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The genus Platycerus (Coleoptera: Lucanidae) is a small stag beetle group, which is
adapted to cool-temperate deciduous broad-leaved forests in East Asia. Ten Platycerus
species in Japan form a monophyletic clade endemic to Japan and inhabit species-
specific climatic zones. They are reported to have co-evolutionary associations with
their yeast symbionts of the genus Sheffersomyces based on host cytochrome oxidase
subunit | (COI) and yeast intergenic spacer (IGS) phylogenies. Here we examined the
heat tolerances of the yeast colonies isolated from the mycangia of 37 females belonging
ten Japanese Platycerus species. The upper limits of growth and survival temperatures
of each colony were decided by cultivating it at ten temperature levels between 17.5 and
40°C. Although both temperatures varied during 25.0-31.25°C, the maximum survival
temperatures (MSTs) were a little higher than the maximum growth temperatures (MGTs)
in 16 colonies. Pearson’s correlations between these temperatures and environmental
factors (elevation and 19 bioclimatic variables from Worldclim database) of host beetle
collection sites were calculated. These temperatures were significantly correlated with
elevation negatively, the maximum temperature of the warmest month (Bio5) positively,
and some precipitative variables, especially in the warm season (Bio12, 13, 16, 18)
negatively. Sympatric Platycerus kawadai and Platycerus albisomni share the same
lineage of yeast symbionts that exhibit the same heat tolerance, but the elevational lower
range limit of P kawadai is higher than that of P albisomni. Based on the field survey
in their sympatric site, the maximum temperature of host wood of P kawadai larvae is
higher about 2-3°C than that of P albisomni larvae in the summer, which may restrict
the elevational range of P kawadai to higher area. In conclusion, it is suggested that
the heat tolerance of yeast symbionts restricts the habitat range of their host Platycerus
species or/and that the environmental condition that host Platycerus species prefers
affect the heat tolerance of its yeast symbionts.

Keywords: maximum growth temperature, maximum survival temperature, environmental factor, host wood
material, Scheffersomyces

Frontiers in Microbiology | www.frontiersin.org 1

January 2022 | Volume 12 | Article 793592


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2021.793592
http://creativecommons.org/licenses/by/4.0/
mailto:kohei@fr.a.u-tokyo.ac.jp
https://doi.org/10.3389/fmicb.2021.793592
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2021.793592&domain=pdf&date_stamp=2022-01-07
https://www.frontiersin.org/articles/10.3389/fmicb.2021.793592/full
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/
https://www.frontiersin.org/journals/microbiology#articles

Zhu et al.

Heat Tolerance of Yeasts

INTRODUCTION

Diverse insect taxa and fungi can have mutualistic relationships
(Biedermann and Vega, 2020). The presence of mycangia in
insects, which are fungus-carrying organs, indicates obligate
dependencies of the insects on fungal functions (Mueller et al.,
1998; Aanen et al., 2009; Grebennikov and Leschen, 2010).
Symbiotic relationships with fungi are especially critical for
wood-feeding insects, because wood consists of polymers that
are indigestible to insects such as cellulose, hemicellulose, and
lignin (Haack and Slansky, 1987; Geib et al., 2008; Stokland,
2012). Female stag beetles (family Lucanidae) possess mycangia
in the form of an exoskeletal organ on the dorsal side of
the abdominal tip that carries microbial symbionts (Tanahashi
et al., 2010; Tanahashi and Hawes, 2016; Kubota et al., 2020).
Stag beetles mainly feed on decaying wood (Tanahashi and
Kubota, 2013; Tanahashi et al., 2018) and commonly carry yeast
symbionts belonging to the genus Scheffersomyces, a xylose-
fermenting group of yeasts (Du Preez and Prior, 1985; Jeffries and
Kurtzman, 1994; Olsson and Hahn-Hégerdal, 1996). Xylose is the
main component of hemicellulose in broad-leaved tree species
(Sjostrom, 1993).

