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2 # A Ly BB Scarabaeoidea 1IEMEF R LG avFa2vHOERG—H#FTH Y,
HITE £ 12 13 BHY 35,000 FlE2MERR & 1T % (Scholtz and Grebennikov 2016).  HEFEIC)A
SAfis 52 e, MaRAERBRE (M, &k, B, WL Rl BEEZE)
WKL, %k ERE LERER R T 2 & 23 H LT\ B (Hanski and Cambefort 1991, Scholtz and
Grebennikov 2016, Kaneko and Shigetoh 2019a, b, Kaneko and Taru 2020). ¥ 72AKZ7 v —7IcE&
INHHEIE, H K OHEMRB L OBEHROFIC K o THLICIUEE - RESI N TE 2720, B
PR L Vo ERAFOERF LSHELINTVS, LALEZD—TT, A7 V—7D
EICRAFBARRICEE L CIERZICAHTE R B 7 03 % KR I NRBEBICH Y, L bIFars
2 ¥ B} Scarabacidae (2774 L ¥ ERHC BT 2 /KD 7N —7) O TTIFWIFEFIC X o T
TEIETH L. BT, 2 A LCFHIRER L BER O 20 7/ v — 7Kl T 4,
INbaT O T—2DFRE L TH>TZ 72 (Browne and Scholtz 1995, 1998, Ahrens and
Vogler 2008, Gunter et al. 2016, Sipek et al. 2016, Mckenna et al. 2019). L 2L, ICFESEZICLT
DN T3, DNA & ED5F 7 — X 2 IR I N7 —H 057 Rtk 2 e TR L
TEod, HED a3 BHie 7 7t ~F 427U Bl Glaphyridae <27 Y ¥ 2 4 %k}
Hybosoridae, 7 /1~ X 7+ v F 2 /7 4%} Ochodacidae % Z L% RO TH S & LT
% (Smith et al. 2006, Ahrens et al. 2014, Neita-Moreno et al. 2019). Z Di5E. BIHERE L BEERf
BRA o077 —Fienpflah, BEREIe TS 7T o7 IR T Y v akdr e
AR & 72 5. 2 RFFIITIEDES U, FH 2R IREA%  JRIE T T & T 3 [,
ZN o OIGEEZ 3T 2 TRRRENEHLORR ICBE T 2 R XA H 2. X Y E&RED
BV RFIRELOREE I I T T — X LIBRET — X2 DT IC X 5 FEH LAFABBEAR R T
HDBT Lo, M RRNICHERLIPERIZPEDRRARD ONTw3. 72, FHllniEiE
THROERITRMBARDOERE 2T T, Z OO ARE-CITEIREE: O I~ 1 72 FEAE T
R Nl I

a4 LY ERERNR E L BB EMEITH S 204 DffREDOFIC L - T,
kA2 B 2 RIS 23T b T & T Y, fillfy (Tablokoff-Khnzorian 1977, Meinecke 1975,
Bohacz et al. 2020), IR (Caveney 1986, Caveney and Scholtz 1993, Gokan et al. 1998, Gokan
and Meyer-Rochow 2000), %% (Nel and Villiers 1988, Nel and Scholtz 1990), i 1% L &itg

(Ritcher 1969a, Hlavac 1975), %1 (Ritcher 1969a, b, Galbreath 1976), F&E#:E (Arrow 1904,

Hirschberger 2001), ¥k (Forbes 1926a, Crowson 1967, Iablokoff-Khnzorian 1977, Kukalova-
Peck and Lawrence 1993, Fedorenko 2009), #F:EHfi#:E (Browne 1991a, b, 1993, Browne and
Scholtz 1994, 1995, 1997, 1998), #MAIEH (Crowson 1938, Iablokoff-Khnzorian 1977, Pretorius
1998, Pretorius and Scholtz 2001, Pretorius et al. 2001), %%+ (d’Hotman and Scholtz 1990a,
b), MEZESS (Tanner 1927, Holloway 1972, Lawrence and Newton 1982, Lopez-Guerrero and
Halffter 2000), JNH/NERE  (Ritcher and Baker 1974), UNK[HMEL (Sreedevi ef al. 2015), #
A (Smith and Virkki 1978, Yadav and Pillai 1979, Yadav et al. 1979), %HfZRE (Béving 1929,
Béving and Craighead 1931, Areekul 1957, Lotz 1962, Ritcher 1966, Hinton 1967, Costa et al. 1988)
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BEBEITONE., INOOBET — 2B R oREL EE T 5 5 2 TEEREHR
o TERN, NRBEREORROARICERT 2 EHICOWTE, FIPHElL~1rD
ERBABEREER T 27-0ICINETH 5 & PEFERRF S RO T3 (Frings et al.
2019). ZD7=%, Hi-hBEEE2EET2ICH->TE, HotiELtBERBEOREIC
Lo TZEZHEHDOREIVIOLWIEEHZEET 2 LPEHEETH 5.

Z TR TR, alrarRicE I 2 EE -7 11 B 132 BERRIC, 3 208
AHE (2@ Bk, iR, BIEHR) o HBIZREAITE 21T, 2 OHEAR
MEZ AT 2 & &I, FHBEE RO T 2IHEIGRE S 2010 L, R 2 TR E IR
DHELEADHETE 2 1To72 (F2F). RICIhLFE2ETHONAMR L, BFEONT%
il @t (Ahrensetal 2014 72 &) % WL - MGES % 2 & C, % ORI OIE B DO WGE 7
O N HT 7= 7o R B BAR OB 21T o 7= (B3 F). R aGIHI %258 < 21T 5 #ii- )P
HoFR, BHFEON RGO B2 GEH 3 2 5l EE#EIc T & 2 v[RetE0 H b, Rif
FETII ) LEMEEROFER L E/AEL C, B 2EEE0SRRIHOME~T
Mk3 5 & ZHIEL .
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2—1 Hind wing folding patterns
2-1-1
The relationship between body size and hind wing folding patterns in
Rutelinae and Cetoniinae (Coleoptera, Scarabaeidae)

Introduction

Wing shape has been studied in various animals including birds, bats, and insects
in relation to flight mechanics (e.g., Norberg and Rayner 1987, Dhawan 1991, Dudley
2000, Berwaerts et al. 2002, Sane 2003, Schunk et al. 2017). Among wing shape
characteristics, there are two important indices (wing aspect ratio and wing loading) that
affect aerodynamics and consequently may determine the flight performance of animals.
Wing aspect ratio describes the ratio of the width (front to back) of the wing to its length,
and wing loading is defined as the body weight supported by unit area of the wing. Fast
flying species of insects tend to have high aspect ratio (long and narrow) wings, while
slow and precise flying species tend to have low aspect ratio (short and broad) wings: this
is particularly the case in butterflies (Betts and Wootton 1988, Berwaerts et al. 2002).
Furthermore, high wing loading, indicating a small wing area relative to body mass, is
associated with fast flying, while a low wing loading, representing a large wing area
relative to body mass, is related to maneuverability (Betts and Wootton, 1988). These
variations in wing shape may be affected by individual species traits and their habitats
(Taylor and Merriam 1995, Johansson et al. 2009, Navarro et al. 2015, Sudrez-Tovar and
Sarmiento 2016). According to Tocco et al. (2019), the variations in hind wing shape are
ascribed to differences in diel activity (i.e. diurnal, crepuscular, and nocturnal) between
closely related genera in Scarabaeinae. On the other hand, Gibb et al. (2016) and Ospina-
Garcés et al. (2018) note that the hind wing shape of some coleopteran species are little
affected by habitat but are phylogenetically constrained. Thus, hind wing shapes are
affected by various factors.

Hind wing folding patterns which are designated the combination of wing areas
delimited by the folds are one of the important features of, and considered to be affected
by variations in hind wing shape. Many functional and comparative morphological
studies concerning hind wing folding patterns in Coleoptera have been conducted (Forbes
1926a, b, Haas and Beutel 2001, Fedorenko 2009, Saito et al. 2014, 2017, Kaneko and
Kojima 2017, Shibuya et al. 2017). Kaneko and Kojima (2017) investigated hind wing
folding patterns of the phytophagous scarabaeid beetles and suggested that they showed
a specific structure within a subfamily or tribe. However, the scarabaeid species that they

investigated did not have large differences in body size within a subfamily or tribe. Hence,
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it remains to be confirmed whether these specific folding patterns are independent of body
size. However, the relationship between body size and folding patterns of hind wings has
not been investigated in the scarabaeids as well as any other insect taxa.

This study examines whether body size affects folding patterns of hind wings in
the scarabaeids. For this, two subfamilies (Rutelinae and Cetoniinae) were chosen
because the species within these subfamilies vary in body size, have different flight

behaviors (flight with elytra opened or closed), and are easily observed.

Materials and methods

In this study, I selected five species of Rutelinae and five species of Cetoniinae
that are easily obtained in Japan and whose ecology is known to some extent. These
species, their diel activities and habitats are as follows: Rutelinae —Phyllopertha diversa
Waterhouse (diurnal, grassland), 4nomala schoenfeldti Ohaus (nocturnal, sandy beach),
Mimela flavilabris (Waterhouse) (diurnal, grassland), Mimela costata (Hope)
(crepuscular, forest), and Chrysophora chrysochlora (Latreille) (diurnal, forest)— and
Cetoniinae —Gametis forticula (Janson) (diurnal, grassland), Anthracophora rusticola
Burmeister (diurnal, forest), Protaetia orientalis submarmorea (Burmeister) (diurnal,
forest), Rhomborhina polita Waterhouse (nocturnal, forest), and Mecynorhina torquata
(Drury) (diurnal, forest). Scientific names follow the recent catalogue of Bezdék et al.
(2016) and Krajcik (2012). A total of ten specimens of each species involving five males
and five females except for P. diversa (seven males and three females) were observed.
Most of the examined specimens were collected by the first author, and some of
specimens were provided from Tokyo University of Agriculture, Ehime University
Museum and Research Institute of Evolutionary Biology in Japan.

All dissections were carried out on dried specimens. In order to relax them they
were placed in 50% ethanol for a few minutes, after which the right hind wing was
detached with fine forceps from the anterior and posterior notal wing process of the
metanotum. Hind wing folding patterns were observed in 50% ethanol, and the folding
patterns thus obtained were verified on a polypropylene sheet model replicating the hind
wing of scarabaeid beetles (Fig. 1). The observed hind wing was unfolded on a slide glass
and dried out. The dried hind wing was adhered to another slide glass using a water-based
wood glue (Bondo®, Konishi, Japan) solution (wood glue : distilled water = 1:1).

Specific parts of the body and a hind wing were measured using the software
ImageJ ver. 1.501 (Rasband, 1997-2012): 1) body length (Bl: from clypeal apex to
pygidial apex) and width (Bw: width from shoulder to shoulder); 2) elytral length (EI)
and width (Ew); 3) hind wing length (HI: from costa-subcostal base to hind wing apex)
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and width (Hw: from costa-subcostal base to edge of the folding line of the jugal area [J]
and wedge area [Wd]); 4) length from costa-subcostal base to apical joint (Lba) and length
from apical joint to wing apex (Laa); 5) hind wing area (Ha) (Fig. 2A-B).

To examine the relationship between body size and hind wing shape, correlations
of hind wing aspect ratio and hind wing area to the body length were tested. For these
tests, the mean values in males and females of each species were calculated. The
correlation between the body length and hind wing aspect ratio was analyzed separately
in males and females within subfamilies using these mean values by Spearman’s rank
correlation coefficient. The correlation between the body length and hind wing area was
also analyzed in males and females by the linear regression analysis on the double-
logarithmic scales. Then, the regression coefficients, i.e. the slopes of regression lines,
were compared between sexes and between subfamilies by the analysis of covariance
(ANCOVA). In addition, to compare the HI/Bl and Lba/Laa ratios between sexes within
a species and between species within a subfamily, Kruskal-Wallis tests were carried out.
These statistical analyses were performed using the software JMP 9.0 (SAS Institute,
2010). The terminology of hind wing folding patterns mainly followed Fedorenko (2009),
although the study of Kaneko and Kojima (2017) was also consulted (Fig. 2C). In this
paper, another fold, which divides the main area into subareas (shown in gray in Fig. 2C),
was added. Drawings were made with the aid of an Olympus SZX9 microscope and a

Leica M165C digital microscope.

