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Abstract

Part of the exoskeleton of some wood-inhabiting insects is modified to form a mycangium, which is a special-
ized organ used to convey fungal spores or yeasts to their offspring. Although most stag beetles (Coleoptera:
Lucanidae) are known to have female-specific mycangia and associated yeast symbionts, the evolutionary ori-
gin of the mycangium in this group remains unresolved. Here, we report the presence of a mycangium and as-
sociated yeast symbionts in the European horned stag beetle Sinodendron cylindricum (L.), which belongs to
an ancestral clade of the Lucanidae. The mycangium of S. cylindricum is shown to be female-specific and have
the same developmental origin as that of other stag beetles. A total of five yeast strains were isolated from adult
mycangia and larval gut of S. cylindricum. Of these, we suggest that SICYAM1 is an undescribed yeast with tax-
onomic novelty, and have identified SICYLG3 as the xylose-fermenting yeast Scheffersomyces insectosa using
nuclear ribosomal RNA and ITS sequences. The remaining three yeast strains, SICYAM2, SICYLG1, and
SICYLG2, were assigned to the genus Sugiyamaella. Yeast density in the adult mycangium was lower than that
of the more evolutionarily advanced stag beetles, the European Lucanus cervus (L.) and Dorcus parallelipipedus
(L.), which were also examined in this study. No living yeasts were isolated from the adult guts. However, a third
instar larva of S. cylindricum harbored 10°-10° living yeasts in each gut region, which suggests that gut yeasts

play an important role in these wood-feeding larvae.
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The mycangium is an exoskeletal cavity or saccate structure that
harbors symbiotic fungi or yeasts, and can be found in some wood-
boring beetles and bark beetles, wood wasps, leaf-rolling weevils, and
a bamboo-inhabiting lizard beetle (Batra 1963, Madden and Coutts
1979, Beaver 1989, Six 2003, Kobayashi et al. 2008, Toki et al. 2012,
Davis 2015). Recently, a female-specific mycangium was indepen-
dently discovered in the stag beetle Lucanus cervus (L.) (Coleoptera:
Lucanidae) (Hawes 2009, 2010, 2013) and 12 genera of Lucanidae in
Japan (Tanahashi et al. 2010). Yeast symbionts present in the mycan-
gium of Lucanus and Dorcus species are closely related to the xylose-
fermenting yeasts, Scheffersomyces stipitis (Pignal) Kurtzman et
Suzuki (formerly, Pichia stipitis) (Tanahashi et al. 2010, Hawes 2013,
Tanahashi and Fremlin 2013). Xylose-fermenting yeasts are com-
monly found in the digestive tracts and/or feeding tunnels of many xy-
lophagous insects, suggesting an association with wood digestion (Suh

et al. 2003, 2006). Stag beetle larvae of some genera feed on subterra-
nean, decaying wood of trees and shrubs, or subterranean woody ma-
terial of humus-rich soil, while others feed on moist, decaying wood
above soil level (Holloway 2007), whereas adults utilize food material
that is more nutritive such as fermented tree sap and over-ripe fruits,
however a few species are known to exhibit carnivory (Mori and
Chiba 2009), and some rarely feed after eclosion (Sadaki et al. 2014).
Thus, the biochemical environment of the adult gut is likely to be very
different from that of the wood-feeding larvae, where xylose-
fermenting yeasts play an essential role. Completely separate from the
digestive tract, the saccate mycangium provides a reservoir for yeast
symbionts (Tanahashi et al. 2010, Fremlin and Tanahashi 2015).
Mycangium evolution probably occurred only once in the ancestral
stag beetle clade and might have been the starting point for the evolu-
tion of the larval and adult dimorphic food habits.
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The presence of a mycangium has been reported in nine genera
of the subfamily Lucaninae (Dorcus, Prosopocoilus, Aegus,
Lucanus, Neolucanus, Prismognathus, Figulus, Nigidius, and
Platycerus), two genera of Aesalinae (Aesalus and Nicagus), and one
genus of Sindesinae (Ceruchus). Of the Scarabaeoidea, mycangia
have only been found in the family Lucanidae. Consequently, the
distribution of mycangia on the phylogenetic tree is markedly simi-
lar to the phylogenetic distribution of the family Lucanidae (Krajcik
2001, Hosoya and Araya 2005, Holloway 2007, Fujita 2010).
However, because some supposedly ancestral genera have not been
investigated for the presence of a mycangium, together with the phy-
logenetic ambiguity in the ancestral clades of Lucanidae, the evolu-
tionary origin of the mycangium remains unclear.

