For chlorophyll fluorescence, QY values of the popula-
tion were 0.00-0.01, and 0.76 + 0.05 for P. japonica and 0.79 for
Quercus sp. We measured SPAD values of Quercus sp. and Pyrola

TABLE 1. Leaf number, blade length, blade width, flower number, and scape length of albino Pyrola japonica and wild-type P. japonica in Sapporo, Hokkaido, Japan.

Type n fhy B, B Py S

Albino 94,8) 09+03A 22+£06A 21£07A 28+£10A 119+38A
(0-1) (14-35) (1.3-3.6) (2-4) (7.7-16.4)

Wild type 18 (16,41) 23+188B 25+ 11A 22+£12A 6.1+238 163+238B
(0-8) (0.7-4.8) (0.3-4.1) (2-9) (11.8-21.0)

Notes: n, number of shoots (scapes, leaves) measured; L,, mean leaf number + SD (range); 8, mean blade length (cm) + SD (range); 8,, mean blade width (cm) + SD (range); f,, mean flower
number per shoot + SD (range); S, mean scape length (cm) = SD (range). Different letters after values for a trait indicate a significant difference according to Mann-Whitney U test (leaf

number) or Student’s t test (others; P < 0.05).
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TABLE 2. Chlorophyll fluorescence and concentration among albino Pyrola
japonica, wild-type P. japonica, and Quercus sp. in Sapporo, Hokkaido, Japan.

Species n QY Chl

P japonica (albino) 3 0.01 £0.01 undetectable
P japonica (wild type) 3 0.76 = 0.05 173.0+46.2
Quercus sp. 1 0.79 1547 £52

Notes: n, number of shoots measured; QY, mean steady-state quantum yield of

photosystem Il () + SD; Chl, mean chlorophyll concentration (mg m™?) + SD, measured

three times per sample.

japonica and converted them into chlorophyll concentrations
(mean Quercus sp. Chl £ SD = 154.7 + 5.2 mg m% mean P. japonica
Chl £ SD = 173.0 + 46.2 mg m™2). However, all samples of albinos
showed “error” because their values were less than the minimum
limit of detection (SPAD value < 0.1).

Stable isotope analyses

When comparing leaf samples collected from the quadrats, we
found the 6**C values of albinos (mean §"*C + SD = —27.1 + 1.1%o)
to be significantly higher than those of autotrophic reference
plants (=32.2 + 0.9%o; P < 0.001), green P. japonica (=30.9 £ 1.1%o;
P <0.001),and C. japonica (—32.5 + 1.0%o; P < 0.001) (Table 3, Fig. 2;
Appendix S1). Meanwhile, we observed no significant differences in
the 6"*C values among P. japonica, C. japonica, and the autotrophic
reference plants (P = 0.19-0.97). In addition, flower samples of P.
japonica had significantly higher 6"°C values (-28.2 + 0.6%o) than
leaf samples of the same species (P = 0.01) but not significantly dif-
ferent from those from leaf samples of albinos (P = 0.54). Such a
trend was not observed in the albino samples: two flower samples of
albinos (-27.6%o) had slightly higher values than flower samples of
P. japonica, but lower than leaf samples of albinos.

The 6N values in leaf samples of albinos (mean §"N +
SD = 3.0 = 1.0%0) were significantly higher than those of the
autotrophic reference plants (—4.4 £ 2.0%o; P < 0.001; Table 3 and
Fig. 2; Appendix S1). However, unlike §"°C values, §N values of
these albino samples were not much higher than those of other
analyzed pyroloid samples. The highest §"°N values were found

0"N (%o)
o

i

|
-32.0 -30.0 -26.0

0"3C (%o)

FIGURE 2. Abundance of §'*C and §"N in a population of Pyrola japon-
ica albino mutants. Black square, albino mutants (leaf); black circle, albino
mutants (flower); gray square, wild-type P. japonica (leaf); gray circle,
wild-type P. japonica (flower); white triangle, Chimaphila japonica (leaf);
white rhombus, autotrophic reference plants (leaf). Plots, error bars, and
dashed gray lines indicate, respectively, mean value, standard deviation
(n>2), and mean 6"*C and &N values of autotrophic reference plants.