Results
Difference in aspect ratio of body size between species

Body size was quite different between species, some species being 2-fold body
length of others (Table 1). The aspect ratios of body size (Bl/Bw) and elytra(El/Ew) varied
independent of body size between species within the subfamilies (Table 2). These results
show that the aspect ratio of the body and elytra, which determine an approximate body

plan, are not much affected by variation in body size.

Difference in hind wing morphology between species

Hind wing morphology, especially the aspect ratio and hind wing area, seems to
be affected by body size (Tables 1-2). Accordingly, the relationship between the body
length and the hind wing aspect ratio or hind wing area was analyzed. The Spearman's
rank correlation coefficients indicated that the hind wing aspect ratios became
significantly smaller as the body length increased in males (P = 0.0374) and females
(P<0.0001) of Cetoniinae (Fig. 3B), but the aspect ratios were not significantly correlated
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with the body length in both sexes (P>0.5) of Rutelinae (Fig. 3A). The linear regression
analyses showed that the hind wing area was significantly correlated with the body length
in both sexes in both subfamilies (Table 3). The regression coefficients were not
significantly different between sexes (ANCOVA, Rutelinae: t = 0.10, P>0.9, Cetoniinae:
t = 1.26, P>0.2) and between subfamilies (t = 0.63, P>0.5). Accordingly, the liner
regression using the data of males and females in both subfamilies was calculated (Fig.
3C); the hind wing area became significantly larger as the body length increased (> =
0.986, P <0.0001).

Of ratios between body and wing parts, three ratios, i.e. HI/BI, El/Lba, and
Lba/Laa, appeared to be similar between species within subfamilies (Table 2). However,
most of these ratios were statistically different between species (Table 4). The ratios of
El/Lba and Lba/Laa significantly differed between species in males and females within
subfamilies. For the ratio of HI/BI1, however, the results differed between the
subfamilies; the HI/B1 was significantly different between species in both sexes in

Rutelinae, but it was not significantly different in Cetoniinae (Table 4).

Difference in hind wing folding patterns between species

Hind wing folding patterns of the five species within each subfamily were similar
to each other independent of body size, although wing shape was affected by body size
(Figs. 4A-J). The hind wing folding pattern of each subfamily was mainly characterized
by the shape of the stigmatal (S), intercubital distal (Id), and Wd areas. Rutelinae
exhibited a rectangular S area, triangle Id area and narrow Wd area, while Cetoniinae
showed a S area expanded towards the tip, narrow rectangular Id area and wide Wd area.
In Cetoniinae, some species had a small folding section (shown in gray in Fig. 4) at the
jugal area (J), but the other species did not have this section. Presence or absence of this
section did not depend on the body size. The medial (M) and principal (Pr) areas were
larger in Rutelinae than in Cetoniinae, while the shapes of outer anal area (Oa) of two

subfamilies were similar to each other.

Discussion

This study examined the hind wing morphology of scarabaeid species with
different body sizes in two subfamilies (Rutelinae and Cetoniinae) and analyzed the
relationships between body size and hind wing shape or folding patterns. The analyses
showed that the aspect ratio of the hind wing was usually negatively correlated, and the
hind wing area was positively correlated with body size, but hind wing folding patterns

were not affected by body size and hind wing shape.
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In larger species, to support heavier body mass during flight, larger hind wing
areas should be required. To increase hind wing area, both length and width should be
increased. However, increases in hind wing length is restricted because the hind wing
needs to be foldable and tucked under the elytra. Indeed, the Lba was shorter than the
elytra (El/Lba > 1) in all examined species (Table 2). Accordingly, it is predicted that the
hind wing width increases at a larger rate than the hind wing length as the body length
becomes larger. This is the case with Cetoniinae in which the hind wing aspect ratio
(HI/Hw) was negatively correlated with body length (Fig. 3B) and the ratio of hind wing
length to body length (HI/BI) tended to be constant (Tables 2, 4). In Rutelinae, however,
the hind wing aspect ratio was not significantly correlated with the body length (Fig. 3A).
In Fig. 3A, the plots of A. schoenfeldti apparently deviated from a tendency in relationship
between the body length and hind wing aspect ratio in other species. A. schoenfeldti
showed a much lower hind wing aspect ratio for the body length compared with other
Rutelinae species (Fig. 3A, Table 2). This lower aspect ratio may be associated with its
specific biology. This species prefers sandy environments such as coast and lawn and
occurs locally. Thus, this species inhabits a restricted area (Wada 2012). In such
circumstances, 4. schoenfeldti may not need fast flying ability, which leads to a low hind
wing aspect ratio (Betts and Wootton 1988, Berwaerts et al. 2002).

The Lba/Laa ratio significantly differed between species within Rutelinae and
Cetoniinae. In general, it has been considered that the wing shape is affected by
environmental factors and behavioral traits of each species (Dempster 1991, Taylor and
Merrian 1995, Johansson ef al. 2009, Hassall 2015, Torres et al. 2015, Chazot et al. 2016,
Suérez-Tovar and Sarmiento 2016). In Rutelinae and Cetoniinae, the variation in Lba/Laa
might be also associated with differences in their habitats or behavioral traits. There are
differences among these species in habitats (forest, grassland, and seaside), diel activities
(diurnal, crepuscular, and nocturnal). These factors are likely to influence the hind wing
shape of Rutelinae and Cetoniinae to some extent.

The hind wing folding patterns were similar within each subfamily although the
wing shape differed between species (Fig. 4). The S, Id, Wd, Pr, and M areas showed
stable shapes within each subfamily. This may indicate that these folding areas are likely
to be important for identifying the subfamilies and analyzing the phylogenetic
relationships between subfamilies or higher-level taxa in Scarabaeidae. In contrast, the
shape of the J area was variable between species, as noted by Fedorenko (2009) and
Kaneko and Kojima (2017). As an extreme example, the J area is completely lost in
Valginae (Fedorenko 2009, Kaneko and Kojima 2017). In addition, the variations in the

J area are associated with diel activity period (diurnal, crepuscular, or nocturnal) in dung
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beetles (Scarabaeinae; Tocco ef al. 2019). Thus, the J area is variable and this variation is
likely to be affected by various factors such as habitat, activity period, and body size. The
additional folds appearing in J and Pr areas are inconsistent in subfamily, and Kaneko and
Kojima (2017) mentions that these folds are unstable features between tribes. The J area
and the additional folds are not significant for identifying phylogenetic relationships, but
may be associated with behavioral functions.

Many researchers suggested that wing shape is closely related to environmental
factors such as habitat vegetation and landscape, or behavioral traits of insects (e.g.,
butterflies and moths [Dempster 1991, Torres et al. 2015, Chazot et al. 2016)]; odonates
[Taylor and Merrian 1995, Johansson et al. 2009, Hassall 2015, Suarez-Tovar and
Sarmiento 2016]. The present study also suggests that the hind wing shape is affected by
environmental factors. On the other hand, the folding patterns are similar within each of
subfamilies Rutelinae and Cetoniinae. This result indicates that the folding patterns may
be one of the phylogenetically steady traits. However, there is little evidence to support
this hypothesis. Thus, it will be necessary to study more scarabaeid taxa including the
coprophagous group in the future. If this hypothesis is true, hind wing folding patterns
are one of important characteristic that can help determine phylogenetic relationships in

higher-level taxa in Scarabacidae.

Appendix

Specimens examined

Rutelinae

Mimela flavilabris (Waterhouse, 1875)

4319., Mt. Mikuniyama, Kanagawa Pref., Japan, 22. VII. 2012; 39., Tonemachi, Ohara,
Numata-shi, Gunma Pref., Japan, 9. VI. 2016; 1., Tone-gun, Hotakabokujyokyanpujyo,
Gunma Pref., Japan, 26. VII. 2014.

Anomala schoenfeldti Ohaus, 1915

5359., Tsujidokaihinkden, Fujisawa-shi, Kanagawa Pref., Japan, 29. VI. 2014.
Chrysophora chrysochlora (Latreille, 1811)

332%2., Macas (Oriente), Ecuador, III. 1963; 1 9., Tena, Ecuador, III. 2000; 1 &., San
José de Alluriquin, Ecuador, VI. 2000; 1329 ., Puerto Misahualli, Ecuador, VI. 2001.
Mimela costata (Hope, 1839)

383, Ichinose, Minobu-chd, Kyoma-gun, Yamanashi Pref., Japan, 6. VII. 2013;
243592Q., Mt. Maruyama, Yokose-chd, Chichibu-gun, Saitama Pref., Japan, 18. VIII.
2014.
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Phyllopertha diversa Waterhouse, 1875

19., Kokuzd-san, Satoshd-cho, Asaguchi-gun, Okayama Pref., Japan, 11. V. 2006; 29 9.,
Tokyo University of Agriculture, Atsugi-shi, Kanagawa Pref., Japan, 4. VIL. 2017; 733,
Chiizenjiko, Chiigiishi, Nikk6-shi, Tochigi Pref., Japan, 17. VI. 2019.

Cetoniinae

Anthracophora rusticola Burmeister, 1842

33329 2., Hosaka-chd, Nirasaki-shi, Yamanashi Pref., Japan, 30. VIII. 1986; 12., Mt.
Enkai-san, Isogo-ku, Kanagawa Pref., Japan, 28. VIII. 2007; 23'12Q., Mt. Enkai-san,
Isogo-ku, Kanagawa Pref., Japan, 8. IX. 2014; 1., Mt. Enkai-san, Isogo-ku, Kanagawa
Pref., Japan, 8. IX. 2014; 19., Mt. Enkai-san, Isogo-ku, Kanagawa Pref., Japan, 14. VIII.
2015.

Gametis forticula (Janson, 1881)

53352 9., Mt. Kuburadake, Yonaguni-jima Is., Okinawa Pref., Japan, VI. 2014.
Mecynorhina torquata (Drury, 1782)

49473 ., Zaire, South Africa, V. 1977; 1%., Northern Kivu, Zaire, South Africa, X. 1997;
13, Northern Kivu, Zaire, South Africa, IV. 2000.

Protaetia (Calopotosia) orientalis submarmorea (Burmeister, 1842)

19., Kokuzo6-san, Satosho-cho, Asaguchi-gun, Okayama Pref., Japan, 17. VIII. 2009;
29 9., Funako, Atsugi-shi, Kanagawa Pref., Japan, 23. V1. 2007; 3383, Tokyo University
of Agriculture, Atsugi-shi, Kanagawa Pref., Japan, 9. VIL. 2012; 13, Heiwajima, Ota-ku,
Tokyo, Japan, 16. VIII. 2015; 13., Heiwajima, Ota-ku, Tokyo, Japan, 21. VIIL. 2015;
29 9?., Heiwajima, Ota-ku, Tokyo, Japan, 21. VIIL. 2012.

Rhomborhina polita Waterhouse, 1875

2Q., Mt. Terayama, Chichibu-shi, Saitama Pref., Japan, VIIL. 2012; 1J., Funaka, Atsugi-
shi, Kanagawa Pref., Japan, 20. VII. 2013; 29 9., Anayama-cho, Nirasaki-shi, Yamanashi
Pref., Japan, 5. VIIL. 2013; 19., Mt. Takao-san, Takaomachi, Hachigji-shi, Tokyo, Japan,
14. VIIL. 2013; 43, Mt. Enkai-san, Isogo-ku, Kanagawa Pref., Japan, 10. IX. 2014.
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Figure 1. Polypropylene sheet model of the hind wing of Mimela costata.
A, folded state B, unfolded state.

apical joint

.—/—-/L'b’a'//J Laa
\

Mountain fold =— =— =— —
Valley fold
Figure 2. Measured parts and their abbreviations. A measured parts of the body and elytra,

B measured parts of hind wing, C main regions of the hind wing folding area: Oa = Outer
anal, J = Jugal, M = Medial, Id = Intercubital distal, Pr = Principal, S = Stigmatal, Wd =
Wedge. Additional folds that subdivide the area are shown in gray.
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Figure 3. Results of statistical analyses. A—B the relationships between body length and
hind wing aspect ratio tested by the Spearman's rank correlation coefficient for each
subfamily, C the relationship between body length and hind wing area examined by the
liner regression analysis including ten species of Rutelinae and Cetoniinae, and each plot

represents the mean value of male or female in each species.