The genus Sinodendron is currently placed in the subfamily
Syndesinae, which is described as one of the ancestral clades of
Lucanidae (Kim and Farrell 2015). Sinodendron species are found in
the United Kingdom, Europe, and North America, where they are
known as ‘rhinoceros beetles’ or ‘horned stag beetles’ due to the
characteristic, prominent horn on the head of the males. Of these,
only the species Sinodendron cylindricum (Linnaeus, 1758) is pre-
sent in Europe and the United Kingdom, where its distribution is
widespread (Zahradnik and Chvala 1989, Alexander 2002, Sutton
2003, Klausnitzer and Sprecher-Uebersax 2008, GBIF 2016, NBN
2016). Glossy-black, 10-18-mm long and coarsely punctate, the
adult beetles are active nocturnally and often found gathering
around fermented sap of hardwood trees. Both sexes collaborate to
excavate a burrow in decaying wood. Perhaps uniquely, the male
guards the burrow and removes the debris while the female is exca-
vating. Some 20 eggs are laid in tunnel branches, each of which is
then packed with wood particles. A male will often continue guard-
ing the burrow entrance after the female has completed oviposition
(Chapman 1868, Arrow 2005), possibly to deter predators, parasit-
oids, and/or conspecific competitors. Larvae feed on the decaying
wood and pupate within it.

As adult and larval feeding behavior of S. cylindricum is similar
to that of other stag beetle species, we hypothesized that (1) S. cylin-
dricum females have a specialized mycangium, similar to that of
other stag beetle species, or (2) females and/or males store symbiotic
microorganisms in their digestive tracts. In this study, we examined
S. cylindricum for (1) presence or absence of a mycangium in fe-
males and males, (2) presence or absence of yeast symbionts in the
mycangium, (3) presence or absence of yeast symbionts in the adult
digestive system, and (4) presence or absence of yeast symbionts in
the larval digestive system. In addition, (5) we analyzed the yeasts
from the European stag beetles, Dorcus parallelipipedus and L. cer-
vus, which are known to possess a female-specific mycangium and
associated xylose-fermenting Scheffersomyces yeasts (Hawes 2013,
Tanahashi and Fremlin 2013).

Materials and Methods

Isolation of Yeasts From Adult Insects

Two adult males and two adult females of S. cylindricum (Fig. 1a and
b) were collected from decaying logs of Fagus sylvatica L. or Carpinus
betulus L. at Grandfontaine, Bas-Rhin, France (48.49°N, 7.16°E) on
4 September 2014. Specimens were anesthetized using gaseous carbon
dioxide, then dissected in sterile phosphate-buffered saline (PBS) and
examined for the presence or absence of a mycangium, as described in
Tanahashi et al. (2010). The mycangium found in both females was
removed from its underlying tissue and weighed using an electronic
microbalance (MTS5, Mettler Toledo). The midgut and hindgut of
both sexes were also removed and weighed. These organs were placed

separately in 1.5 ml tubes containing 160 pl PBS and then homogen-
ized using pellet pestles (Kimble Kontes, Fischer Science). The total
volume was adjusted to 200 pl by adding PBS, and a fivefold dilution
series was made by transferring 40 pl of the suspension to a new
1.5 ml tube containing 160 pl of PBS. For quantitative isolation of
yeasts, 40 pl of each dilution (i.e., 1/5, 1/25,. . ., 1/5° equivalent of the
original homogenate) was loaded separately onto five potato dextrose
agar (PDA) (BD) plates (9-cm diameter), which contained 50 pg/ml
rifampicin, and spread uniformly using a glass spreader. The plates
were incubated at 20°C for 4 d.

To compare the density and diversity of yeast symbionts in the
mycangium between different insect species, we analyzed three adult
female Dorcus parallelipipedus (L.), one of which was collected
from sycamore (Acer pseudoplatanus 1.) tree stump in Bentley,
Ipswich, Suffolk, United Kingdom (51.988°N, 1.076°E, 40 m alt.)
on 12 March 2014 and others which were collected from a decaying
log in Basel, Switzerland (47.553N, 7.604E, 317 m alt.) on 16 June
2014. A newly emerged female of L. cervus collected in Stutton,
Ipswich, Suffolk, United Kingdom (51.970N, 1.134E, 9.5 m alt.) on
10 June 2011 was also added to the analysis.

Isolation of Yeasts From Larvae

Four lucanid-like larvae (Fig. 1c) were collected from a decaying
beech log at the northern slope of Ligern, Zurich, Switzerland
(47.48°N, 8.39°E, 850 m alt.) on 15 June 2014. As Ligern is a pro-
tected area, insect collection was permitted as part of the field survey
program in the 8th Symposium on the Conservation of Saproxylic
Beetles (Basel, Switzerland, 13—15 June 2014). The larvae were main-
tained in the same decaying wood at 10-15°C until they were
required for examination. For isolation of yeasts, a healthy larva was
washed with distilled water and dissected in sterile PBS. The whole
gut was removed and washed twice with sterile PBS. The midgut,
hindgut and cecum-like sacs were separated from the whole gut,
weighed and then homogenized in 1.5-ml tubes. The total volume in
each tube was adjusted to 200 pl, and a tenfold dilution series made
by transferring 20 pl of the suspension to a new 1.5 ml tube contain-
ing 180 ul PBS. Finally, 20 pl of each dilution was spread on a PDA
plate, as described above. The plates were incubated at 20°C for 4 d.
The remaining three larvae were reared to adults for future analysis.