Platycerus is a genus of small stag beetles, and Platycerus
species have adapted to mature cool-temperate, deciduous broad-
leaved forests in East Asia (Kubota et al., 2011; Zhu et al., 2019,
2020). Ten Platycerus species in Japan form a monophyletic
clade endemic to Japan and inhabit species-specific climatic
zones (Kubota et al, 2011; Zhang and Kubota, 2021a,b).
Their mycangia contain Scheffersomyces yeast symbionts that
are closely related to Scheffersomyces segobiensis. Most known
yeast symbionts of Dorcus, Lucanus, and Prismognathus stag
beetle species besides Platycerus are also related to S. segobiensis
or Scheffersomyces stipitis (Tanahashi et al, 2017; Kubota
et al, 2020; Zhu et al.,, 2020; Ueki et al., 2021). Based on
phylogenetic analyses of insect cytochrome oxidase subunit
I (COI) and yeast intergenic spacer (IGS) genes, Japanese
Platycerus have co-evolutionary associations with their yeast
symbionts, which indicates an obligative dependency between
Platycerus species and Scheffersomyces yeasts, although their
contribution to host beetle growth and development has not
been clarified (Tanahashi et al, 2017; Kubota et al., 2020).
The adaptation of Platycerus species to cool temperate forests
may be related to the heat tolerance of the beetles or
microbial symbionts.

Climate change is one of the most serious issues of the
present and near future, and it affects species distributions
(Hamann and Wang, 2006; McKenney et al., 2007; Tonnang
et al, 2010; Qin et al, 2019) and species interactions
(Gilman et al., 2010; Walther, 2010; Harley, 2011; Blois et al,,
2013). Its negative effects on mutualistic relationships with
microbes have recently gained increasing attention (Wernegreen,
2012; Kikuchi et al, 2016; Hughes et al, 2017). Platycerus
species in Japan are adapted to a cool climate and are
considered somewhat endangered by global warming (Kubota
et al,, 2010). The Representative Concentration Pathway 8.5
(RCP 8.5) scenario predicts a major distribution range loss
for Platycerus species by 2070 (Zhang and Kubota, 2021a).

Intraspecific variation may also be important for local adaptation
by the species (Zhang and Kubota, 2021b). However, these
predictions do not reflect the temperature tolerance of microbial
symbionts such as Scheffersomyces yeasts. We consider the yeast
symbionts may affect the climate adaptation of their Platycerus
host species.

To better understand climate adaptation of Japanese
Platycerus species, it is expected to evaluate heat tolerance of
their likely species-specific Scheffersomyces yeast symbionts. We
estimated two temperature tolerance indicators for the yeast
symbionts and examined the relationships between the heat
tolerance and environmental factors at the beetle collection
sites. We focused on three sympatric species and investigated
the characteristics and seasonal temperature changes of the host
wood materials. Finally, we discuss the relationship between
Japanese Platycerus species and their yeast symbionts regarding
climate adaptation.

MATERIALS AND METHODS

Heat Tolerance Indicators

We examined the heat tolerance levels of 37 yeast strains
from Platycerus species, of which 36 were obtained in a
previous study by Kubota et al. (2020) and one was newly
extracted from Platycerus kawadai. As a control group, we
used 12 yeast strains from other lucanid genera obtained
in previous studies (11 from Kubota et al, 2020 and one
from Zhu et al., 2020) (Table 1, Supplementary Table 1, and
Supplementary Figure 1).

Each frozen stock strain was thawed and spread onto a potato
dextrose agar (Sigma Aldrich, St. Louis, MO, United States)
plate. A small pellet of each colony was cultured in yeast
and malt liquid medium (3.0 g/L yeast extract, 10.0 g/L malt
extract, 10.0 g/L glucose) for 24 h followed by centrifugation
at 2,000 rpm for 5 min and transfer of the precipitate
into sterilized water. We adjusted the concentration of this
suspension so that the optical density of each sample was
1.0 as measured using a spectrophotometer (V-630, JASCO
Corporation, Hachioji, Japan) at a wavelength of 600 nm
(OD600). We spread 1.0 wL of the prepared yeast suspension
linearly onto a yeast nitrogen base (YNB) (1.6% YNB: Sigma
Aldrich, St. Louis, MO, United States; 2% agar, 1.6% glucose)
plate (Figure 1A). At most, 16 strains were put on one
plate. The upper limit of growth and survival temperature
of each strain were decided by cultivating each strain at ten
temperatures between 17.5 and 40°C with 2.5°C intervals, since
the temperature gradient incubator (TG-180-CCFL, NKsystems,
Osaka) used in this study maintains accurate temperatures with
setting 5°C intervals.