13




Figure 4. Hind wing folding patterns and habitus of six species of Rutelinae (A—E) and
Cetoniinae (F-J).

A Phyllopertha diversa Waterhouse, B Anomala schoenfeldti Ohaus, C Mimela
flavilabris (Waterhouse), D Mimela costata (Hope), E Chrysophora chrysochlora
(Latreille), F Gametis forticula (Janson), G Anthracophora rusticola Burmeister, H
Protaetia orientalis submarmorea (Burmeister), I Rhomborhina polita Waterhouse, J
Mecynorhina torquata (Drury). Scale bars represent 5 mm. Additional folds that

subdivide the area are shown in gray.
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Table 1. Measurements (mean = SE) of body and hind wings in ten species of Rutelinae

and Cetoniinae. n = 10 for each species. For abbreviations, see text.

(n=10) species Bl (mm) Bw (mm) El (mm) Ew (mm) HI (mm) Lba (mm) Laa (mm) Hw (mm) Ha (mm2)
Rutelinae g:}grlsogenha 0.24:0.12 4284012 5.33:0.12 2.15¢0.06 9.75:0.11 5.3240.12 4.43t0.22 3.17+0.08  26.03+1.20
Anomala
. 11.780.23 5.25:0.11  7.4+0.14  2.63:0.05 12.75¢0.22 7.07¢0.13 5.6840.09  58:0.1  49.3+1.58
schoenfeldti
Mimela
flavabris 15.9740.37 6.52¢0.12 10.36:0.17 3.26:0.06 18.86:0.14 10.07+0.1 8.79:0.23  7.46+0.17  105.62+2.67
Mimela
coctata 10.7140.25 8.92:0.2  12.58+0.18 4.46:0.1 21.8410.16 11.94:0.08 9.9+0.21  9.17+0.08  132.96+3.09
Chrysoph
'YSOPNOT& 35 98+0.55 15.45:0.24 20.79:0.35 7.720.12 34.85:052 19.20£0.29 15.65:0.24 15.03£0.29 348.26+11.89
chrysochlora
" Gametis
Cetoniinae  *1° 17.1310.26  8.97+0.14 10.53:0.15 4.48:0.07 17.2740.21 8.78:0.11 8.50:0.11 5.83:0.09  81.46+2.2
fur;ri‘crslc:ph(’ra 21448032 11.44:0.19 12.86:0.18 5.75:0.11 20.790.35 10.7:0.16 10.0040.19 7.77+0.14  125.94+4.18
Protaetia
i 25.38:0.64 13.26:0.26 15.5:0.26 6.63:0.13 2530050 12.84:0.32 12.55:0.27 9.52:0.24  193.5048.9
s';ﬁgbom'"a 31.66:0.52 15.25:0.24 19.94+0.24 7.62:0.12 32.82:0.19 17.16:0.18 15.66:0.35 13.26:0.16 328.01%6.42
Mecynorhina oo oo.145  20.30:078  34.86:0.79 1464304  6189:0.66 32224050  20.67:123  27.114049  1256.86:57.81

torquata

Table 2. Ratio of each measured body and wing part (mean = SE) in ten species of

Rutelinae and Cetoniinae. n = 10 for each species. For abbreviations, see text.

(n=10) species Bl / Bw El / Ew HI/ BI HI / El El/ Lba Ha/ Bl HI / Hw Lba/Laa
. Phyllopertha
Rutelinae Y °F 2.1740.04  2.49+0.03  1.05:0.02 1.83:0.03 1.00:0.02 2.81:0.11  3.0740.03  1.2040.01
Anomala
. 2.24+0.02  2.82+¢0.02 1.08+0.01 172+0.01 105:0.01 4.17:0.08 2.20:0.002  1.24+0.01
schoenfeldti
Mimela
fauiiabris 2.45:¢0.02 3.1840.02 1.18+0.01 1.82+0.01 103:0.01 6.62:0.06 2.53+0.03  1.15+0.01
Mimela
costata 2.2240.05 2.83:0.04 1.11+0.02 1.74t0.01 105:0.01 6.75:0.16  2.3840.01  1.21%0.01
Chrysophora
2.14+0.04 2.69+0.04 1.06+0.01 1.68+0.01 108:0.01 10.48:0.24 2.32+¢0.01  1.23%0.01
chrysochlora
- Gametis
Cetoniinae %1 1© 1.91:0.02 2.35:0.01 1.01#0.01  1.64+0.01 1.20+0.01 4.75:0.09 2.96:0.02  1.03+0.01
ﬁ:;?crgr;phora 1.87+0.01  2.24:0.02 0.97+0.01 1.62¢0.01 1.20+0.01 5.87+0.16 2.68:0.02  1.06+0.01
Errio;:gl'iz 1.92:0.01 2.34:0.01 1.0040.01  1.58+0.02 1.21+0.02 7.61¢0.16 257+0.01  1.02+0.01
Rhomborhina
Dolita 2.08:0.02  2.620.03 1.04+0.02 1.65:0.02 1.16:0.01 10.38:0.25 2.48+0.01  1.1%0.01
Mecynorhina 01,000 238002 1.04:0.01 1.78:0.02 108:0.01 21.00:0.6 2.28:0.02  1.09+0.01

torquata
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Table 3. Results of the liner regression analysis

of the hind wing area (log) on the

body length (log).
Subfamily Sex a b r2 F P
Rutelinae Male -0.462 1.997 0.974 113.8 0.0018
Female -0.469 1.980 0.992 393.0 0.0003
Cetoniinae Male -0.805 2.201 0.997 859.4 <0.0001
Female -0.460 1.988 0.986 213.8 0.0007
Rutelinae and 1o | Female  -0.490 2.002 0.986 12332 <0.0001
Cetoniinae
Table 4. The results of Kruskal-Wallis test of each ratio.
Ratios Subfamily  Sex X df n P
Rutelinae Male 14.8 4 27 0.0051
HI/ B Female 13.1 4 23 0.0108
Cetoniinae Male 8.1 4 25 0.0868
Female 8.8 4 25 0.672
. Male 11.0 4 27 0.0267
Rutelinae o ale 13.4 4 23 0.0096
El/Lba . Male 18.0 4 25 0.0012
Cetoniinae
Female 11.9 4 25 0.0182
Rutelinae Male 15.2 4 27 0.0043
Lba/ Laa Female 13.2 4 23 0.0104
Cetoniinae Male 21.6 4 25 0.0002
Female 9.7 4 25 0.0453
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2—-1-2
Comparative morphology of the hind wing folding patterns
in the Scarabaeoidea (Coleoptera)

Introduction

The coleopteran wing has long attracted the attention of numerous researchers.
Several detailed studies on wing venation (Crowson 1967, Iablokoff-Khnzorian 1977,
Kukalova-Peck and Lawrence 1993, Browne and Scholtz 1999, Fedorenko 2009,
Lawrence ef al. 2011), wing articulation (Kukalova-Peck and Lawrence 1993, Browne
and Scholtz 1995, Browne and Scholtz 1999, Sugimoto et al. 2018), and functional
morphology (Hass and Wootton 1996, Haas and Beutel 2001, Le ef al. 2013, Truong et
al. 2014, Saito et al. 2014, 2017, Shibuya et al. 2017) have been conducted. In the
superfamily Scarabaeoidea, Browne and Scholtz (1994, 1995, 1997-1999) conducted
detailed studies on wing characteristics, primarily useful for elucidating higher
classification. In contrast, there have been relatively few comparative studies focusing on
hind wing folding pattern, except in some researches as Forbes (1924, 1962a, b),
Schneider (1978), Fedorenko (2009), and Kaneko and Kojima (2017). Forbes (1926a, b)
and Fedorenko (2009) investigated several coleopteran species and suggested that the
folding pattern characterizes higher taxa such as families and subfamilies, and is a
valuable trait for considering the phylogenetic relationships between higher taxa. In
addition, Kaneko and Kojima (2017), who focused on the phytophagous group of
Scarabaeidae, suggested that the folding pattern in the Scarabaecidae is a useful trait
demonstrating particular difference at the subfamily level, and revealed that it shows
similar characteristics among closely related groups. Consequently, the hind wing folding
pattern was also considered an important trait, significantly contributing to the elucidation
of higher classification and phylogenetic relationships of Scarabaeoidea, similar to wing
venations and articulations. However, the species used in the aforementioned studies are
relatively few and the data are inadequate to characterize each group. Kaneko and Kojima
(2017) conducted a comparative study based on the multiple phytophagous groups, but
there were no observations regarding the coprophagous Scarabaeidae group and other
families of Scarabaeoidea, rendering the study incomplete in some ways. In order to
construct a more accurate phylogenetic hypothesis by comparison with phylogenetic
analyses based on molecular data, which has been frequently performed in recent years,
it is vital to find novel morphological traits to augment the data.

In this study, I examined in detail the hind wing folding pattern of 130 genera

from 11 families within the superfamily Scarabaeoidea. Although the comparatively few

17



representative species examined are inadequate and may thus not provide a completely
reliable basis on which to discuss far-reaching phylogenetic and systematic implications,
it has, nevertheless, been possible to identify similarities between the different families

and subfamilies.

Material and methods
Preparation of specimens

All dissections were carried out on dried specimens. In order to relax them they
were placed in 50% ethanol for a few minutes, after which the right hind wing was
detached with fine forceps from the anterior and posterior notal wing process of the
metanotum. Hind wing folding patterns were observed in 50% ethanol, and the folding
patterns thus obtained were verified on a polypropylene sheet model replicating the hind
wing of scarabaeid beetles. The observed hind wing was unfolded on a slide glass and
dried out. The dried hind wing was adhered to another slide glass using a water-based

wood glue (Bondo®, Konishi, Japan) solution (wood glue : distilled water = 1:1).

Terminology
The main morphological terminology for the hind wing folding patterns of Scarabaeoidea
follows Fedorenko (2009) and Kaneko and Kojima (2017).

Hind wing folding patterns are designated as the combination of wing areas
delimited by folds. The hindwing folding patterns in the superfamily Scarabaeoidea are
usually composed of 17 or 19 main areas (Fig. 1). The areas are termed as follows: Aa =
Antero-apical, An = Antero medial, Ce = Central, Cu = Cubital, Dp = Distal pivot, Fc =
First costal, Oa = Outer anal, Im = Inside medial, J = Jugal, M = Medial, Wd = Wedge,
Id = Intercubital distal, Pa = Postero-apical, Pp1 = Proximal pivot 1, Pp2 = Proximal pivot
2, Pr = Principal, S = Stigmatal, Sc = Second costal, Uf = Under first costal. Some of
these areas may have an additional fold that divides the main area into subareas and some
accessory or irregular folds. Of these, accessory or irregular folds are sometimes omitted
as unnecessary details. The folding lines are indicated by solid and broken lines. The solid
and broken lines indicate a valley and a mountain folds, respectively. Furthermore, all
folding areas have two distinguishable regions [from the base to the apical joint (Fba) and
from the apical joint to the apex (Faa)] divided by a continuous folding line between the
Se-Dp, An-Ce, M-Pr, Cu-Id, and Wd-Oa extending from the apical joint. The apical joint
is the cardinal point of folding to tuck the hind wing under the elytra.

Specimens studied
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130 genera belonging to 11 families of superfamily Scarabaeoidea, which is
Bolboceratidae, Geotrupidae, Glaresidae, Glaphyridae, Hybosoridae, Lucanidae,
Ochodaeidae, Passalidae, Pleocomidae, Trogidae and Scarabaeidae, were examined in
this study. Two species belonging to two genera of subfamily Bolboceratinae were
selected in the family Bolboceratidae. Five species belonging to three genera of two
subfamilies (Geotrupinae and Lethrinae) were selected in the family Geotrupidae. One
species belonging to genus Glaresis Erichson, 1848 was selected in the family Glaresidae.
Four species belonging to three genera were selected in the family Glaphyridae. Three
species belonging to three genera of two subfamilies (Ceratocanthinae and Hybosorinae)
were selected in the family Hybosoridae. 11 species belonging to 10 genera of four
subfamilies (Aesalinae, Syndesinae, Lamprinae and Lucaninae) were selected in the
family Lucanidae. Three species belonging to three genera were selected in the family
Ochodaeidae. Three species belonging to three genera of two subfamilies
(Aulacocyclinae and Macrolinae) were selected in the family Passalidae. One species
belonging to genus Pleocoma LeConte, 1856 was selected in the family Pleocomidae.
Three species belonging to three genera were selected in the family Trogidae. 134 species
belonging to 101 genera of 14 subfamilies (Aegialiinae, Aphodiinae, Chironinae,
Scarabaeinae, Aclopinae, Cetoniinae, Dynamopodinae, Dynastinae, FEuchirinae,
Melolonthinae, Orphninae, Rutelinae, Trichiinae and Valginae) were selected in the
family Scarabaeidae (Table. 1).