Quantification of Yeasts

The yeast colonies from adults and a larva were roughly classified
according to their morphological traits (morphotype), and each
morphotype colony was counted on every plate. Sixteen colonies
were randomly selected for each morphotype from each isolation
source and these were transferred to new PDA plates for later DNA
analysis. Although one morphotype is likely to contain multiple spe-
cies or strains, such pre-classification is helpful in elucidating species
diversity, especially when there are minor but morphologically dif-
ferent colonies. Colony forming unit (CFU) was calculated for each
morphotype by using the plate where an adequate number of colo-
nies (usually, 30-300 colonies per plate) appeared. When the esti-
mated CFU per organ was <10, it was determined as ‘no colonies’.

DNA Sequencing and Haplotyping of Yeasts

For DNA extraction, small pellets of the isolated yeast colonies were
suspended in 50 pl lyticase solution (0.4 U/ul lyticase and 50 mM
EDTA) and incubated at 37°C for 2 h. The spheroplast yeast cells
were collected by centrifugation and then processed using Wizard
(R) Genomic DNA Purification Kit (Promega). For the first DNA
screening analysis, internal transcribed spacer (ITS) regions of the
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Fig. 1. Adults and a larva of S. cylindricum. (a) Male, (b) female, (c) third instar larva, (d) sampling locations in France and Switzerland. (e, f) Male reproductive
organs and the absence of mycangium. Arrow indicates the location of a mycangium in a female. (g, h) Female reproductive organs and the presence of mycan-
gium (arrows). Removed hindgut is indicated by dotted lines. (I, j) Larval gut and cecum-like sacs. ag, accessory gland; cs, cecum-like sac; fg, foregut; hg, hindgut;
mcg, mycangium; mg, midgut; mpt, Malpighian tubule, ov, ovary; ovd, (main) oviduct; sp, spermatheca; spg, spermathecal gland; ts, testis. Scale bars: (c, i)

5mm; (d) 100 km; (e-h, j) Tmm.

nucleus ribosomal RNA (rRNA) gene were amplified by PCR using
the primer pair NS7-NL4 (White et al. 1990), which covers the full
length of ITS1, 5.8S, and ITS2. The PCR fragments were sequenced
with an internal primer ITS5 to obtain complete nucleotide

sequences of those regions. Both ends of the sequences were trimmed
to contain only those three ITS regions. The total length of the
trimmed sequence varied from 463 to 547 bases. ITS haplotype was
determined for each isolate according to the trimmed sequence. For
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the second intensive DNA analysis, a representative isolate was ran-
domly chosen for each ITS haplotype for each insect specimen (i.e.,
isolates that had the same ITS haplotype from the same specimen
were assumed to be the same strain, whereas those from a different
specimen were treated as different strains). Approximately 2,900 bp
of the nucleus ribosomal RNA genes, including 18S rRNA, ITS1,
5.8S rRNA, ITS2, and 26S rRNA, were amplified by PCR with NS1-
FS2 and NS7-NL4 primer sets (White et al. 1990), which were
designed to have an overlapping region of 170 bases. The PCR frag-
ments were sequenced with multiple sequencing primers; NS1, NS2,
NS3, FS2, NS7, ITS5, and NL1 (White et al. 1990). These short
nucleotide sequences (~700 bases) were combined on ContigExpress
(Invitrogen, USA) software.

DNA Sequencing of Reference Yeasts

Type strains of five yeast species, S. stipitis JCM 10742,
Scheffersomyces segobiensis (Santa Maria et Garcia) Kurtzman
et Suzuki JCM10740, Scheffersomyces shehatae (Buckley et van
Uden) Urbina et Blackwell JCM9840, Scheffersomyces insectosa
(Kurtzman) Urbina et Blackwell JCM9842, and Sugiyamaella
novakii (Péter et al.) Urbina et Blackwell ATCC 201508, and an
identified yeast strain Wickerbamomyces anomalus (Hansen)
Kurtzman et al. DBLO1s1Shirosato (Toki et al. 2012) were sub-
jected to the sequencing analysis as described above, since there
were no continuous, long sequences from 18S to 26S in the
GenBank database at that time. Yeasts that had been isolated from
the adult mycangium of two Japanese lucanid species D. rectus
(Motschulsky) and L. maculifemoratus Motschulsky (Tanahashi
et al. 2010) were sequenced in the same way.

Identification of Yeast Species by BLAST

Even though we obtained relatively long, continuous sequences of
the rRNA genes of the yeasts, most of the yeast sequences in the
GenBank database are short (~600 bases). In this situation, BLAST
search usually scoops up longer but weaker-matching sequences
(typically, genome sequences of several well-known yeasts), when
using a long query sequence with default search parameters.
Therefore, we divided our sequence data into three regions, namely,
18S, ITS, and D1/D2, which have been traditionally used for identi-
fication and phylogenetic analysis of yeasts. The three regions were
then separately subjected to BLAST search (Altschul et al. 1997)
using the procedure obtained from the NCBI website (http://blast.
ncbi.nlm.nih.gov/Blast.cgi).