We used two heat tolerance indicators. We observed the
growth condition of each yeast strain at four days after the
beginning of incubation and classified the growth condition into
the following three categories: 4, growing well; —, not growing;
w, growing weakly (Figure 1B). When + was followed by - over
two consecutive temperature levels, we defined the mid-point
temperature between the two levels as the maximum growth
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TABLE 1 | Samples used to determine the maximum growth temperature (MGT)
and maximum survival temperature (MST).

Lucanid taxon Site Yeast IGS Strainno. MGT MST
no. strain Clade on the (°C) (°C)
plate
Pltycerus acuticollis 5 YWO07.8 Clade 1 28.75 28.75
K. Kurosawa, 1969 la
10 YWO06.1 Clade 2 28.75 31.25
la
P albisomni 3 YW19.1 Clade 3 28.75 28.75
Kubota, Kubota et la
Otobe, 2008 15 YW23.1 Clade 4 28.75 28.75
la
ssp. chichibuensis 6 YWO08.1 Clade 5 28.75 30
Kubota, Kubota et la
Otobe, 2008 7 YW09.1 Clade 6 28.75 30
la
P, takakuwai 11 YW57.1 Clade 7 28.75 30
Fuijita, 1987 la
13 YW86.3  Clade 8 28.75 30
la
14 YW13.1 Clade 9 28.75 30
la
ssp. akitai 17 YW73.3 Clade 10 27.5 27.5
Fuijita, 1987 la
19 YW38.1 Clade 11 28.75 30
la
21 YW88.1 Clade 12 28.75 28.75
Ib
ssp. hamedai 25 YW43.2 Clade 13 28.75 28.75
Fujita, 1987 Ic,
Shikoku
PR viridicuprus 22 YW76.3 Clade ll 14 3125 31.25
Kubota, Kubota et 23 YW15.1  Clade Il 15 3125 31.25
Otobe, 2008 24 YW78.3 Cladell 16 31.25 31.25
ssp. kanadai 30 YW58.1  Clade Il 17 3125 31.25
Kubota, Kubota et 32 YW87.1  Clade 18 26.25 26.25
Otobe, 2008 Ic,
Kyushu
P, akitaorum 20 YW14.9 Clade 19 26.25 26.25
Imura, 2007 Ib
P sugitai 26 YW44 A4 Clade 20 26.25 26.25
Okuda et Fuijita, Ic,
1987 Shikoku
28 YW81.3  Clade 21 26.25 275
Ic,
Shikoku
P, urushiyamai 31 YW48.1 Clade 22 25 25
Imura, 2007 Ic,
Kyushu
36 YWS50.1 Clade 23 26.25 26.25
Ic,
Kyushu
P sue 29 YW45.1 Clade 24 26.25 26.25
Imura, 2007 Ic,
Shikoku
P, delicatulus 5 YW65.2  Clade 25 28.75 31.25
Lewis, 1883 Id
7 YW10.1 Clade 26 28.75 28.75
Id
(Continued)

TABLE 1 | (Continued)

Lucanid taxon Site Yeast IGS Strainno. MGT MST
no. strain Clade on the (°C) (°C)
plate
iR YW52.1 Clade 27 28.75 28.75
Id
27 YW46.1 Clade 28 28.75 28.75
Id
32 YW72.2  Clade 29 28.75 30
Id
33 YW61.2  Clade 30 28.75 30
Id
34 YW60.2  Clade 31 28.75 30
Id
ssp. unzendakensis 35 YW47.2 Clade 32 28.75 30
Fuijita et Ichikawa, Id
1982
P, kawadai Fujita et 7 YC055.9  Clade 33 28.75 30
Ichikawa, 1982 la
ih YW53.1 Clade 34 30 30
la
13 YWO03.1 Clade 35 28.75 30
la
14 YW12.1 Clade 36 28.75 28.75
la
16 YW70.3  Clade 37 28.75 30
la
Prismognathus 20 YW25.8 - 38 3125 31.25
angularis
Waterhouse, 1874 12 YC021.5 - 39 31.25 31.25
Lucanus YW31.1 - 40 28.75 28.75
maculifemoratus
Motsulsky, 1861
Dorcus hopei 4 YW42.1 - 41 38.75 38.75
binodulosus
Waterhouse, 1874
D. rectus 8 YWO01.2 - 42 36.25 36.25
(Motchulsky, 1857)
D. titanus pilifer 9 YW63.1 - 43 36.25 36.25
Vollenhoven, 1861
D. montivagus 2 YW26.1 - 44 31.25 31.25
(Lewis, 1883)
D. rubrofemoratus 1 YW27.1 - 45 33.75 33.75
(Vollenhoven, 1865) 4 YW41.1 - 46 33.75 33.75
D. striatipennis 2 YW29.2 - 47 33.75 338.75
(Motchulsky, 1861) 4 YW40.1 - 48 28.75 28.75
Figulus binodulus 18 YW71.1 - 49 40 >40