Results

The hind wing folding pattern of the Scarabaeoidea is consists of up to 21 areas and is
characterized by area’s shape and development. Of the areas observed in the folding
prototype presented in Fedorenko (2009), K (radial), N (intercubital proximal), F (anal),
and W (oblong) tended to disappear in the species of Scarabaeoidea. These folding
patterns can be formulated as the anterior part of the apical membrane being transformed
into a stiffened lobe deflecting at the apical joint while remaining non-folded transversely,

as a result, the wing folds like a jackknife.

Bolboceratidae (Figs. 2-3)
The hind wing folding patterns of the Bolboceratidae consist of 18 areas, which are: J,
Wd, Oa, Cu, M, Im, Uf, Fc, Pp, An, Sc, Ce, Dp, Id, Pr, Pa, S, and Aa.

The ratio of Fba to Faa in the genera Bolbocerosoma and Bolbochromus is
approximately 1.4:1 (Fig. 2), while the genus Bolbelasmus is about 1:1.1 (Fig. 3). J is

mostly well-developed and is trapezoidal, but in the Bolbelasmus, J’s development is
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weak and lobe-shaped. Wd is elongated trapezoidal and occupies approximately half the
width of Fba. Oa has a narrow triangular shape. M occupies approximately one-fifth the
width of the Fba. Usually, Pp is elongated and single triangular-shaped, but the genus
Bolbelasmus presents two small triangular sectors Ppl and Pp2. An is triangular, but in
the genus Bolbelasmus (Fig. 3) this area is represented by a quadrangular shape. Dp is
triangular shaped. Id is parallel-shaped, but in the Bolbelasmus (Fig. 3) this area is
represented by a tapered shape. Pr is hexagonal shaped because of the presence of Pa and
occupies approximately one-third of the area of Faa. S and Aa have a rectangular shape.
The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea. The Pp and An areas in the genus Bolbocerosoma and Bolbochromus

show unique characteristics in Scarabaeoidea.

Geotrupidae (Fig. 4)
The hind wing folding patterns of the Geotrupidae is comprises 17 areas: J, Wd, Oa, Cu,
M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1.4—1.6:1. J is well-developed and is
semicircular. Wd is elongated trapezoidal and occupies approximately half the width of
Fba. Oa is triangular in shape. M occupies approximately one-fifth of the width of Fba.
Pp consists of two small triangular sectors Pp1 and Pp2. An is quadrangular in shape. Dp
is triangular in shape. Id is parallel-shaped. Pr is pentagonal. S is rectangular.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabacoidea. In the subfamily Lethrinae, the hind wing was completely lost, so the hind

wing folding patterns could not be observed.

Glaresidae (Fig. 5)

The hind wing folding patterns of the Glaresidae is consists of 21 areas, which are: J,
Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr (Prl and Pr2), S
(S1 and S2), and Aa (Aal and Aa2).

The ratio of Fba to Faa is approximately 1:1. J is very narrow and elongated. Wd
is trapezoidal with a deep notch, occupying approximately half the width of Fba. Oa is
triangular and is divided into two sectors by an additional fold. M is wide and occupies
approximately a quarter of the width of Fba. Pp consists of two small triangular sectors
Ppl and Pp2. An is pentagonal. Dp is quadrangular. Id is parallel shaped. Pr is pentagonal
and occupies approximately one-third of Faa’s area and consists of two areas Pr1 and Pr2.
Pr2 originates from An and divides Prl into two sectors. S and Aa form a spatula shape,

and each area is divided into two subareas S1 and S2, and Aal and Aa2, respectively. S2
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has an additional fold, originating from Dp.
The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of
the Scarabacoidea.

Glaphyridae (Fig. 6)
The hind wing folding patterns of the Glaphyridae consists of 17 areas, which are: J, Wd,
Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1.2—1.3:1. J is developed and is
trapezoidal in shape. Wd is trapezoidal and occupies approximately half the width of Fba.
Oa is triangular in shape. M occupies approximately one-fifth of the width of Fba. Pp
consists of two small triangular sectors Ppl and Pp2. An is quadrangular in shape. Dp is
triangular in shape. Id tapers toward the wing’s posterior margin. Pr is pentagonal. S is
spatula shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

Hybosoridae (Fig. 7)
The hind wing folding patterns of the Hybosoridae consists of 19 areas, which are: J, Wd,
Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, S, Aa, and Pa.

The ratio of Fba to Faa is approximately 1.2:1. J is developed and is semicircular
with an additional fold. Wd is trapezoidal and occupies approximately half the width of
Fba. Oa is triangular in shape. M occupies approximately one-fifth of the width of Fba.
Pp consists of two small triangular sectors Pp1 and Pp2. An is quadrangular in shape. Dp
is triangular in shape. Id tapers toward the wing’s posterior margin. Pr becomes hexagonal
due to the existence of the Pa, and occupies approximately one-third of Faa’s area. S and
Aa form a rectangle shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Lucanidae (Figs. 8—14)
The hind wing folding patterns of the Lucanidae consists of 18 or 20 areas, which are J,
Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr (Pr1 and Pr2), Pa,
S, and Aa.

The ratio of Fba to Faa is approximately 1.2:1 (Dorcus, Figulus, Prismognathus,
and Prosopocoilus) (Fig. 8), but some genera show different ratios. For instance, Lucanus,

Ceruchus, and Aesalus have a ratio of approximately 1.1:1 (Figs. 9, 10, 11), Lamprima

21



and Platycerus have a ratio of approximately 1.3:1 (Figs. 12, 13), and Nicagius
approximately 1.4:1 (Fig. 14). J is well-developed and is semicircular. Wd is trapezoidal
and occupies approximately half the width of Fba. Oa is triangular in shape. M is wide
and occupies approximately one-fifth the width of Fba. Pp consists of two small triangular
sectors Pp1 and Pp2. An is pentagonal. Dp is triangular in shape. Id tapers toward the hind
wing’s posterior margin. In the genera Dorcus, Lamprima, Nicagus, Prismognathus, and
Prosopocoilus (Figs. 8, 12, 14), Pr is pentagonal shaped, occupying about half the area of
Faa and comprises two areas, Prl and Pr2. Pr2 originates from An and divides Prl into
two sectors. In the genera Aesalus, Ceruchus, Figulus, and Platycerus (Figs. 10, 11, 13),
Pr (Prl and Pr2) is hexagonally shaped due to the presence of Pa. S, or S and Aa usually
taper towards the end, but in some species such as Aesalus asiaticus and Platycerus
acuticollis, S and Aa form a rectangular shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Ochodaeidae (Fig. 15)

The hind wing folding patterns of the Ochodaeidae is usually consist of 20 areas, which
are: J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Pp1 and Pp2), An, Sc, Ce, Dp, Id, Pr (Pr1 and Pr2),
Pa, S, and Aa.

The ratio of Fba to Faa is approximately 1:1.2—1.3. J is developed and is
trapezoidal in shape. Wd is pentagonal due to has an additional fold and occupies
approximately half of the width of Fba. Cu has an additional fold. Oa is quadrangular due
to has an additional fold. M occupies approximately one-fifth of the width of Fba. Pp
consists of two small triangular sectors Ppl and Pp2. An is pentagonal in shape. Dp is
triangularly shaped. Id tapers toward the wing’s posterior margin. Usually, Pr is
hexagonally shaped due to the presence of Pa, occupying about half the area of Faa and
comprises two areas, Prl and Pr2. Prl has many irregularly additional folds. Pr2
originates from An and divides Pr1 into two sectors. In the genus Notochodaeus, Pr (Prl
and Pr2) is pentagonal shaped, occupying approximately half area of Faa. S, or S and Aa
usually taper towards the end.

The Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Passalidae (Fig. 16)
The hind wing folding patterns of the Passalidae comprises 16 areas: J, Wd, Oa, Cu, M,
Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.
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The ratio of Fba to Faa is approximately 2:1. J is well-developed and is
semicircular in shape. Wd is elongated trapezoidal and occupies approximately one-third
the width of Fba. Oa is small triangularly shaped. M is narrow and occupies
approximately one-sixth of the width of Fba. Im is completely lost. Pp consists of two
small triangular sectors Ppl and Pp2. An is quadrangular in shape. Dp is triangularly
shaped. Id tapers toward the wing’s posterior margin. Pr is pentagonal, occupying about
half the area of Faa. S is rectangular.

The Cu, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Pleocomidae (Fig. 17)
The hind wing folding patterns of the Pleocomidae consists of 17 areas, which are: J,
Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1.3:1. J is well-developed and is
semicircular in shape. Wd is trapezoidal and occupies approximately half the width of
Fba. Oa is narrow triangularly shaped. M is very narrow and occupies approximately one-
seventh of the width of Fba. Pp consists of two small triangular sectors Ppl and Pp2. An
is quadrangular in shaped. Dp is triangularly shaped. Id is parallel shaped. Pr is pentagonal,
occupying approximately half area of Faa. S is tapering toward the end.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Trogidae (Fig. 18)
The hind wing folding patterns of the Trogidae consists of 20 areas, which are: J, Wd, Oa,
Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr (Pr1 and Pr2), S, Aa, and Pa.

The ratio of Fba to Faa in the genera Glyptotrox and Trox is approximately 1:1,
while the genus Omorgus shows 1.2:1. J well-developed and is semicircular with an
additional fold. Wd is trapezoidal with a shallow notch, occupying approximately half the
width of Fba. Oa is triangular in shape. M occupies approximately one-fifth the width of
Fba. Pp consists of two triangular sectors Ppl and Pp2. An is pentagonal and is adjacent
to Uf. Dp is triangular. Id tapers towards the wing’s posterior margin. Pr is hexagonally
shaped due to the presence of Pa, occupying about half the area of Faa and comprises two
areas, Pr1 and Pr2. Prl has an additional fold. Pr2 originates from the An and divides Prl
into two sectors. S and Aa taper towards the end.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.
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Scarabaeidae (Figs. 19—49)
The hind wing folding pattern in the Scarabaeidae is present in various states among

subfamilies and tribes.

Aegialiinae (Fig. 19-20)

The hind wing folding patterns of the subfamily Aegialiinae consists of 20 areas, which
are: J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, S (S1 and
S2), and Aa (Aal and Aa2).

The ratio of Fba to Faa is approximately 1:1. J is developed and is semicircular
in shape. Wd is trapezoidal and occupies approximately one-third of the width of Fba,
and this area has an additional fold. A small notch is observed at the posterior margin of
the boundary line between J and Wd. Oa is triangularly shaped. M is wide and occupies
approximately one-fourth of the width of Fba. Pp comprises two triangular sectors, Ppl
and Pp2. An is quadrangular in shape. Dp is quadrangular in shape. Id tapers toward the
posterior margin of the hind wing. Pr is pentagonal and occupies approximately one-third
of the width of Faa. S and Aa form a spatula shape, and each area is divided into two
subareas S1 and S2, and Aal and Aa2, respectively. S2 has an additional fold, originating
from Dp.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabacoidea. In the species Aegialia nitida (Fig. 20), the hind wing is remarkably
reduced, so the hind wing folding patterns could not be observed.

These character states are similar to the subfamily Aphodiinae.

Aphodiinae (Figs. 21-23)

The hind wing folding patterns of the subfamily Aphodiinae comprises 20 areas: J, Wd,
Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, S (S1 and S2), and Aa
(Aal and Aa2).