Carbon Assimilation Test

The representative isolates were cultured aerobically in 4 ml of yeast
nitrogen base (YNB) (BD) containing 0.5% glucose at 25°C for
24 h. The culture media were centrifuged and the cell pellets were
suspended in sterile water, in which the ODggo was adjusted to 0.5.
1 wl of the cell suspension was spread onto each of ten nutrient
medium plates containing YNB, 1.5% agar and one of the following
carbon sources: glucose, galactose, mannose, xylose, arabinose, glu-
curonic acid, cellobiose, xylan (from oat spelt), glucomannan (from
Konjac), and carboxymethyl cellulose. The concentration of each
carbon source was 0.5 g/liter, except for insoluble xylan at 1.5 g/
liter. The plates were incubated at 25°C for 5 d to determine the
growth of each strain.

DNA Sequencing of Host Insects
To identify the species of the lucanid-like larvae from Switzerland,
DNA sequencing analysis was conducted on the adult females from

France and one of the larvae. Insect DNA was extracted from
muscles of the adult prothorax and larval head using a QIAamp (R)
DNA Mini Kit (Qiagen) following manufacturer’s instructions. PCR
was performed to amplify mitochondrial 16S ribosomal RNA gene
with the primers, mt16SB and mt16SC (Hosoya and Araya 2005),
and ITS2 region of the nucleus ribosomal RNA gene with the pri-
mers, 5.8S38F (5-CGATGAAGAACGCAGCTAATTG-3') and
ITS4col (5'-TCCTCCGCTTAGTAATATGC-3') (developed in this
study). These PCR products were sequenced with mt16SA, mt16SB
and mt16SC primers for mt16S, and 5.8S38F and ITS4col for ITS2
region.

Phylogenetic Analysis of Yeasts and Host Insects

The sequence data were subjected to multiple DNA sequence align-
ment program ClustalW (Larkin et al. 2007). The alignments were
then inspected and corrected manually, from which ambiguously
aligned sites were removed. Phylogenetic analyses were conducted
using the maximum likelihood (ML) method, program Mega 6
(Tamura et al. 2013). We selected the Tamura-Nei+ G +1 model
for the yeast phylogeny and GTR + 1+ G model for the insect phy-
logeny, on the basis of the Akaike criterion estimated by the pro-
gram Modeltest 3.06. Bootstrap tests were performed with 1,000
replications. Since the yeasts from the three D. parallelipipedus
females had an identical sequence, we used that from the United
Kingdom.

Results

Species Identification of Insects Using DNA Analysis

There was no difference in the nucleotide sequence of mt16S (977
bases) and ITS2 (999 bases) (accession numbers: LC119078-
LC119081) between the adult female of S. cylindricum from France
and the
Sinodendron species are not found in Europe, we conclude that the

unidentified larva from Switzerland. Since other

larva has been correctly identified as S. cylindricum.

Morphological Observation of Symbiotic Organs

In adult females of S. cylindricum, a mycangium was found under
the eighth tergite (Fig. 1h), at the same location reported for other
lucanid species (Tanahashi et al. 2010, Hawes 2013, Tanahashi and
Fremlin 2013). The two lateral oviducts of S. cylindricum were
expanded, as in other lucanid species, and function as storage organs
for mature eggs. Twelve ovarioles were observed at the anterior end
of each oviduct and yellow bodies were observed at the posterior
end of each oviduct that had produced at least one egg. Female #1
had eggs in the lateral oviducts and yellow bodies were present in all
ovarioles (Fig. 1g), which suggests that it had been sexually mature
and active the previous summer. Female #2 contained no eggs, or
yellow bodies. In contrast, no mycangium-like structure was located
in the males (Fig. 1f).

The intestine of the S. cylindricum larva consisted of a short,
thin foregut, a long, cylindrical midgut, and an enlarged, segmented
hindgut (Fig. 1i). Cecum-like sacs were found at the posterior end of
the midgut (Fig. 1j). Although such cecum-like structures are known
in most Scarabaeoidea larvae, their function has yet to be fully
investigated.

Yeasts From Adult Insects

Two types of yeast colony (M1 and M2) grew on the PDA plates
where the mycangium homogenate of female #1 was spread
(Fig. 2a), while no vyeasts appeared from the mycangium
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Fig. 2. Morphological traits of the yeasts isolated from S. cylindricum. (a, b) Colonies on a PDA plate medium where the homogenate of female mycangium was
spread. Two types of colonies are found on the plate. (c) SICYAM1 (unclassified yeast from adult mycangium), (d) SICYAM2 (Sugiyamaella sp. from adult mycan-
gium), (e) SICYLG3 (Scheffersomyces sp. from larval gut). Scale bars: (a) 10 mm; (b) 5 mm; (c-e) 50 um.