Waterhouse, 1873

temperature (MGT) of that strain. When w was observed at a
temperature level, we determined that temperature as the MGT
for that strain.

Yeasts not growing at higher temperatures were not
necessarily dead. Therefore, as the second indicator, we
changed the incubating temperature of all yeasts to 20.0°C
immediately after determining the MGT, which is a suitable
growth temperature for all lucanid yeast symbionts used
in this study. At two days after the temperature change,
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FIGURE 1 | Yeast nitrogen base plates used to determine threshold
temperatures. (A), all colonies growing well (n = 16); (B), colonies were
divided into three growth categories: +, growing well; —, not growing; w,
growing weakly.

we observed the growth condition of each yeast strain
again. We determined the maximum survival temperature
(MST) using the same criteria as for the MGT (Figure 1B).
The incubation days for elucidating both indicators were
determined based on a preliminary experiment that identified
the minimum incubation time needed for stable yeast
colony formation.

Correlations Between Heat Tolerance

and Environmental Variables

We obtained environmental variables, including elevation
and 19 bioclimatic variables covering the environmental
niches for each studied stag beetle species, for each sampling
site from Worldclim database’ (Hijmans et al, 2005) at
a resolution of 2.5 arc-min (~5 km) (Table 2). Then,
we calculated Pearson correlation coefficients between
environmental variables and the heat tolerance indicators
of Scheffersomyces yeasts (MST and MGT) using R v. 3.6.3
(R Core Team, 2014).

Characterization of Host Wood Materials

of Sympatric Platycerus Species

On March 25, 30, and 31, and April 28, 2007, we examined
the characteristics of host wood materials hosting the sympatric
Platycerus species: Platycerus delicatulus, Platycerus kawadai, and
Platycerus albisomni in the Irikawa area (Site 7 in Supplementary
Table 1 and Supplementary Figure 1, about 150 m x 150 m
and 1,300 m elevation) in the University of Tokyo Chichibu
Forest, Saitama Prefecture, since it is one of locations where the
maximum number (three) of Platycerus species can be found
sympatrically in Japan (Zhang and Kubota, 2021a). Mature
deciduous broad-leaved trees are dominant in the Irikawa area,
such as Fagus crenata, Fagus japonica, Quercus crispula, Prunus
sargentii, and Acer spp. The stag beetles P. delicatulus and
P. albisomni are distributed above about 1,100 m elevation in
the Irikawa area, whereas P. kawadai is restricted to elevations
above 1,300 m.

Uhttps://www.worldclim.org/

TABLE 2 | List of environmental variables examined in this study and Pearson
correlation coefficients with the maximum growth temperature (MGT) and
maximum survival temperature (MST).

Code Environmental Unit Pearson correlation

variables coefficients with heat
tolerance of the
yeast symbionts
MGT MST

Ele Elevation m —0.33 * —-0.34 *

Bio1 Annual mean temperature °C 0.13 0.11

Bio2  Mean diurnal range [Mean of °C 0.29 0.41 *
monthly (max temp-min temp)]

Bio3  Isothermality (Bio2/Bio7) (* 100) - 0.25 0.36 *

Bio4  Temperature Seasonality - 0.11 0.08
(standard deviation *100)

Bio5  Max temperature of warmest °C 0.38 * 0.38 *
month

Bio6  Min temperature of coldest °C 0.07 0.02
month

Bio7  Temperature annual range °C 0.26 0.33 *
(Bio5-Bio6)