The ratio of Fba to Faa is usually approximately 1:1—1.1, but some of tribes show
different ratios, such as approximately 1:1.2 for Odochilini and Rhyparini. J is developed
and is semicircular in shape. Wd is trapezoidal shaped and occupies about one-third of
the width of Fba, and this area has an additional fold in the tribe Aphodiini. Usually, a
small notch is observed at the posterior margin of the boundary line between J and Wd,
but it is indistinguishable in the species Aphodius quadratus. Oa is triangularly shaped.
M occupies approximately one-fifth of the width of Fba. Pp comprises wo triangular
sectors Ppl and Pp2. An is quadrangular in shape. Dp is quadrangular in shape. Id tapers

toward the posterior margin of the hind wing. Pr is pentagonal and occupies
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approximately one-fourth of the width of Faa. S and Aa form a spatula shape, and each
area is divided into two subareas S1 and S2, and Aal and Aa2, respectively. S2 has an
additional fold, originating from Dp.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea. In the species Psammodius kobayashii (Fig. 22), the hind wing is
remarkably reduced, so the hind wing folding patterns could not be observed.

The species in the tribe Rhyparini (Fig. 23) showed unique characteristics in the

J and Wd areas. J is an elongated lobe. J and Wd have many additional complex folds.

Chironinae (Fig. 24)

The hind wing folding patterns of the subfamily Chironinae (genus Chiron) consists of
20 areas, which are: J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Pp1 and Pp2), An, Sc, Ce, Dp, Id,
Pr, S (S1 and S2), and Aa (Aal and Aa2).

The ratio of Fba to Faa is approximately 1:1. J is developed and is semicircular
in shape. Wd is trapezoidal and occupies approximately one-third of the width of Fba,
and this area has an additional fold. Oa is triangularly shaped. M occupies approximately
one-fifth of the width of Fba. Pp comprises two triangular sectors, Ppl and Pp2. An is
quadrangular in shape. Dp is quadrangular in shaped. Id tapers toward the posterior
margin of the hind wing. Pr is elongated pentagonal and occupies approximately one-fifth
of the width of Faa. S and Aa form a spatula shape, and each area is divided into two
subareas S1 and S2, and Aal and Aa2, respectively. S2 has an additional fold, originating
from Dp.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

These character states are similar to the subfamily Aphodiinae.

Scarabaeinae (Figs. 25-29)
The hind wing folding patterns of the subfamily Scarabaeinae consists of 20 areas, which
are: J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, S (S1 and
S2), and Aa (Aal and Aa2).

The ratio of Fba to Faa is usually approximately 1:1.1—-1.2, but some genera
show different ratios, such as approximately 1.2:1 (Paraphytus) (Fig. 26), 1:1.3
(Catharsius), and 1:1.4 (Heliocopris and Dichotomius) (Fig. 27). J is developed and is
triangular in shape. However, the genus Paragymnopleurus (Fig. 28) has two additional
folds in the J area. Wd is trapezoidal and occupies approximately one-third of the width

of Fba, and this area has an additional fold in the tribes Ateuchini, Coprini, Deltochilini,
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Dichotomini, Phanaeini, Sisyphini, and Scarabaeini (Figs. 25, 26, 27). Oa is triangularly
shaped. M is wide and occupies approximately one-fourth of the width of the Fba. Pp
consists of two triangular sectors Ppl and Pp2. An and Dp are quadrangular in shape. 1d
i1s weakly tapers towards the posterior margin of the hind wing. Pr is pentagonal and
occupies approximately one-fourth of the width of Faa. S and Aa form a spatula shape,
and each area is divided into two subareas S1 and S2, and Aal and Aa2, respectively. S2
has an additional fold, originating from Dp.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

The folding patterns of the tribe Onitini (Fig. 29) show different character states
than the other scarabaeine species. The ratio of Fba to Faa is approximately 1:1. Dp is
triangularly shaped. Id is parallel shaped. Pr is hexagonal shaped due to the presence of
Pa. S and Aa form a spatula shape with no subdivisions. These character states may be

similar to those of the subfamily Cetoniinae.

Aclopinae (Fig. 30)

The hind wing folding patterns of the subfamily Aclopinae (genus Pachypus) comprises
19 areas: J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Pp1 and Pp2), An, Sc, Ce, Dp, Id, Pr, S, Aa,
and Pa.

The ratio of Fba to Faa is approximately 1.1:1. J is developed and is semicircular
in shape. Wd is trapezoidal and occupies approximately half the width of Fba. Oa is
triangularly shaped. M is narrow and occupies approximately one-sixth of the width of
Fba. Pp consists of two triangular sectors Ppl and Pp2. An is quadrangular in shape. Dp
is triangularly shaped. Id tapers toward the posterior margin of the hind wing. Pr is
hexagonally shaped due to the presence of Pa and occupies approximately one-third of
the area of Faa. The Pr is divided into two sectors by an additional fold, originating from
An. S and Aa forms rectangle shaped.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Cetoniinae (Figs. 31-32)
The hind wing folding patterns of the subfamily Cetoniinae consists of 17 areas: J, Wd,
Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1:1. J is well-developed and is
semicircular in shape, and in the tribes Diplognathini (Anthracophora) and Goliathini

(Fig. 32) this area have an additional fold. Wd is trapezoidal and occupies approximately
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two-third of the width of Fba. Oa is triangularly shaped. M is very narrow and occupies
approximately one-seventh of the width of the Fba. Pp comprises two triangular sectors
Ppl and Pp2. An is quadrangular in shape. Dp is triangularly shaped. 1d is parallel shaped.
Pr is pentagonal and occupies approximately one-third of the area of the Faa. S is spatula
shape.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Dynamopodinae (Fig. 33)
The hind wing folding patterns of the subfamily Dynamopodinae consists of 17 areas: J,
Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, 1d, Pr, and S.

The ratio of Fba to Faa is approximately 1.3:1. J is developed and is semicircular
in shape. Wd is trapezoidal and occupies approximately half of the width of the Fba. Oa
is triangularly shaped. M is wide and occupies approximately one-fourth of the width of
the Fba. Pp consists of two triangular sectors Ppl and Pp2. An is quadrangular in shape.
Dp is triangular shaped. Id tapers toward the posterior margin of the hind wing. Pr is
pentagonal, with an additional fold, occupying approximately one-third of the area of Faa.
S is rectangular in shape.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Dynastinae (Fig. 34)
The hind wing folding patterns of the subfamily Dynastinae consists of 17 areas, which
are: J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Pp1 and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1.2:1. J well-developed and is
trapezoidal with several irregularly additional folds. Wd is trapezoidal and occupies
approximately half of the width of Fba. Oa is triangularly shaped. M occupies
approximately one-fifth of the width of the Fba. Pp comprises two triangular sectors Pp1
and Pp2. An is quadrangular in shape. Dp is triangularly shaped. Id tapers toward the
posterior margin of the hind wing. Pr is pentagonal, with some additional irregular folds,
occupying approximately half of the area of the Faa. S tapers towards the end.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Euchirinae (Fig. 35)
The hind wing folding patterns of the subfamily Dynastinae consists of 17 areas: J, Wd,
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Oa, Cu, M, Im, Uf, Fc, Pp (Pp1 and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1:1. J is largely well-developed and is
trapezoidal with several irregular additional folds. Wd is trapezoidal and occupies
approximately half of the width of Fba. Oa is triangularly shaped. M occupies
approximately one-fifth of the width of the Fba. Pp comprises two triangular sectors Pp1
and Pp2. An is quadrangular in shape. Dp is triangularly shaped. Id tapers toward the
posterior margin of the hind wing. Pr is pentagonal, with some additional irregular folds,
occupying approximately half of the area of Faa. S tapers towards the end. The Cu, Im,
Uf, Fc, Sc, and Ce are consistent with the general characteristics of Scarabaeoidea.

These character states are similar to those of the subfamily Dynastinae.

Melolonthinae (Figs. 36—40)
The hind wing folding pattern in the subfamily Melolonthinae shows a unique character

state between tribes.

Diplotaxini (Fig. 36)
The hind wing folding patterns of the tribe Hopliini consists of 17 areas: J, Wd, Oa, Cu,
M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1:1. J is developed and is semicircular
in shape. Wd is trapezoidal and occupies approximately half of the width of the Fba. Oa
is triangularly shaped. M is wide and occupies approximately one-fourth of the width of
the Fba. Pp comprises two triangular sectors Pp1l and Pp2. An is quadrangular in shaped.
Dp is triangularly shaped. Id tapers toward the posterior margin of the hind wing. Pr is
pentagonal and occupies approximately one-fourth of the width of the Faa, and this area
is divided into two sectors by an additional fold originating An. S is spatula shape with a
large additional fold.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Hopliini (Fig. 37)
The hind wing folding patterns of the tribe Hopliini comprises 19 areas: J, Wd, Oa, Cu,
M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, Pa, S, and Aa.

The ratio of Fba to Faa is approximately 1:1.1-1.2. J is narrow and is
semicircular in shape, but the genus Pachycnema present lobe shaped J. Wd is trapezoidal
and occupies approximately half of the width of the Fba. Oa is triangularly shaped. M is

wide and occupies approximately one-fourth of the width of the Fba. Pp consists of two
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triangular sectors Ppl and Pp2. An is quadrangular in shape. Dp is triangularly shaped. Id
is parallel shaped. Pr becomes hexagonal due to the existence of the Pa, and occupies
approximately one-third of Faa’s area. S and Aa form a rectangle shaped.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Melolonthini and Rhizotrogini (Fig. 38)
The hind wing folding patterns of the tribes Melolonthini and Rhizotrogini consists of 17
areas: J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.
The ratio of Fba to Faa is approximately 1.4:1. J is developed and is trapezoidal
in shape. In the tribe Rhizotrogini, the J has an additional fold. Wd is trapezoidal and
occupies approximately half of the width of the Fba. Oa is triangularly shaped. M is wide
and occupies approximately one-fourth of the width of the Fba. Pp consists of two
triangular sectors Ppl and Pp2. An is quadrangular in shape. Dp is triangularly shaped. Id
tapers toward the posterior margin of the hind wing. Pr is pentagonal and occupies
approximately one-third of Faa’s area, and this area has an additional fold. S is rectangular
in shape.
The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Sericini (Fig. 39)
The hind wing folding patterns of the tribe Sericini consists of 17 areas: J, Wd, Oa, Cu,
M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1.3—1.4:1. J is developed and is
semicircular in shape with an additional fold. Wd is trapezoidal and occupies
approximately half of the width of the Fba. Oa is triangularly shaped. M is wide and
occupies approximately one-fourth of the width of the Fba. Pp consists of two triangular
sectors Ppl and Pp2. An is quadrangular in shape. Dp is triangularly shaped. 1d is tapers
toward the posterior margin of the hind wing. Pr is pentagonal and occupies
approximately one-third of the width of the Faa. S is rectangular in shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

These character states are similar to the tribe Melolonthini, except in the

characteristics of Pr additional fold.

Tanyproctini (Fig. 40)
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The hind wing folding patterns of the tribe Tanyproctini comprises 17 areas: J, Wd, Oa,
Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1.4:1. J is narrowly elongated shape.
Wd is trapezoidal and occupies approximately half of the width of the Fba. Oa is
triangularly shaped. M is wide and occupies approximately one-fourth of the width of the
Fba. Pp consists of two triangular sectors Ppl and Pp2. An is quadrangular in shape. Dp
is triangularly shaped. Id is parallel shaped. Pr is pentagonal and occupies approximately
one-third of Faa’s area, and this area has an additional fold. S is rectangular in shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

These character states are similar to the tribe Melolonthini, but the Id shows

different characteristics.

Orphninae (Fig. 41)
The hind wing folding patterns of the subfamily Orphninae consists of 19 areas: J, Wd,
Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, Pa, S, and Aa.

The ratio of Fba to Faa is typically approximately 1:1.J is well-developed and is
semicircular in shape. Wd is trapezoidal and occupies approximately half of the width of
the Fba. M occupies approximately one-fifth of the width of the Fba. Pp comprises two
triangular sectors Ppl and Pp2. An is quadrangular in shape. Dp is triangularly shaped. Id
tapers toward the posterior margin of hind wing. Pr becomes hexagonal due to the
existence of the Pa, and occupies approximately one-fourth of Faa’s area. S and Aa form
a rectangle shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Rutelinae (Figs. 42—45)
The hind wing folding pattern in the subfamily Rutelinae is observed four types.