homogenate of female #2 (Table 1). No living yeasts were found
from any of the gut samples. M1 was the dominant colony type,
with an estimated CFU of 9.8 x 10* per mycangium. The growth
at 20°C was slow and the surface of the colonies was wrinkled
(Fig. 2b). All eight M1 isolates shared the same ITS haplotype (h1)
and one of these was chosen for the standard strain, namely,
SICYAMT1 (yeast from S. cylindricum adult mycangium, isolate 1).
SICYAM1 formed hyphae on the yeast morphology agar after a 5-
d incubation period at 25°C (Fig. 2¢). The maximum sequence
identity values for 18S rRNA, ITS, and 26S rRNA were 96, 91,
and 89 %, respectively (Table 2). Since values of conspecific strains
are usually no less than 99% (i.e., 1% nucleotide difference
between two strains) in yeasts (Kurtzman and Suzuki 2010),
SICYAM1 is thought to be a novel yeast species. M2 appears to be
a minor morphotype, with an estimated CFU of 9.1 x 10" per
mycangium. It showed moderate growth and a smooth colony
edge and surface on PDA medium (Fig. 2b). All M2 isolates shared
the same ITS haplotype (h2) and a second strain SICYAM2 was
established. SICYAM2 rarely formed hyphae on the yeast mor-
phology agar (Fig. 2¢), but gradually extended pseudohyphae
around the colonies after long-term incubation. DNA analysis
showed 99 and 98% sequence identity with Sugiyamaella
lignohabitans (Kurtzman) Urbina et Blackwell ATCC MYA-4663
by 18S and 26S rRNA, whereas the ITS region showed only 89%
identity with ATCC MYA-4663 or any known strains of S. ligno-
habitans (Table 2). Therefore, we conclude that SICYAM?2 is an
undescribed species of Sugiyamaella.

Yeasts From the Larval Gut

Two types of yeast colony (M2 and M3) appeared on the PDA
plates where the separate homogenates of larval midgut, hindgut
and cecum-like sacs were spread (Table 1). M2 colonies from the
larva had a similar appearance to those from the adult mycangium.
The maximum CFU was obtained from the hindgut (1.3 x 10°), fol-
lowed by the cecum-like sacs (2.7 x 10°) and then the midgut
(2.5 x 10%). Most of the M2 isolates shared the ITS haplotype (h2)
however, a minor genetic variant (one nucleotide replacement and
one insertion), namely h2v, was determined from the midgut (two of
eight colonies) and the cecum (one of eight colonies). Therefore, the
representative isolates SICYLG1 and SICYLG2 were established
from h2 and h2v colonies, respectively. There was no sequence dif-
ference in 18S or 26S rRNAs between the two isolates. M3 colonies
exhibited the fastest growth and smoothness on the PDA plate, and
did not produce hyphae on the yeast morphology agar (Fig. 2e). The
CFU of M3 was approximately one order of magnitude smaller than
M2 in every organ (Table 1). All eight isolates shared the same ITS
haplotype (h3), thus the representative isolate SICYLG3 was estab-
lished as a third yeast strain. BLAST search gave 100% identity to
the xylose-fermenting yeast, S. insectosa (Table 2).

Yeasts From Other Lucanid Species

Uniform colonies that were similar to M3 from the Sinodendron
larva were isolated from the mycangia of D. parallelipipedus and
L. cervus (Table 1), and the strains DOPAAM and LUCEAM with
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Table 1 Yeasts isolated from S. cylindricum, D. parallelipipedus, and L. cervus

Species Stage  Sex/specimen Body weight (mg) Organ Weight (mg)  CFU
M1 M2 M3
S. cylindricum Adult  Female #1 131.9 Mycangium  0.60 9.8 x 10> 9.1 x 10" -
Gut 4.89 - - -
female #2 156.6 Mycangium 0.87 - - -
Gut 1.64 - - -
male #1 115.2 Gut 0.96 - - -
male #2 160.1 Gut 0.80 - - -
larva  unknown 371.7 Midgut 96.3 - 2.5%x10* 1.0 x 10*
Hindgut 31.8 - 1.3 x10° 2.3 x10°
Cecum 24.7 - 2.7x10° 2.3 x10*
D. parallelipipedus  Adult Females® (n=3) 646.0 (+ 151.0)  Mycangium 1.11 (* 0.16) - - 1.1 x 10° (£0.2 x 10°)
Gut 19.6 (£ 5.6) - - -
L. cervus Adult  Female 2647.0 Mycangium  5.20 - - 7.6 x 10°
Gut n/a - - -

M1, M2, and M3 indicate different colony types on PDA plate media.
—, not detected (<10 CFU); n/a, data not available.
“Data shown as mean = SD.

Table 2. Species or taxon of the yeasts isolated from S. cylindricum inferred from NCBI BLASTn search

Host species Morphotype ITS haplotype Yeast strain® Accession no.  Maximum partial similarity (%)  Estimated species/taxon
18S ITS 26S
S. eylindricum M1 bl Y1028-SICYAM1 LC119082 96 91 89 (Novel clade)
M2 h2 Y1028-SICYAM2  LC119083 99 89 98 Sugiyamaella sp.
h2 Y1053-SICYLG1  LC119084 99 89 98 Sugiyamaella sp.
h2v Y1053-SICYLG2  LC119085 99 89 98 Sugiyamaella sp.
M3 h3 Y1053-SICYLG3  LC119086 100 100 100 S. insectosa
D. parallelipipedus M3 h4 Y719-DOPAAM  LC120356 100 100 100 S. stipitis
L. cervus M3 hS Y718-LUCEAM  LC120355 99 99¢ 100° Scheffersomyces sp.©

#Under “Yeast strain’, the leading Y’ and the following group of three or four numbers represent the host specimen (abbreviated in the main text and Table 3).