Bio8  Mean temperature of wettest °C 0.31 0.22
quarter

Bio9  Mean temperature of driest °C 0.15 0.09
quarter

Bio10 Mean temperature of warmest °C 0.22 0.19
quarter

Bio11 Mean temperature of coldest °C 0.11 0.1
quarter

Bio12 Annual precipitation mm  —0.49 ** —0.52 o

Bio13 Precipitation of wettest month mm  —0.46 * —-042

Bio14 Precipitation of driest month mm 0.12 —-0.07

Bio15 Precipitation seasonality mm  —0.41 ** —-0.22
(Coefficient of variation)

Bio16 Precipitation of wettest quarter ~mm  -0.52  **  -0.48 ***

Bio17 Precipitation of driest quarter mm 0.05 -0.14

Bio18 Precipitation of warmest quarter mm  —-0.54  **  —-0.49

Bio19 Precipitation of coldest quarter ~ mm 0.09 —0.08

P < 0.05; P < 0.01; *P < 0.001.

We randomly chose 93 fallen or standing dead woods
(branches and stems) of broad-leaved tree species and recorded
their rot type, length, maximum diameter (except protruding
branches), minimum height above the ground, maximum height
above the ground, hard part ratio, and remaining bark ratio.
The rot type was classified as white rot, brown rot, soft
rot, or an intermediate type between different rot types. The
hard part ratio represented the ratio of wood volume that
could not be broken by hand. The hard part ratio and the
remaining bark ratio were roughly estimated to the nearest
5% by eye. Following the random sampling, we searched for
individuals of the three Platycerus species by looking for their
oviposition marks on the wood surface and cutting wood by
hatchet. When we found adults and larvae, we recorded their
positions (depth below the wood surface, height above ground,
and diameter of the branches or trunks) as well as other
wood characteristics as described above. The collected larvae
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were reared and emerged adults were examined together with
collected adults.

Temperature Changes in Host Wood
Materials of Sympatric Platycerus

Species

We recorded the temperatures of five host wood materials in the
Irikawa area that typically host the three sympatric Platycerus
species, P. delicatulus (2), P. kawadai (1), and P. albisomni (2).
We installed data loggers (Ondotori TR51i, T & D Corporation,
Matsumoto, Japan) that record wood temperature every 30 min
on the wood materials on May 12, 2015 and collected the data
on November 12, 2015. This period includes the warmest season
when Platycerus individuals are within their host wood at the
egg or larval stage. To evaluate the relationship with the heat
tolerance levels of yeast symbionts to increasing temperatures,
we took the measurements during the warmest season. Each
temperature sensor was installed at a depth of 1 cm at oviposition
marks on the wood surface, where larvae are often found. The
conditions of the surveyed wood materials are shown in Table 3
(also see Supplementary Figure 2).

RESULTS

Heat Tolerance Indicators

The cultivation plate conditions at four days after the beginning
of incubation, which was used to determine the MGT of
Scheffersomyces yeasts, are shown in Supplementary Figures 3, 4.
The plate conditions at two days after the incubation temperature
change to 20.0°C, which was used to determine the MST, are
shown in Supplementary Figures 5, 6. The yeast symbionts of
all well examined lucanid species grew from 20.0 to 22.25°C. The
MGT and MST of the yeast symbionts of each Platycerus species
ranged between 25.0 and 31.25°C, and the MST was higher
than the MGT in 16 strains. Symbionts of the sugitai species
group (Platycerus akitaorum, Platycerus sugitai, and Platycerus
urushiyamai) and P. sue (Clade Ic according to IGS based
phylogeny; Table 1 and Figure 2) were relatively vulnerable
to high temperatures (MGT: 25.0-27.25°C; MST: 25.0-27.5°C).
By contrast, the symbionts of Platycerus viridicuprus (Clade

TABLE 3 | Host wood materials of three sympatric Platycerus species in which
temperature changes were investigated in the Irikawa area, the University of Tokyo
Chichibu Forest (1,300 m elevation).