Anatistini , Anomalini, Anoplognathini, and Rutelini (Chrysophora) (Fig. 42)
The hind wing folding patterns of the tribes Anatistini, Anomalini, Anoplognathini, and
Rutelini (Chrysophora) comprise 17 areas: J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and
Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is typically approximately 1.2:1. J is developed and is
semicircular with an additional fold. Wd is trapezoidal and occupies approximately half

of the width of the Fba. Oa is triangularly shaped. M is wide and occupies approximately
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one-fourth of the width of the Fba. Pp consists of two triangular sectors Ppl and Pp2. An
is quadrangular in shape. Dp is triangularly shaped. Id tapers toward the posterior margin
of the hind wing. Pr is pentagonal and occupies approximately one-third of Faa’s area,
and this area has an additional fold. S is rectangular shape.
The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

These character states are similar to the tribe Melolonthini, except for the ratio
of Fba to Faa.

Popiliina (Malaia, Popillia, and Spilopopillia) (Fig. 43)
The hind wing folding patterns of the genera Malaia, Popillia, and Spilopopillia comprise
17 areas, which are J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Pp1 and Pp2), An, Sc, Ce, Dp, Id,
Pr, and S, whereas the genus Malaia and Spilopopillia are constituted to 19 areas, which
are J, Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Pp1 and Pp2), An, Sc, Ce, Dp, Id, Pr, Pa, S, and Aa.

The ratio of Fba to Faa is approximately 1:1.1-1.2. J is developed and is
semicircular with an additional fold. Wd is trapezoidal and occupies approximately half
of the width of the Fba. Oa is triangularly shaped. M occupies approximately one-fifth of
the width of the Fba. Pp consist of two triangular sectors Pp1 and Pp2. An is quadrangular
in shape. Dp is triangularly shaped. Id parallel shaped. Pr in the genus Popillia is
pentagonal and occupies approximately one-third of the area of the Faa. In the genera
Malaia and Spilopopillia, the Pr becomes hexagonal due to the existence of the Pa. S, or
S and Aa form wide spatula shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

These character states are similar to the tribes Triciini and Incaini.

Rutelini (Dicaulocephalus, Kibakoganea, Parastasia, and Pelidnota) (Fig. 44)
The hind wing folding patterns of the tribes Triciini and Incaini consist of 17 areas: J, Wd,
Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is approximately 1.2:1. J is developed and is semicircular
with an additional fold. Wd is trapezoidal and occupies approximately half of the width
of the Fba. Pp consists of two triangular sectors Pp1 and Pp2. An is quadrangular in shape.
Dp is triangularly shaped. Id tapers toward the posterior margin of hind wing. Pr is
pentagonal, with some additional irregular folds, occupying approximately half of the
area of the Faa. S tapers toward the end.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of
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Scarabaeoidea.

These character states are similar to the subfamily Dynastinae.

Adoretini (Fig. 45)
The hind wing folding patterns of the tribe Adoretini consists of 19 areas: J, Wd, Oa, Cu,
M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, Pa, S, and Aa.

The ratio of Fba to Faa is approximately 1:1. J is developed and is semicircular
with an additional fold. Wd is trapezoidal with an additional fold and occupies
approximately half of the width of the Fba. Pp consists of two triangular sectors Pp1 and
Pp2. An is quadrangular in shape. Dp is triangularly shaped. Id tapers toward the posterior
margin of the hind wing. Pr becomes hexagonal due to the existence of the Pa, and
occupies approximately one-thirds of Faa’s area, and the Pr and Pa have some additional
irregular folds. S and Aa form a rectangular shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Trichinae (Figs. 46—48)

The hind wing folding pattern in the subfamily Trichiinae has two known types.

Triciini and Incaini (Figs. 46—47)
The hind wing folding patterns of the tribes Triciini and Incaini comprise 17 areas: J, Wd,
Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.

The ratio of Fba to Faa is typically approximately 1.1:1 (Fig. 46), but the genus
Lasiotrichius present approximately 1:1.1 (Fig. 47). J is developed and trapezoidal with
an additional fold. Wd is trapezoidal and occupies approximately half of the width of the
Fba. Oa is triangularly shaped. M occupies approximately one-fifth of the width of the
Fba. Pp consists of two triangular sectors Ppl and Pp2. An is quadrangular shaped. Dp is
triangularly shaped. Id is parallel shape. Pr is pentagonal and occupies approximately
one-fifth of the area of the Faa. S is wide spatula shape.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

These character states are similar to the subfamily Cetoniinae.

Osmodermini (Fig. 48)
The hind wing folding patterns of the tribe Osmodermini comprise 17 areas: J, Wd, Oa,
Cu, M, Im, Uf, Fc, Pp (Pp1 and Pp2), An, Sc, Ce, Dp, Id, Pr, and S.
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The ratio of Fba to Faa is approximately 1.1:1. J is well-developed and is
semicircular with an additional fold. Wd is trapezoidal and occupies approximately two-
third of the width of the Fba. Oa is triangularly shaped. M is very narrow and occupies
approximately one-seventh of the width of the Fba. Pp consists of two triangular sectors
Ppl and Pp2. An is quadrangular in shape. Dp is triangularly shaped. Id is parallel shape.
Pr is pentagonal and occupies approximately one-third of the area of the Faa. S is spatula
shape.

The Cu, Im, Fc, Sc, and Ce are consistent with the general characteristics of
Scarabaeoidea.

These character states are similar to the subfamily Cetoniinae, especially the

tribe Goliathini and Diplognathini.

Valginae (Fig. 49)
The hind wing folding patterns of the subfamily Valginae consists of 18 areas, which are
Wd, Oa, Cu, M, Im, Uf, Fc, Pp (Ppl and Pp2), An, Sc, Ce, Dp, 1d, Pr, Pa, S, and Aa.

The ratio of Fba to Faa is approximately 1:1.3-1.7. J is completely lost. Wd is
triangularly and occupies approximately half of the width of the Fba. Oa is triangularly
shaped. M is remarkably narrow and occupies approximately one-seventh of the width of
the Fba. Pp consists of two triangular sectors Ppl and Pp2. An is quadrangular in shape.
Dp is triangularly shaped. Id is parallel shape. Pr becomes hexagonal due to the existence
of the Pa, and occupies approximately one-fifth of Faa’s area. S and Aa form a wide
spatula shape.

The Cu, Im, Uf, Fc, Sc, and Ce are consistent with the general characteristics of

Scarabaeoidea.

Discussion
Based on the examination of the hind wing folding patterns in Scarabaeoidea, the

following inferences were made.

Types of the hind wing folding pattern in Scarabaeoidea

Generally, the shape of wings is considered to be significantly affected by body size,
behavioral traits and environmental factors of insects (Taylor and Merriam 1995,
Johansson et al. 2009, Navarro et al. 2015, Suarez-Tovar and Sarmiento 2016, Tocco et
al. 2019). In the coleopteran species, the hind wing shape is restricted because they need
to be foldable and tucked under the elytra. However, as seen in subchapter (2—1-1), the

hind wing folding patterns are not affected by the aforementioned factors, and they have
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been suggested to represent a unique character state in each taxon (Kaneko and Kojima
2017, subchapter 2—1-1). In Fedorenko (2009), the scarabacoid folding pattern is
categorized as “staphyliniform type”, characterized by some features such as the distal
portion of the Oa and Oblong (absent in Scarabacoidea species) involved in the Pr when
folding, the Ce and Dp are subequally large and of similar shape, and the wing folds like
a jackknife. Here, I suggest further dividing the hind folding patterns in Scarabaeoidea in
to fifteen types as following: glareresine, lucanine, ochodaeine, geotrupine, pleocomine,
glaphyrine, hybosorine, aphodiine, melolonthine, diplotaxine, hopliine, dynastine,
adoretine, cetoniine, and valgine. The following features are essential in distinguishing
each type: ratio of Fba to Faa, development of J, development of Wd, shape of An, shape
of Dp, shape of Id, shape of Pr and presence of Pa, presence Pr2, shape of S and presence
of Aa, and presence of some additional folds.

Glaresidae belongs to the glaresine-type (Fig. 5). The ratio of Fba to Faa is
approximately 1:1. J is very narrow and elongated. Wd has a deep notch and occupies
approximately half of the width of the Fba. An is pentagonal. Dp is quadrangular in shape.
Id 1s parallel shaped. Pr is pentagonal shaped and consists of Prl and Pr2. Anterior region
of the Faa is composed of S and Aa and has a spatula shape. S and Aa are divided into
two subareas S1 and S2, and Aal and Aa2, respectively. Specific additional folds are
present in Oa and S2. An additional fold of S2 originates from Dp.

Lucanidae and Trogidae belong to the lucanine-type (Figs. 8, 9, 10, 11, 12, 13,
14, 18). The ratio of Fba to Faa is typically approximately 1.2:1. J is semicircular or
narrow elongated. Wd occupies approximately half of the width of the Fba, and the
species in the Trogidae have a shallow notch. An is pentagonal. Dp is triangularly shaped.
Id tapers toward the posterior margin of the hind wing. Pr is pentagonal or hexagonal
depending on the presence or absence of Pa, and consists of Prl and Pr2. Anterior region
of the Faa is composed of only S, or S and Aa, and has tapering toward the end.

Ochodaeidae belongs to the ochodaeine-type (Fig. 15). This type is similar to the
lucanine-type, but the ratio of Fba to Faa is represented to remarkably different proportion,
which approximately 1:1.2—1.3. Moreover, specific additional folds are present in Cu,
Wd, and Oa. These additional folds are continuous. Aa, Pa, and Prl have multiple
additional irregular folds.

Bolboceratidae, Geotrupidae, and Passalidae belong to the geotrupine-type (Figs.
2,4, 16). Fba is remarkably long and the ratio of Fba to Faa is approximately 1.5-2:1.]
is semicircular. Wd is elongated and trapezoidal, and occupying approximately half the
width of the Fba. An is quadrangular in shape. Dp is triangularly shaped. Id is parallel

shaped, but in the species of Passalidae, it tapers toward the posterior margin of the hind
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wing. Pr is pentagonal or hexagonal, depending on the presence or absence of Pa. Faa’s
anterior region consists only of S, or S and Aa, and is rectangular in shape.

Pleocomidae belongs to the pleocomine-type (Fig. 17). The ratio of Fba to Faa
is approximately 1.3:1. J is semicircular. Wd occupies approximately half of the width of
the Fba. An is quadrangular in shape. Dp is triangularly shaped. Id is parallel shaped. Pr
is pentagonal. Faa’s anterior region consists only S, and tapers towards the end.

Glaphyridae belongs to the glaphyrine-type (Fig. 6). The ratio of Fba to Faa is
approximately 1.3:1. J is trapezoidal. Wd occupies approximately half the width of the
Fba. An is quadrangular in shape. Dp is triangularly shaped. Id tapers toward the posterior
margin of the hind wing. Pr is pentagonal. Faa’s anterior region consists only S, and is
spatula in shape.

Hybosoridae, Aclopinae, and Orphninae belong to the hybosorine-type (Figs. 7,
30, 41). The ratio of Fba to Faa is approximately 1—1.1:1. J is semicircular. Wd occupies
approximately half of the width of the Fba. An is quadrangular in shape. Dp is triangularly
shaped. Id tapers toward the posterior margin of the hind wing. Pr becomes hexagonal
due to the existence of the Pa. Faa’s anterior region consists of S and Aa, and is rectangular
in shape.

Aegialiinae, Aphodiinae, Chironinae, and Scarabaeinae belong to the aphodiine
type (Figs. 19, 21, 23—28). The ratio of Fba to Faa is usually approximately 1:1.1-1.2.J
is semicircular. Wd occupies approximately one-third of the width of the Fba, and in many
cases this area has an additional fold. An is quadrangular in shape. Dp is quadrangular in
shape. Id is weakly tapering toward the posterior margin of the hind wing. Pr is pentagonal.
Anterior region of Faa is composed of S and Aa and has a spatula shape. S and Aa are
divided into two subareas S1 and S2, and Aal and Aa2, respectively. Specific additional
folds are present in S2, originating from Dp.