The four letters following the hyphen represent the host species, the last two letters indicate the source organ (AM, adult mycangium; LG, larval guts).

bPercentages show the maximum similarity values to the nucleotide collection nr/nt database.

ITS and 26S rRNA sequences gave maximum similarity to the yeast symbiont isolated from mycangium of L. maculifemoratus in Japan (Tanahashi et al.

2010).

different ITS haplotypes h4 and bS5 were established, respectively
(Table 2). The rRNA sequences (2,932 bases) of the yeast from D.
parallelipipedus were identical to those of S. stipitis CBS 6054, the
complete genome of which has been sequenced (Jeffries et al. 2007)
(Table 2). The yeast from L. cervus was also assigned to the genus
Scheffersomyces; however, ITS and 26S rRNA sequences indicated
that this strain is close to the yeast symbiont of L. maculifemoratus
in Japan, which has been reported in an earlier study (Tanahashi
et al. 2010).

Phylogenetic Analysis of Yeasts

SICYAM1, which was dominant in adult mycangia, was not com-
patible with any clades of previously known Saccharomycotina
yeasts (Fig. 3). It was also far removed from Scheffersomyces yeasts
that are known symbionts in lucanids. SICYAM2, SICYLG1, and
SICYLG2 were placed in the Sugiyamaella clade, although the ITS
sequences indicate that they are different from any known species of
Sugiyamaella yeasts.

Carbon Assimilation Test
All five yeast isolates from S. cylindricum were able to utilize glu-
cose, mannose, xylose, and cellobiose (Table 3). SICYAM1 did not

assimilate galactose or glucuronic acid. Three Sugiyamaella isolates
(SICYAM2, SICYLG1, and SICYLG2) assimilated glucuronic acid
(Table 3).

Discussion

In this study, we confirmed the presence of a female-specific mycan-
gium in the genus Sinodendron, which is described as an ancestral
clade of the Lucanidae. The mycangium of S. cylindricum originates
from the intersegmental membrane that connects the eighth and
ninth tergites, as it does in more evolutionarily advanced lucanids
(Fremlin and Tanahashi 2015). As far as we know, this homologous
structure has never been reported in other Scarabaeoidea families
(Tanahashi et al. 2010). Our results therefore strengthen the view
that the mycangium is a common and ancient characteristic of the
Lucanidae. We obtained a total of five yeast strains from the adult
mycangia and larval gut: a supposedly novel yeast from the mycan-
gium, SICYAMI, three conspecific yeast strains that belong to
Sugiyamaella clade, SICYAM2, SICYLG1 and SICYLG2, and the
yeast identified as S. insectosa, SICYLG3. All of these yeast
strains could utilize xylose, and therefore are considered to play a
part in the digestion of wood components, especially hardwood
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Y719-DOPAAM (from Dorcus parallelipipedus adult mycangium, UK) [LC120356] *
Scheffersomyces stipitis CBS6054 [CP000497]

Y224-DOREAM (from Dorcus rectus adult mycangium, Japan) [LC120353] *
Scheffersomyces segobiensis JCM10740 [LC120358] *

Y206-LUMAAM (from Lucanus maculifemoratus adult mycangium, Japan) [LC120354] *
Y718-LUCEAM (from Lucanus cervus adult mycangium, UK) [LC120355] *
Scheffersomyces shehatae JCM9840 [LC120361] *

Scheffersomyces insectosa JCM9842 [LC120362] *

¥1053-SICYLG3 (from Sinodendron cylindricum larval gut, Switzerland) [LC119082] *
Scheffersomyces colpomoensis JCMB916 [LC120359] *

Candida quercitrusa JCM8832 [AB013579] [AM158924] [CQU45831]

ebaryomyces hansenii var. hansenii MTCC234 [AHBED1000021]
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Candida albicans JCM1542 [AB013586] [HQ876043] [HQB76051]
m'—_Candﬁa tropicallis ATCC20615 [EU589204] [EU589208] [EUS892086]
96/97 Candida mycetangii ATCC62901 [FJ381691] [FJ381698] [FJ381705]
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Hanseniaspora vineae NRRL Y-17529 [AY046258] [AJ271033] [HVUB4224]
ﬂhamm}mes cerevisiae Kyokai7 [BABQO01000122]

% Candida tunisiensis JEY63 [JQ612155]
¥1028-SICYAM1 (from Sinodendron cylindricum adult mycangium, France) [LC119082] *
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Sugiyamaelia fignohabitans (consensus sequence from multiple strains) [HM208609] [NR_119622] [DQ438198]
Sugiyamaelia novakii ATCC201508 [LC120357] *