Host species No. Height where Diameter of Maximum
the sensor the host wood temperature
was installed where the during
above the sensor was surveyed
ground (cm) installed (cm) period (°C)
P, delicatulus 1 1565 23 24.6
P, delicatulus 2 90 17 24.3
P kawadai 70 7 25.7
P albisomni 1 0 11 23.9
P albisomni 2 0 7 22.4

IT according to IGS based phylogeny; Table 1 and Figure 2)
were resistant to high temperatures (MGT: 31.25°C; MST:
31.25°C) except for YS87.1 (Clade Ic according to IGS based
phylogeny; Table 1 and Figure 2) (MGT: 26.25°C; MST:
26.25°C). Symbionts shared between the sympatric the acuticollis
species group (P. albisomni and Platycerus takakuwai) and
P. kawadai exhibited almost equally heat tolerance levels (MGT:
28.75-30.0°C; MST: 28.75-30.0°C). Their heat tolerance levels
were almost the same but sometimes different from those
of sympatric P. delicatulus (Clade Id according to IGS based
phylogeny; Table 1 and Figure 2) (MGT: 28.75°C; MST: 28.75-
31.25°C). Most yeast symbionts of other lucanid genera exhibited
even higher temperature tolerance levels (MGT: 28.75-40.0°C;
MST: 28.75 to >40.0°C) than those of Platycerus (Table 1).

Correlations Between Heat Tolerance

and Environmental Variables

Pearson correlation coefficients between environmental variables
and the heat tolerance indicators of yeasts (MST and MGT)
are shown in Table 1. Significant correlations are also shown
in Supplementary Figures 7, 8. Strong negative correlations
were observed between the indicators and precipitation-related
variables (Bio12, Biol3, Biol6, and Bio18), especially in the warm
season (Table 2). Temperature-related variables (Bio2, Bio3,
Bio5, and Bio7) were positively related to MST. However, only
one temperature related variables (Bio5; maximum temperature
in the warmest month) was related to MGT. Moreover, negative
correlations were observed between elevation and MGT and
MST (Table 2).

Characterization of the Host Wood
Materials of Sympatric Platycerus

Species

We found 31 adults (P. delicatulus: 18; P. kawadai: 9; P. albisomni:
4) and 79 larvae of Platycerus were found in 40 dead host
wood materials. Of 79 larvae, 21 died and 58 emerged as adults
(P. delicatulus: 32; P. kawadai: 16; P. albisomni: 21) in the
laboratory from August to October of 2007. We identified the
adult species based on their external morphologies, but could not
identify the species of the dead larvae. Ultimately, we identified
Platycerus species from 29 dead host wood materials. The
numbers of wood materials that hosted P. delicatulus, P. kawadai,
and P. albisomni were 13, 7, and 11, respectively (Supplementary
Table 2). Both P. delicatulus and P. kawadai inhabited in two
wood materials. Four tree species were identified as the host
of Platycerus species (F. japonica, F. crenata, P. sargentii, and
Acer sp.). However, most of the host tree species could not be
identified. Platycerus females usually leave oviposition marks on
the host wood. We found oviposition marks on 34 of 40 wood
materials in which Platycerus adults or larvae were found.

The characteristics of the host wood of three species and
randomly chosen wood materials are shown in Supplementary
Table 2. Compared to randomly sampled wood materials,
P. delicatulus preferred thicker wood, which is found at high
positions above the ground. P. kawadai avoided wood on or
under the ground and also preferred wood at high positions.
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Clade Id

Clade |l
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Central & Eastern Honshu

Kii Peninsula

Shikoku
| Kyushu

Honshu, Shikoku, Kyushu

Western Honshu, Kyushu

SOUTH KOREA

FIGURE 2 | Bayesian inference (Bl) phylogeny of yeast symbionts of Platycerus species in Japan based on intergenic spacer (IGS) sequences. The IGS sequences
of South Korean Platycerus hongwonpyoi yeast symbionts were added as the outgroup (modified from Kubota et al., 2020).