Dynamopodinae, = Melolonthinae  (tribes = Melolonthini, = Rhizotrogini,
Tanyproctini, and Sericini), and most of Rutelinae belong to melolonthine-type (Figs. 33,
38—40, 42). The ratio of Fba to Faa is approximately 1.4:1 (Dynamopodinae,
Melolonthini, Rhizotrogini, Tanyproctini, and Sericini) or 1.2 : 1 (most of Rutelinae). J is
semicircular. Wd occupies approximately half of the width of Fba. An is quadrangular in
shape. Dp is triangularly shaped. Id is tapering toward the posterior margin of the hind
wing. Pr is pentagonal. Anterior region of Faa is composed of only S and has a rectangular
shape. Specific additional fold is present in J.

Diplotaxini belongs to the diplotaxine-type (Fig. 36). The ratio of Fba to Faa is
approximately 1:1. J is semicircular. Wd occupies approximately half of the width of Fba.

An is quadrangular in shape. Dp is triangularly shaped. Id is tapering toward the posterior
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margin of the hind wing. Pr is pentagonal and is divided into two subareas by an additional
fold originating from An. Anterior region of the Faa is composed of only S and has a
spatula shape. Specific additional fold is present in S.

Hopliini belongs to the hopline-type (Fig. 37). The ratio of Fba to Faa is
approximately 1:1.1. J is semicircular. Wd occupies approximately half of the width of
Fba. An is quadrangular in shape. Dp is triangularly shaped. Id is parallel shape. Pr
becomes hexagonal due to the existence of the Pa. Anterior region of Faa is composed of
S and Aa and has a rectangular in shape.

Dynastinae, Euchirinae, and some groups of Rutelinae (genera Dicaulocephalus,
Kibakoganea, Parastasia, and Pelidnota) belong to the dynastine-type (Figs. 34—35, 44).
The ratio of Fba to Faa is approximately 1.1:1. J is semicircular and has some additional
irregular folds. Wd occupies approximately half of the width of Fba. An is quadrangular
in shape. Dp is triangularly shaped. Id is tapering toward the posterior margin of the hind
wing. Pr is pentagonal and has some additional irregular folds. Anterior region of Faa is
composed of only S and has a tapered shape.

Adoretini belongs to the adoretine-type (Fig. 45). The ratio of Fba to Faa is
approximately 1:1.J is semicircular. Wd occupies approximately half of the width of Fba.
An is quadrangular in shape. Dp is triangularly shaped. Id is tapering toward the posterior
margin of the hind wing. Pr becomes hexagonal due to the existence of the Pa, and has
some additional irregular folds. Anterior region of Faa is composed of S and Aa and has
a rectangular shape.

Cetoniinae, Trichinae, and Rutelinae (genera Popillia, Malaia, and
Spilopopillia) belong to the cetoniine type (Figs. 31—-32, 43, 45—-48). The ratio of Fba to
Faa is approximately 1-1.1:1. J is semicircular shaped. J is semicircular or trapezoidal.
Wd occupies approximately two-thirds of the width of Fba, but in the Trichinae (except
in tribe Osmodermini) and Rutelinae (genera Popillia, Malaia, and Spilopopillia) it
occupies approximately half of the width. An is quadrangular in shape. Dp is triangularly
shaped. Id is parallel shape. Pr is pentagonal and the additional fold never existence in
this area. Anterior region of Faa is composed of only S and has a spatula shape.

Valginae belongs to the valgine-type (Fig. 49). Faa is remarkably long and the
ratio of Fba to Faa is approximately 1:1.3—-1.7. J is completely lost. Wd occupies
approximately half of the width of Fba. An is quadrangular in shape. Dp is triangularly
shaped. Id is parallel shaped. Pr is hexagonal and the additional fold never existence in

this area. Anterior region of Faa is composed of S and Aa and has a spatula shaped.
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Evolution of the hind wing folding pattern and the most ancestral states in
Scarabaeoidea

The hind folding pattern, or fold system, is a highly complex structure. However,
Fedorenko (2009) suggested that the folding pattern typology is useful for estimating
evolutionary tendencies and phylogenetic relationships. Moreover, the folding patterns
can be ordered into a hierarchical system, more precise in reflecting evolutionary changes
in the wing folding apparatus than wing venation characteristics. Fedorenko (2009)
presented the prototype hypothesis of the hind wing folding patterns in Coleoptera, and
he also considered that primitive folding patterns are highly complex. With regard to
estimating evolutionary trends and phylogenetic relationships in the Scarabaeoidea, my
observations indicated that the following characteristics are of particular importance: ratio
of Fba to Faa, shape of An and the accompanying development of Pr2, shape of Dp and
the accompanying difference in the S, and shape of 1d.

The ratio of Fba to Faa was represented in various proportions, but these
proportions were roughly distinguished into the following three types: Fba longer than
Faa (Fba > Faa), Fba and Faa almost equal in length (Fba = Faa) which is approximately
the ratio 1-1.1:1-1.1, and Faa longer than Fba (Fba < Faa) which approximately the ratio
1:1.2-1.3. Of these, the Fba > Faa could be further divided into two subtypes: Fba >> Faa
(approximately 1.4-2:1) and Fba > Faa (approximately 1.2—1.3:1). In species of the
Bolboceratidae, Geotrupidae, Passalidae, and Melolonthinae (tribes Melolonthini,
Rhizotrogini, Sericini, and Tanyproctini), the ratio is approximately 1.4-2:1. In
Glaphyridae, Lucanidae, Pleocomidae, Trogidae, Scarabaeinae (tribe Ateuchini),
Dynamopodinae, and most Rutelinae, the ratio is approximately 1.2—1.3:1. In Glaresidae,
Hybosoridae, Aegialiinae, Aphodiinae, Chironinae, Aclopinae, Cetoniinae, Dynastinae,
Euchirinae, Melolonthinae (tribes Diplotaxini and Hopliini), Orphninae, Rutelinae (tribe
Adoretini), and Trichinae, the ratio is approximately 1-1.1:1-1.1. In Ochodaeidae,
Aphodiinae (tribes Odochilini and Rhyparini), Scarabaeinae, Rutelinae (genera Malaia,
Popillia, and Spilopopillia), and Valginae species, the ratio is approximately 1:1.2—1.3.
The Fba in the prototype hindwing folding pattern of Fedorenko (2009) presents very
long ratios, and species in Scirtoidea, believed to be the most primitive group in
Polyphaga (Friedrich and Beutel 2006, McKenna et al. 2019), also shows very long ratios
Fba. Therefore, in the superfamily Scarabaeoidea, it is considered that the characteristics,
Fba >> Faa or Fba > Faa, represent the most ancestral state, whereas Fba = Faa and Fba
< Faa represent the derived state. Indeed, many taxa characterized by Fba >> Faa or Fba
> Faa (Geotrupidae, Passalidae, Bolboceratidae, Glaphyridae, Hybosoridae, Lucanidae,

Pleocomidae, and Trogidae) are generally treated as primitive groups in the superfamily
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Scarabaeoidea (Crowson 1981, Lawrence and Newton 1982, Nel and Scholtz 1990,
Scholtz 1990), and Fba = Faa and Fba < Faa are usually observed in the intermediate
and derived taxa.

There are two types of shapes of Dp (triangle and quadrangle), and the number
of areas that constitute S or S + Aa varies according to shape. Among the families
Bolboceratidae, Geotrupidae, Glaphyridae, Hybosoridae, Lucanidae, Ochodaeidae,
Passalidae, Pleocomidae, and Trogidae, and the phytophagous group of Scarabaeidae, the
Dp is triangularly shaped, and the accompanying areas consist of one (S) or two areas (S
and Aa). In the family Glaresidae and the coprophagous group of Scarabaeidae, the Dp is
quadrangular in shape, and the accompanying areas are comprised of two (S1 and S2) or
four areas (S1, S2, Aal, and Aa2). Since the quadrangular shaped Dp is observed in the
family Glaresidae which is generally treated as the most ancestral group of Scarabaeoidea
(Scholtz et al. 1994, Browne and Scholtz 1999, Scholtz and Grebennikov 2005, Bai ef al.
2013), the quadrangular shape appears to indicate a primitive character state. However,
the prototype folding pattern of by Fedorenko (2009) and Staphylinoidea, treated as a
sister group of Scarabaeoidea (McKenna et al. 2019), possess a triangular shaped Dp.
Consequently, it can be concluded that the triangular shape represents a plesiomorphy,
while the quadrangular shape represents an apomorphy. Although the Glaresidae and
coprophagous groups of Scarabaeidae exhibit a quadrangular shape, it was concluded that
the similarity of this characteristic is a homoplasy as both groups are systematically
distant (Ahrens et al. 2014).

The shape of An was found to be of two types, quadrangle and pentagon. The
pentagonal shaped An was accompanied by Pr2. Among the families Bolboceratidae,
Geotrupidae, Glaphyridae, Hybosoridae, Passalidae, Pleocomidae, and Scarabaeidae, An
has a quadrangular shape. In the families Glaresidae, Lucanidae, Ochodaeidae, and
Trogidae, An is pentagonal. The evolutionary trend of An has been presented by
Fedorenko (2009). A triangular shape characterizes the most primitive state of An, and
the quadrangular shape is considered a secondary occurrence. From this reference, the
pentagonal shaped An with Pr2 observed in the Glaresidae, Lucanidae, Ochodaeidae, and
Trogidae is considered a relatively derived state. Furthermore, these characteristics may
indicate close relationships among the families Glaresidae, Lucanidae, Ochodaeidae, and
Trogidae.

The shape of Id was divided into tapered and parallel shapes. Among the
members of the families Glaphyridae, Hybosoridae, Lucanidae, Ochodaeidae, Passalidae,
Trogidae, and many scarabaeid subfamilies [Aegialiinae, Aphodiinae, Chironinae,

Scarabaeinae (except tribe Onitini), Aclopinae, Dynamopodinae, Dynastinae, Euchirinae,
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Melolonthinae (tribes Diplotaxini, Sericini, Melolonthini, and Rhizotrogini), Orphninae,
Rutelinae (except the genera Malaia, Popillia, and Spilopopillia)], 1d is tapered. Among
the members of the families Bolboceratidae, Geotrupidae, Glaresidae, Pleocomidae, and
some scarabaeid subfamilies [Scarabaeinae (tribe Onitini), Cetoniinae, Melolonthinae
(tribes Hopliini and Tanyproctini), Rutelinae (genera Malaia, Popillia, and Spilopopillia),
Trichinae, and Valginae], Id has a parallel shape. The primitive state of Id is considered
to be tapered based on Fedorenko (2009), and the parallel shaped Id is derived from the
above state. However, the parallel shaped Id may not be useful in inferring the
relationships between higher groups because many taxa characterized by parallel shapes
tend to be positioned in different lineages in the recent phylogenetic analysis (Ahrens et
al. 2014). The parallel shaped Id is considered to be a homoplasy acquired at multiple
stages of evolution.

My observation indicates that the most ancestral scarabacoid species have the
following folding pattern characteristics: Fba is longer than Faa (Fba > Faa), Dp is
triangular shaped, An is quadrangular shaped, and Id is tapered. The characteristics of the
hind wing folding pattern have shown that the families Glaresidae and Lucanidae,
traditionally considered as primitive taxa (Crowson 1981, Lawrence and Newton 1982,
Nel and Scholtz 1990, Scholtz 1990, Scholtz et al. 1994, Browne and Scholtz 1999,
Scholtz and Grebennikov 2005, Bai ef al. 2013, Ahrens et al. 2014), have relatively

derived states compared with other scarabaeoid families.