-28.0

for leaf samples of C. japonica (7.0 + 2.0%o), and they were signifi-
cantly higher than those of all other analyzed samples (P < 0.03).
Values did not differ significantly among leaf samples of albinos,
P. japonica leaves (2.5 £ 0.6%o; P = 0.99) and P. japonica flowers
(3.1 £ 0.3%0; P = 0.99). Although ¢"°N values for flower samples
of P. japonica were slightly higher than in leaf samples of the same

TABLE 3. *Cand "N abundance (6'*C or 6"°N) and enrichment factor (¢'*C or £°N) of albino Pyrola japonica, wild-type P japonica, Chimaphila japonica, and autotrophic
reference species collected in Sapporo, Hokkaido, Japan and those for P. subaphylla and P. aphylla obtained from other studies for comparison.

Sample (n) Mean 6" C + SD (%o) Mean 6" N + SD (%o) Mean £ C + SD (%o) Mean &N + SD (%o)

Pyrola japonica (albino) -271+171A 30£10A 48+ 12A 80+09A
leaves (6)?

P japonica (albino) -276 1.5 45 6.2
flowers (2) -276 24 43 82

P japonica (normal) -309+1.1B 25+06A 15+108B 6.0+0.7 AB
leaves (3)°

P japonica (normal) —282+t06A 3.1+03A 42+09A 6.7+0.1 AB
flowers (3)*

C. japonica -325+10B 70+208B -03+128B 1M13+£17B
leaves (5)?

Autotrophic reference species -322+098B —44+20C - -
leaves (15)°

P subaphylla -266 84 50 12.0
flowers (2)° -256 85 59 120

P.aphylla —25.7to —22.2¢ 10.1-17.9¢ 69+09 180+22
stalk or flowers (37)¢

P.aphylla —27.1 9.0 38 128
leaves (2)° —24.7 124 6.3 15.8

Notes: a, present study; b, Shutoh et al. (2017); ¢, Hynson et al. (2009); d, range of mean values among populations. Different capital letters after means within a column indicate a significant
difference according to Tukey’s test (6°C, 6"N, and €"°C) or the Steel-Dwass test (€"°N; P < 0.05).



species, the differences were not significant (P = 0.99). As with §"°C,
0"N values in flower samples (1.5-2.4%o0) were not higher than in
leaf samples within albinos.

The mean value of the enrichment factor for *C in albinos
(mean + SD = 4.8 + 1.2%0) was either similar to or lower than for
P. subaphylla (5.0%0-5.9%o) and P. aphylla (6.9 + 0.9%o), excluding
one leaf sample of P. aphylla (3.8%o; Table 3). The other leaf sample
of P. aphylla (6.3%o) had a value similar to those of flower samples
of the same species and of P. subaphylla (Hynson et al., 2009). For
flower samples, P. aphylla had higher values than P. subaphylla. For
the enrichment factor for °N, albinos (mean + SD = 8.0 + 0.9%o)
had considerably lower values than those of P. subaphylla (12.0%o)
and P. aphylla (12.8-15.8%o in leaves and 18.0 + 2.2%o in stalk or
flowers), regardless of the organs analyzed. We evaluated the rela-
tive contribution of fungal associations to C gain in P. japonica as
30.2 + 19.9% (mean + SD).

DISCUSSION

Species identification, morphology, and the discovery value of
albino plants in Pyrola

We identified the albino population based on its chloroplast haplo-
type and morphology as P. japonica, a partially mycoheterotrophic
species in the wild. Qualitative morphology of flowers, leaves, and
scales suggests that the population belongs, at least, to the P. japon-
ica species complex, including P. japonica and the nearly fully my-
coheterotrophic P. subaphylla, with no or relatively small leaves
(taxonomically defined by Shutoh et al., 2018). Chloroplast haplo-
type C, described by Shutoh et al. (2016), is considered to be one
of the haplotypes of P. japonica (Shutoh et al., 2016, 2017) as also
determined for the other P. japonica samples in the current study.
Although the population is similar to P. subaphylla in its smaller
leaves, the leaf size of haplotype C remains unknown owing to the
scarcity of samples (Shutoh et al., 2017); a population having this
haplotype had somewhat smaller leaves than found on plants with
the main haplotypes of P. japonica (A and D). Therefore, the consid-
erably smaller leaves of the albino individuals does not conflict with
their molecular identification.