Y1028-SICYAM2 (from Sinodendron cylindricum adult mycangium, France) [LC119083] *
Y1053-SICYLG1 (from Sinodendron cylindricum larval gut, Switzerland) [LC119084] *
Y1053-SICYLG2 (from Sinodendron cylindricum larval gut, Switzerland) [LC119085] *

1000100

||
0.01

Schizosaccharomyces pombe [Z19578]

Sugiyamaella

Fig. 3. Phylogenetic placement of the yeasts isolated from S. cylindricum and other lucanid species. The yeast strains isolated in this study are shown in bold.
Asterisks after the accession numbers indicate the DNA sequences determined in this study. The two numbers on each branch represent bootstrap values (1,000
replications) by using neighbor-joining (NJ) and ML methods. See also the footnotes in Table 2 for the definition of strain names of yeast symbionts.

Table 3. Growth of the five ye

ast strains isolated from S. cylindricum on different carbon sources

Carbon source SICYAM1 SICYAM2 SICYLG1 SICYLG2 SICYLG3
Glucose + + + + +
Galactose - w w w +
Mannose + + + + 4
Xylose + + + + +
Arabinose w w w w w
Galacturonic acid - + + + _
Cellobiose + + + 4 +
Xylan w w w w W
Mannan - - - - _

Carboxymethyl cellulose

+, moderate growth; w, weak growth; —, no growth.

hemicelluloses, which consist mainly of xylose and glucose
(Sjostrom 1993). Sugiyamaella yeasts are common in the gut of
(Coleoptera: Passalidae) (Urbina and
Blackwell 2012) and they were present in both adult mycangium

wood-feeding passalids

and larval guts of S. cylindricum. However, the novel yeast
SICYAM!1 was found only in the adult mycangium. Since SICYAM1
grew slowly, it might have been overlooked on the larval plate
where the fast-growing Sugiyamaella and Scheffersomyces formed
their colonies, this being one of the major problems in such a
culture-dependent analysis. Males do not possess a mycangium, nor
are there any living yeasts in their digestive tract, which suggests
that they are unlikely to be involved in the vertical transmission of

the yeast symbionts. Moreover, the absence of living yeasts in the
female digestive tract indicates that the mycangium alone acts as a
storage organ for the yeast symbionts.

Microbial Environment of Adult Mycangium

Although the mycangium of S. cylindricum harbored yeasts, the den-
sity of these was low (no more than 10° CFU), compared with those
found in the mycangium of L. cervus and D. parallelipipedus (more
than 10° CFU), which often share the same ecological niche as
S. eylindricum in Europe and the UK. The mycangium of S. cylindri-
cum was almost transparent and difficult to distinguish from the
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surrounding intersegmental membrane, perhaps because of the small
amount of mycangial secretion present. The low density of yeasts in
the mycangium of S. cylindricum is unlikely to be due to the insect’s
immaturity as the dissected beetle showed it to be sexually mature.
Co-existence of multiple yeast species in the mycangium, contrasts
with the single-yeast monoculture in the mycangium of higher luca-
nids (Tanahashi et al. 2010, Hawes 2013, Fremlin and Tanahashi
2013), and probably reflects a less specialized insect—yeast associa-
tion in this species. This suggests that the mycangium of S. cylindri-
cum represents an early stage in the evolution of insect-yeast
symbiosis in the Lucanidae. Bacterial symbionts were not examined
in this study; however, bacteria also play important roles in some
higher lucanids, which at the same time harbour monoculture
xylose-fermenting  Scheffersomyces yeasts in their mycangia.
Kuranouchi et al. (2006), for example, demonstrated nitrogen-fixing
chemical activity in the gut of Dorcus rectus larvae, suggesting the
presence of nitrogen-fixing bacteria, while both Tanahashi et al.
(2009) and Tanahashi and Kubota (2013) suggest the probable sym-
biotic function of D. rectus gut bacteria is to assist digestion of fun-
gal mycelia in decaying wood. More recently, Miyashita et al.
(2015) discovered antibiotic-producing bacteria from mycangia of
some Dorcus species. We suggest that the presence and roles of bac-
terial symbionts in S. cylindricum need further investigation.

Microbial Environment of the Larval Gut
In lucanid larvae, the midgut forms a straight, cylindrical tube,
which contains dark-brown homogenates of ingested wood and
digestive fluid. This rather liquid midgut fluid is highly alkaline,
ranging from pH 10.2-10.4 in third instar larvae of D. rectus (M.
Tanahashi, unpublished data). Such high alkalinity is also common
in soil- or humus-feeding Scarabaeoidea (Lemke et al. 2003). In con-
trast, the hindgut of lucanid larvae is expanded when filled with
digested food or feces, and usually constricted into two or more sec-
tions that will finally form each fecal pellet. The hindgut content has
an almost neutral pH (6.7-7.8) in D. rectus larvae, and is rather
solid and light-colored compared with that of the midgut. In this
study, the midgut of the S. cylindricum larva contained considerably
fewer living yeasts (3.6 x 10> CFU/mg) than the hindgut (1.1 x 10°
CFU/mg), which suggests that the yeasts proliferate in the hindgut.
Similar to other lucanids, cecum-like sacs are located at the junc-
tion between midgut and hindgut of S. cylindricum larva. Although
these seem to be a prominent internal structure, the function of the
cecum-like sacs has not been fully investigated. The sacs, which are
somewhat harder than other intestinal organs, were seen to contain
fine wood particles and many yeast cells, when observed under the
microscope. The inner surface of these sacs seems to be lined with a
thick cuticle, suggesting that it originated from ectodermal hindgut.
Their yeast content is similar to that of the midgut and hindgut,
even though the net capacity of the sacs is small. It is suggested that
these sacs act as a refuge for the hindgut symbionts, where they can
be retained safely against the gut flow until released into the
hindgut. However, gut yeasts in passalid larvae are sometimes found
adhering to the gut wall by means of branched filaments (holdfasts),
which helps prevent them washing out (Nardi et al. 2006).