Area Yeast symbionts

Yeast symbionts (YS) of
Platycerus acticollis (Site 5, 10)
YS of PI. albisomni (Site 3, 6, 7, 15)

YS of Pl. urushiyamai (Site 31, 36)
(YS of PI. viridicuprus (Site 32))

YS of PI. delicatulus
(Site 5, 7, 11, 27, 32, 33, 34, 35)

YS of Pl viridicuprus (Site 22, 23, 24, 30)

YS of PI. hongwonpyoi

P. albisomni preferred soft wood, which is found more commonly
on or under the ground.

Of the host wood characteristics, the maximum diameter,
hard part ratio, and maximum height above the ground
were significantly different among species (Supplementary
Table 2). Characteristic host wood values were similar between
P. delicatulus and P. kawadai. The host wood of P. albisomni
was much softer than that of P. delicatulus and P. kawadai. The
maximum diameter and maximum height of the host wood of
P. albisomni were significantly smaller and lower than those of
P. delicatulus, respectively. Whereas the rot type of the host
wood of P. delicatulus and P. kawadai was white rot or white-
brown rot, that of the host wood of P. albisomni was white rot,
soft rot, and white-soft rot. Platycerus species were not found in
wood with brown rot or brown-soft rot (Supplementary Table 2).
P. albisomni individuals lived in low-positioned host wood nearer
to the ground, where the host wood was considerably wetter than
that of P. delicatulus and P. kawadai (Supplementary Table 3).

Temperature Changes in the Host Wood
Materials of Sympatric Platycerus

Species

The temperatures of five host wood materials were recorded
smoothly from May 5 to August 31, 2021, whereas the

temperature measurement occasionally failed after this period.
The maximum temperatures of the five host wood materials
varied between 12.0 and 25.7°C. The variation in diurnal
maximum temperatures among host wood materials tended
to be larger around the troughs and peaks (Supplementary
Figure 9A). Because the highest temperature of each host wood
was recorded on July 26 and 27 and August 1 and 2, we focused
on temperature changes in each host wood from July 24 to August
2 (Supplementary Figure 9B). The maximum temperature of
the host wood of P. kawadai larvae was about 2-3°C higher
than that of P. albisomni larvae, and that of P. delicatulus
was intermediate between the two species (Supplementary
Figure 9B). Additionally, multiple sudden temperature changes
were recorded, possibly caused by rain showers or changes in
sunlight (Supplementary Figure 9B).

DISCUSSION

In this study, we demonstrated the variation in heat tolerance
of the Scheffersomyces yeast symbionts of ten Japanese Platycerus
species (Table 1). The heat tolerance levels (MGT and MST)
seemed to be related to each yeast’s phylogenetic position
based on the IGS gene, although statistical confirmation was
limited because of the small sample size per clade except
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for Clade Ia (Table 1). Both MGT and MST were negatively
correlated with elevation and positively correlated with the
maximum temperature of the warmest month (Bio5). They were
also negatively correlated with multiple precipitation-related
variables, especially in the warm season (Bio12, 13, 16, and 18).
Rainfall in the warm season lowers the atmosphere and habitat
temperature, which may contribute to the survival of species
without high heat tolerance. Over all, the habitat climate of
Platycerus species is generally concordant with the heat tolerance
of its yeast symbionts.

In eastern Japan, P. delicatulus, P. kawadai, and P. albisomni
are sympatric and they prefer different types of host wood;
P. delicatulus prefers relatively thick and hard, often standing
wood with white rot, P. kawadai prefers relatively thin and
hard, often standing wood with white rot, and P. albisomni
prefers relatively thin and soft wood with white rot or soft rot
on the ground (Imura, 2010). Little quantitative information
about the host wood characteristics of Platycerus species was
previously known (Ikeda, 1987). In this study, we quantitatively
evaluated wood characteristics in the field (Supplementary
Tables 2, 3), which are concordant with the available information
(Imura, 2010). We analyzed the host wood materials of three
species reflecting these characteristics (Table 3) and measured
temperature changes in wood with oviposition marks. We
focused on the maximum temperatures of host wood in the
warm season to assess the heat tolerance of the yeast symbionts.
The temperature fluctuations in the host wood of P. kawadai
(thin and standing) and P. albisomni (on the ground) were the
largest and smallest, respectively (Supplementary Figures 9A,B).
The host wood of P. albisomni was typically wet, which might
have contributed to its small temperature variation. As a result,
the highest maximum host wood temperature during the study
period was observed for P. kawadai (25.7°C), the lowest for
P. albisomni (22.4 and 23.9°C), and an intermediate temperature
for P. delicatulus (24.3 and 24.6°C) (Supplementary Figure 9B).
The study site was near the lower elevational limits of P. kawadai,
and the species’ maximum host wood temperature (25.7°C) was
lower than its MGT and MST (28.75°C). Conclusively, the heat
tolerance levels of the yeast symbionts are in accordance with the
distribution of P. delicatulus and P. albisomni at lower elevations.