For quantitative morphological traits other than leaf size,
compared with wild-type individuals, albino individuals had sig-
nificantly shorter scapes and fewer leaves and flowers (Table 1).
These morphological differences may be caused by albinism,
but more samples are needed to verify this possibility.

In this study, we confirmed the fully mycoheterotrophic status
of the population based on its morphology, white plant bodies, very
low chlorophyll fluorescence and chlorophyll concentrations, and
the higher C and "N abundances. Here we report, for the first time,
the occurrence of albino mutants from partially mycoheterotrophic
angiosperms outside the family Orchidaceae (Bruce and Beitel, 1979;
Johnson-Groh and Lee, 2002; Selosse et al., 2016; Lallemand et al.,
2017). Our novel discovery will facilitate the progress of further
studies focused on mycoheterotrophic evolution using albino mu-
tants in not only Orchidaceae, but also now in Ericaceae. Such stud-
ies should provide valuable findings in terms of comparison with
the many findings obtained from Orchidaceae (e.g., Abadie et al,,
2006; Roy et al., 2013; Suetsugu et al., 2017, 2019; Lallemand et al.,
2019). Further, the albino mutants were fortunately found within
the P. japonica species complex, which exhibits morphological
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similarities and continuous leaf size variation between partially my-
coheterotrophic and nearly fully mycoheterotrophic species (Shutoh
etal.,,2017,2018). The mutants should also play a significant role as
a standard with fully mycoheterotrophic status in further studies
using the P. japonica species complex (or other Pyrola species).

Other putative albino individuals in Pyrola

Although a few images of putative albino mutants of some Pyrola
species can be found on the Internet, their mode of nutrition re-
mains unknown. In two photos of the P. japonica species complex
taken in 2010 at Fukuoka Prefecture, Japan (http://keiko65.sakura.
ne.jp/yamaaruki2/fukuoka/itiyakuso_w100525.htm, accessed on
25 October 2018), leaf size variation in the population or
among multiple shoots is unclear; thus, it is difficult to determine
whether this mutant belongs to either P. japonica or P. subaphylla
(Shutoh et al., 2017). In addition, a Twitter account that presents
plant photographs taken in Wisconsin, USA, uploaded a photo of
a white vegetative shoot, which could be an albino mutant of P. el-
liptica Nutt. on 3 June 2017 (@wisconsinflora, https://twitter.com/
wisconsinflora, accessed on 25 October 2018). These photos thus
raise the possibility that albino mutants have been produced not
only in the P. japonica complex but also in other Pyrola species.

Intriguingly, on the basis of these photographs, the plants have a
greater number and larger size of leaves than on our albino mutants.
In addition, our albino mutants were not P. subaphylla, thought to
strongly depend on fungal C, but P. japonica, typically with poten-
tially developed leaves. These findings suggest that at least some
species of the genus Pyrola—including the P. japonica species com-
plex—rely on mycoheterotrophy to such degrees that they can grow
even when lacking photosynthetic ability. Fungal C would signifi-
cantly contribute to their growth even in the wild, having devel-
oped leaves, while a net flow of C from fungus to plant has been
questioned in some pyroloids (Lallemand et al., 2017).

Lallemand et al. (2017) suggested the possibility that some py-
roloids gain C from the fungus, but that fungal C contributes lit-
tle to their growth; such plants rely on autotrophy rather than
partial mycoheterotrophy (called “C-exchangers”). As evidence,
they also noted that albino mutants had never been reported for
pyroloids. They also referred to the presence of true partially my-
coheterotrophic species based on previous studies and discussed
that C-exchangers were predisposed to evolve into these species. It
is noteworthy that albino mutants were discovered from P. japon-
ica, which was demonstrated to be true partially mycoheterotro-
phic species by Matsuda et al. (2012). However, as discussed here,
albino mutants can exist outside the P. japonica species complex.
Although its identification needs to be confirmed, P. elliptica does
not seem to be closely related to true partial mycoheterotrophs such
as P. japonica (Liu et al., 2010; Lallemand et al., 2017). Any discov-
ery of albino mutants in the genus would facilitate the search for
species or lineages with high levels of dependence on fungal and
our understanding of the actual status and evolution of mycoheter-
otrophy in the entire Pyrola genus.