Difference in Microbial Environment Between Adult and Larva

In an earlier study, Tanahashi et al. (2010) put forward the hypothe-
sis that the evolution of mycangia in Lucanidae is related to the bio-
logical difference in food eaten by larvae compared with that eaten
by adults. Adult females of most lucanid species deposit eggs on
decaying wood, although oviposition preference for decay type

varies among species (Araya 1993, 2002). Wood is one of the most
indigestible organic materials; it contains high levels of wood poly-
mers such as cellulose, hemicelluloses and lignin, and a very low
level of nitrogen (Haack and Slansky 1987). Degradation by wood-
decaying fungi may enhance the nutrient value of wood to some
extent, but nitrogen level remains low (usually, no more than 0.3%)
(Tanahashi and Togashi 2009). Today, microbial symbionts are
widely known from many wood-feeding or wood-inhabiting insect
groups, and are thought to help digestion of wood polymers such as
cellulose and lignin (Breznak and Brune 1994, Geib et al. 2009),
detoxify the woody chemicals (Doud 1992), have an ability to fix
nitrogen (Benemann 1973) or serve as food for insects (Beaver
1989). Lucanid larvae, including those of S. cylindricum referred to
in this study, may also benefit from the xylose-utilizing ability of
yeast symbionts.

In contrast, adult lucanids feed mainly on fermented tree sap
(slime flux). Tree sap is rich in free sugars, amino acids, and vita-
mins (Kallio et al. 1989, Jiang et al. 2001). Free-living yeasts that
are also commonly found in slime flux (Lachance et al. 2001) may
improve its nutrient value. This suggests that adult stag beetles do
not require specialist yeast symbionts in their food or digestive sys-
tem, a suggestion supported by S. cylindricum adult beetles
harboring no living yeasts or fungi, even though some food materials
were still present in their digestive system. The same data were
obtained from adults of D. parallelipipedus and L. cervus in this
study, and also from Japanese stag beetles D. rectus and L. maculife-
moratus when they were examined at least 1 d after feeding
(M. Tanahashi, unpublished data). The absence of living yeasts in
sap-feeding adults is somewhat puzzling, because their food is likely
to contain a large number of living yeasts and moulds. A possible
answer to this question is that these yeasts have been completely
digested to provide additional nutrient in their passage through the
gut. Thus the gut of S. cylindricum adults, as well as adults of more
evolutionarily advanced lucanids, seem never to act as storage
organs for yeast symbionts, which we suggest has resulted in the
evolution of a mycangium, an organ that is used for temporary stor-
age of specialist yeast symbionts during the adult phase. In contrast
to lucanids, the majority of wood-feeding insects rely on wood or
woody tissues of trees throughout their lives, and some develop sub-
sociality, where parents prepare food for their larvae. The
Passalidae (Coleoptera) the major wood-feeding family in the
Scarabaeoidea exhibits subsociality. Adults and larvae of passalids
live in the same piece of decaying wood, which is also used as food
by the larvae (Schuster and Schuster 1997, Ento et al. 2008); xylose-
fermenting Scheffersomyces yeasts are commonly found in the gut of
adult beetles (Suh et al. 2003) as well as larvae of this group
(M. Tanahashi unpublished). We therefore hypothesize that evolu-
tion of the mycangium in the ancestral Lucanidae might have led to
the development of adults and larvae using different food sources,
sap-feeding in the former and wood-feeding in the latter.

Limitations and Future Issues

We are aware that our sample size is small and that these results
need to be confirmed. Although S. cylindricum is widespread in
Europe and the United Kingdom, it is very local and difficult to find,
especially as this species spends its life almost entirely within decay-
ing wood.

The evolution of a mycangium is possibly highly associated with
the evolution of stag beetles. However, the phylogenetic placement
of Sinodendron seems to be unresolved. For example, the recent
phylogenetic study (Kim and Farrell 2015) showed only weak
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branch support values for the ancestral clades of Lucanidae, includ-
ing Sinodendron. Further studies are required to resolve these issues,
and to elucidate the evolutionary origin of the insect-yeast symbiosis
in Lucanidae.

Geolocation Information, Bioethics, and Data
Availability
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