Platycerus kawadai and P. albisomni share the same lineage
of yeast symbionts (Clade Ia according to IGS-based phylogeny),
members of whom exhibit the same heat tolerance, whereas
P. delicatulus hosts yeasts belonging to a different clade (Clade Id)
(Figure 1). The difference between P. kawadai and P. albisomni
in the maximum temperature of host wood reflects their yeast
symbionts’ heat tolerance, which might explain their vertical
distribution (P. kawadai: above 1,300 m elevation; P. albisomni:
above 1,100 m elevation). If the two species exhibit the same heat
tolerance as in their yeast symbionts at the larval stage in summer,
the elevational lower limit of P. kawadai should be higher than
that of P. albisomni, since the maximum temperature of the host
wood of P. kawadai is higher than that of P. albisomni in the same
site (Table 3). In conclusion, the heat tolerance of Platycerus yeast
symbionts is concordant with climate conditions not only on the
geographical level but also on the microhabitat level.

Our results suggest the following hypotheses regrading heat
adaptation in Platycerus species: the heat tolerance of yeast

symbionts restricts the habitat range of their host Platycerus
species or/and the environmental condition that host Platycerus
species prefers affect the heat tolerance of its yeast symbionts.
For these hypotheses, it seems to be important to examine
the heat tolerance of host beetles, or the temperature effect on
yeast functions. However, the phylogeny of Platycerus species
is not completely concordant with the phylogeny of their yeast
symbionts (Kubota et al., 2020). This might be caused by the
rare lateral transmission of yeasts (Ueki et al., 2021). Lateral
transmission of yeast symbionts might have led to the evolution
of thermal adaptation in Platycerus species, or the dispersal of
Platycerus species to a new thermal environment might have
result in lateral yeast transmission.

The family Lucanidae comprises more than 1,000 species,
of which most species are distributed in warmer areas than
Platycerus species (Kim and Farrell, 2015). In this study, most
yeast symbionts of other lucanid taxa, including cool-adapted
species (e.g., Prismognathus angularis) exhibited higher heat
tolerance than did those of Platycerus species. Because they are
distantly related to symbionts of Platycerus species (Kubota et al.,
2020), this yeast-related phylogenetic constraint of stag beetles
might have affected heat adaptation in Scheffersomyces yeasts.
For the heat-tolerant yeasts such as Saccharomyces cerevisiae and
Kluyveromyces marxianus, the molecular and metabolic bases of
the response to heat stress have been examined (Piper, 1993;
Kalyuzhin, 2011; Huang et al., 2018; Matsumoto et al., 2018). The
factors exhibiting diverse heat tolerance in Scheffersomyces yeasts
seem to be a future research topic.

Under climate change, the thermal sensitivity of microbial
symbionts constrains insect responses, and highly dependent
microbial mutualisms may strongly restrict thermal responses
(Wernegreen, 2012) such as in southern green stinkbugs and
bacterial gut symbionts (Kikuchi et al., 2016), or corals and
zooxanthellae (Hughes et al, 2017). Therefore, rapid global
warming is likely to promote a range shift, and local extinction
of Platycerus species due to the heat tolerance of their yeast
symbionts. It may also promote the replacement of yeast
symbionts that exhibit low heat tolerance by more tolerant
symbionts of Platycerus species or other lucanid taxa.

Surprisingly, Scheffersomyces is almost the only fungus that
Platycerus and many lucanid taxa carry in their mycangia
(Tanahashi et al., 2010, 2017; Kubota et al., 2020), which suggest
the importance of Scheffersomyces to lucanid taxa. However,
lucanid species are expected to additionally carry the diverse
bacterial taxa, which may also affect the thermal response of
the host beetles.

In conclusion, we suggested that there is a close relationship
between thermal adaptation in Scheffersomyces yeasts and the
environmental factors preferred by their Platycerus host species.
This study’s results will contribute to a better understanding of
the evolution of symbiotic lucanid-microbial systems.
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