Possibly, the emergence of the albino might be associated with
the ability to have a flexible nutritional mode driven by the car-
bon demands related to its chlorophyll concentrations and light
availability. Although Lallemand et al. (2017) could not detect any
flexible exploitation of mycorrhizal fungi in the five pyroloids
species investigated, according to light availability and tissue age,
such responses have been reported in some species. Zimmer et al.
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(2007) suggested such ability for Orthilia secunda (L.) House
based on examinations of plants from multiple sites that varied
in light availability. Matsuda et al. (2012) showed that P. japonica
could change its use of fungal C, according to light availability
even within the same population. In Orchidaceae, such balanced
usage of carbon resources is well known in the genus Epipactis
and the genus Cephalanthera, both containing many albino mu-
tants (Preiss et al., 2010; Stockel et al., 2011; Gonneau et al., 2014).
Albino mutants were able to survive for at least 4 years and reach
flowering. Therefore, the emergence of albinos can be related to
flexible fungal exploitation. The discovery of albino mutants can
facilitate the search for species or lineages exhibiting a flexible
degree of mycoheterotrophy.

Heterotrophic levels of albino individuals and other analyzed
species

Higher °C abundance in albino mutants than in wild-type P. ja-
ponica (partially mycoheterotrophic) and autotrophic reference
plants within analyzed quadrats supported the fully mycohetero-
trophic status of the albino mutants. In this study, we measured
the stable isotope abundances of the mutants in Pyrola for the
first time; these values can be used as a reference for fully myco-
heterotrophic individuals in the genus. In addition, our results
on carbon sources suggest an autotrophic status for adult indi-
viduals of Chimaphila japonica, a member of the tribe Pyroleae,
as with C. umbellata (Hynson et al., 2012; Lallemand et al., 2016).
The higher abundance of nitrogen in albino individuals than
in autotrophic reference plants, and the lack of significant dif-
ferences between albino and wild-type individuals of the same
species may have been due not only to their heterotrophic status
but also to their phylogeny (Hynson et al., 2016) and/or associ-
ated mycorrhizal fungi (Schiebold et al., 2017).

BC was higher in flowers than in leaves in wild-type P. japonica,
but not in the albino mutants. Assimilating organs, as opposed to other
organs, have lower *C abundance (e.g., Gebauer and Schulze, 1991;
Badeck et al., 2005), as measured in P. aphylla (Hynson et al., 2009).
These results are likely due to leaf dysfunction of the albino mutants;
the leaves do not photosynthesize but act as non-assimilating organs.
Previously, such differences in §"*C between assimilating and non-as-
similating organs has been explained by differences in chemical
composition such as lipids, proteins, and other secondary carbon me-
tabolites resulting in lower *C abundance in photosynthetic tissues
(Winkler et al., 1978; O’Leary, 1981; Gebauer and Schulze, 1991).

Although we cannot compare heterotrophic levels simply us-
ing enrichment factors, it would be fruitful to discuss P. subaphylla
and P. aphylla individually for their overall higher enrichment fac-
tors for £°C and &N compared with those for the albino mutants.
Pyrola subaphylla had values higher than or similar to those of the
albino mutants, giving the impression that these results supported
the fully mycoheterotrophic status of the species. However, these re-
sults may be affected by our use of flower samples, which often have
higher stable carbon isotope values than in leaves (e.g., Badeck et al.,
2005; Hynson et al., 2009), but nitrogen isotope values have never
been published. Actually, values for the flower samples of P. japonica
did not differ significantly from leaves and flowers of the albino mu-
tants. Further stable isotope analyses using various organs are nec-
essary to precisely evaluate the heterotrophic level of P. subaphylla.

Meanwhile, P. aphylla had considerably higher enrichment fac-
tors than our albino mutants, excluding one leaf sample. Although

a previous study evaluated enrichment factors for P. aphylla us-
ing mainly flowers or scapes (Hynson et al.,, 2009), these values were
also higher than for flower samples of P. subaphylla, as mentioned
above (Shutoh et al., 2016). We previously found that scape lengths
of P. aphylla were significantly larger than those of P. subaphylla
(Shutoh et al., 2018) and proposed the following reason: There might
have been positive selection for smaller plants of P. subaphylla due
to limitations in the carbon availability from fungi; P. aphylla might
be able to increase its size by some unidentified mechanisms to over-
come this limitation. This unidentified mechanism—for instance, P.
aphylla might be able to obtain more carbon than P. subaphylla from
the fungus—might explain the high enrichment factors in the species.
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