Phytophagous and coprophagous groups of Scarabaeidae

Although the primary hind wing folding pattern is similar in the coprophagous and
phytophagous groups of the family Scarabaeidae, these groups can be clearly
distinguished based on the characteristic shape of Dp. In this regard, a triangular shaped
Dp is typical of the phytophagous group. Subfamilies of the coprophagous group are
characterized by a quadrangular shaped Dp, and accompanying areas consist of two (S1
and S2) or four areas (S1, S2, Aal, and Aa2). Traditionally, the coprophagous and
phytophagous groups of Scarabaeidae have been treated as sister groups based on
morphological observations (Browne and Scholtz 1995, 1998) and some molecular
phylogeny (Ahrens and Volger 2008, Gunter et al. 2016, Sipek et al. 2016, McKenna et
al. 2019). However, recent molecular phylogenetic analyses indicate that the
coprophagous and phytophagous groups are not closely related, and that the
phytophagous group is grouped within a clade that includes either Glaphyridae or
Hybosoridae (Smith et al. 2006, Ahrens et al. 2014, Neita-Moreno et al. 2019). The
characteristics of Dp may support this phylogenetic hypothesis.
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Families Glaresidae, Lucanidae, Trogidae, and Ochodaeidae

Traditionally, the family Glaresidae has been considered as the most ancestral extant
scarabaeoid taxon (Scholtz 1994) and is judged to be a sister group of the remaining
Scarabaeoidea by some authors (Scholtz et al. 1994, Browne and Scholtz 1999, Scholtz
and Grebennikov 2005, Bai et al. 2013). However, morphological studies based on the
adult head structure (Anton and Beutel 2012) and some recent phylogenetic analyses
(Smith et al. 2006, McKenna et al. 2019, Neita-Moren ef al. 2019) have indicated that the
families Glaresidae and Trogidae constitute a sister group. Among these, Smith et al.
(2006) and McKenna et al. (2019) also indicated a close relationship between the
Lucanidae and Glaresidae + Trogidae clades. On the other hand, the phylogenetic analysis
in the Ahrens et al. (2014) proposed a close relationship between Glaresidae and
Lucanidae, with Trogidae positioned in another lineage.

The members of families Glaresidae, Lucanidae, Trogidae, and Ochodaeidae are
characterized by a pentagonal shaped An with Pr2 which is proposed as a derived
character state. Since these characteristics are observed only in the above groups, the
presence of pentagonal An and Pr2 is likely to indicate a close relationship between the

above families.

Families Bolboceratidae, Geotrupidae, and Passalidae
The family Bolboceratidae had been treated as a subfamily of family Geotrupidae in early
studies. However, since the study of Scholtz and Browne (1996), it has been regarded as
an independent family. In other recent studies, the relationship between Bolboceratidae
and Geotrupidae is not supported and molecular phylogenetic analyses conducted by
Ahrens et al. (2014), and Neita-Moren et al. (2019) showed that Bolboceratidae is more
closely related to Passalidae than Geotrupidae. However, the latter also showed that the
Bolboceratidae + Passalidae and Lucanidae + Geotrupidae clades form a sister group.
The families Bolboceratidae, Geotrupidae, and Passalidae are characterized by
remarkably long Fba and elongated Wd (geotrupine type). Since these characteristics are
observed only in the above groups, this finding supports the close relationship between
Bolboceratidae and Passalidae. Moreover, the relationship between Bolboceratidae and

Geotrupidae has was also been proposed. These three taxa are closely related.

Relationships between the subfamilies Cetoniinae, Trichinae, and Valginae
The subfamilies Cetoniinae, Trichinae, and Valginae, are often treated as a single
subfamily Cetoniinae (Ahrens et al. 2014, Bezdék 2016, Sipek et al. 2016). Indeed, the
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hind wing folding pattern in these subfamilies is characterized by some similar features,
such as the spatula shaped S or S + Aa and parallel shaped Id. However, at the same time,
Trichiinae (except tribe Osmodermini) and Valginae have different characteristics than
Cetoniinae. Trichinae is characterized by Wd, which occupies half of the width of Fba,
and a wide spatula shaped S. Valginae is characterized by a completely lost J, Wd
occupying half of the width of Fba, and remarkably elongated S + Aa. Consequently, my
observational results in the folding pattern surmise that Cetoniinae, Trichinae, and
Valginae may be treated as independent subfamilies.

The tribe Osmodermini has been regarded as one of the tribes in Trichinae
(Krikken 1984, Krajcik 2012). However, many recent phylogenetic studies have indicated
a close relationship between the subfamily Cetoniinae (Micé et al. 2008, Sipek et al. 2009,
Sipek et al. 2011, Sipek et al. 2016) since Browne and Scholtz (1998) suggested that the
tribe Osmodermini is the sister group of Cetoniinae. The hind wing folding patterns were

also similar to that of Cetoniinae.

Relationships between the subfamilies Aegialiinae, Aphodiinae, and Chironinae

The subfamilies Aegialiinae and Chironinae are closely related to Aphodiinae (Scholtz
and Grebennikov 2016). Although the subfamilies Aegialiinae and Chironinae are often
considered different families, Aegialiidae and Chironidae (Nel and Scholtz 1990,
d’Hotman and Scholtz 1990a, Paulian and Baraud 1982, Carpaneto and Piattella 1995,
Huchet 2000, 2002, 2003, 2004, 2019, Huchet and Lumaret 2002), I found that variations
in hind wing folding patterns in these subfamilies are remarkably low and are
characterized by a quadrangular shaped Dp. Based on a comparison of folding patterns
among the Aphodiinae, Aegialiinae, and Chironinae, it was considered that Aegialiinae
and Chironinae might be included in the subfamily Aphodiinae. In this regard, my
findings are consistent with those of Browne and Scholtz (1998), Smith et al. (2006), and
Ahrens ef al. (2014), who showed that Aegialiinae and Chironinae are included in a clade
with Aphodiinae, and also with the findings of Ritcher (1969a, 1974) and Stebnicka
(1977), who, based on morphological data, concluded that Aegialiinae and Chironinae are

close to Aphodiinae.

Subfamilies Rutelinae and Dynastinae

The close relationships between the subfamilies Rutelinae and Dynastinae have been
suggested by morphological (Browne and Scholtz 1998) and molecular phylogenetic
analyses (Smith et al. 2006, Ahrens et al. 2014, Gunter et al. 2016, Eberle ef al. 2019).

However, since the hind wing folding pattern in the Rutelinae and Dynastinae indicated
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quite different characteristics respectively, the closely relationship between both groups
were not supported. In addition, some unique characteristics were observed in the
following groups in the subfamily Rutelinae: tribes Adoretini, Anomalini (genera Popillia,
Malaia, and Spilopopillia), and Rutelini (genera Dicaulocephalus, Kibakoganea,
Parastasia, and Pelidnota).

In the tribe Adoretini, the folding pattern is typified by almost equal lengths of
Fba and Faa and the presence of Aa, Pa, and some additional irregular folds. Traditionally,
the tribe Adoretini is considered one of the tribes included in the subfamily Rutelinae
(Smith 2006, Bouchard et al. 2011, Krajcik 2012, Bezd€k et al. 2016, Scholtz and
Grebennikov 2016). However, in recent phylogenetic analyses based on molecular data,
Adoretini was closely related to the subfamily Dynastinae, and it is suggested that it be
elevated to the subfamily level. Subchapter (2—1-1) and Kaneko and Kojima (2017)
mentioned that the folding pattern has certain morphological features at the subfamily
level in Scarabaeidae. Therefore, the unique characteristics observed in Adoretini also
seem to support the need for treatment as an independent subfamily. Regarding the close
relationship to Dynastinae, the additional irregular folds, which are wunique
synapomorphies in both groups, may augment this.

The genera Malaia, Popillia and Spilopopillia, have been considered as
belonging to the tribe Anomalini (Smith 2006, Bouchard et al. 2011, Krajcik 2012,
Bezdek et al. 2016, Scholtz and Grebennikov 2016). However, the folding pattern
observed in the present study is typified in cetoniine-type. According to Kaneko and
Kojima (2017) that the folding pattern shows certain morphological features at the
subfamily level in Scarabaeidae; these genera are closely related to Cetoniinae and
Trichiinae and may need to be removed from the Rutelinae. Scholtz (1990) examined the
karyotype and, suggested that Popillia has different states from other species of the
Anomalini.

In the genera Dicaulocephalus, Kibakoganea, Parastasia, and Pelidnota, the
folding pattern is typified as dynastine-type, which contains members of Dynastinae.
These genera have been considered as belonging to the subfamily Rutelinae (Smith 2006,
Bouchard et al. 2011, Krajcik 2012, Bezd€k et al. 2016, Scholtz and Grebennikov 2016),
but Smith et al. (2006) and Wada (2015) suggested that the genus Parastasia is firmly
placed in the subfamily Dynastinae. My observational results also show that the above
genera have remarkably different features from other members of the Rutelinae and their
characteristics were similar to those of the subfamily Dynastinae. On the premise that the
folding pattern represents specific characteristics for each subfamily and closely related

groups, I strongly support that Parastasia be included in the Dynastinae, and it has also
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been suggested that other groups with similar characteristics (genera Dicaulocephalus,

Kibakoganea, and Pelidnota) are also closely related to the Dynastinae.

Subfamily Melolonthinae

The subfamily Melolonthinae is poorly defined, and several groups have been included
and excluded at various stages by different authors. For example, the tribe Hopliini is
regarded as the scarabaeid subfamily Hoplinae in Nel and DeVilliers (1988), d’Hotman
and Scholtz (1990a), Nel and Scholtz (1990) and Pretorius and Scholtz (2001), and the
Sericini is considered as scarabaeid subfamily Sericinae in Ritcher (1969a) and Coca-
Abia (2007). Moreover, phylogenetic analyses have shown that Melolonthinae is
polyphyletic (Browne and Scholtz 1998, Ahrens 2005, Smith et al. 2006, Ahrens et al.
2014, Gunter et al. 2016, Sipek et al. 2016, Eberte et al. 2019). Therefore, significant
variation in the folding pattern of the hind wing has been observed. These variations can
be loosely classified into three types: melolonthine, diplotaxine and hopline-types. Of
these, the melolonthine type is characterized by many plesiomorphies such as Fba longer
than Faa, Dp is triangularly shaped, An is quadrangular in shape, and Id tapered, making
it difficult to show the independence of each group (tribes Melolonthini, Rhizotrogini,
Sericini, and Tanyproctini) ascribed to this type. Whereas, the tribes Diplotaxini
(diplotaxine type) and Hopliini (hopline type) are typified by some autapomorphies in the
ratio of Fba to Faa, shape of Pr, anterior region of Faa, and specific additional folds. The
folding pattern is a characteristic typifying subfamilies in the family Scarabaeidae, and it
is considered reasonable to treat Diplotaxini and Hopliini, which have unique character

states, as the independent subfamilies, Diplotaxinae and Hopliinae, respectively.

Subfamily Euchirinae

Various researchers have established the systematic position of the subfamily Euchirinae.
Young (1989) conducted the most detailed recent study of the subfamily, treating it as a
scarabaeid subfamily. Ahrens (2005) indicated a slight relationship with subfamily
Dynastinae (genus Oryctes). Sipek et al. (2009) suggested that the subfamily is positioned
as a sister group of pleurostict scarabs (Rutelinae, Dynastinae, Melolonthinae, and
Cetoniinae), but in Sipek et al. (2011), Euchirinae is placed with the sister group of the
clade Rutelinae, Dynastinae, and Melolonthinae. Ahrens et al. (2014) indicated that
Euchirinae is related to the tribe Hopliini and Macrodactylini. The hind wing folding
pattern of Euchirinae was categorized as dynastne-type. The most notable attribute of the
dynastine-type is the tapered S, which is not observed in other scarabaeid groups. The

results of this study suggest that the Euchirinae is relatively closely related to Dynastinae,
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as the folding pattern is considered to show the same characteristics among closely related

groups (Kaneko and Kojima 2017, subchapter 2—1-1).

Tribe Rhyparini

The observational results based on the hind wing folding pattern indicated that the tribe
Rhyparini has a remarkably different character state than other members of the
Aphodiinae. Although the folding pattern in the Rhyparini is similar in many features to
other coprophagous species, it is distinctly different in that the Wd is complexly folded
(Fig. 23). This feature is an incredibly unique character state that is not observed in other
coprophagous species and is a primary characteristic for determining the Rhyparini. In
many cases, the Rhyparini is treated as one of the tribes in the subfamily Aphodiinae
(Smith 2006, Bouchard et al. 2011, Krajcik 2012, Bezd¢k et al. 2016, Scholtz and
Grebennikov 2016). However, some researchers may consider it an independent
subfamily Rhyparinae (Galante ef al. 2003, Pittino 2006, Mencl and Rakovi¢ 2013). No
research has revealed the specificity of this tribe, but the characteristics of the hind wing
folding pattern suggest that the Rhyparini should be treated as a different category other
than the Aphodiinae.
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Table 1. Examined species of Scarabaeoidea.

Family

Subfamily

Tribe

Species

Bolboceratidae

Bolboceratinae

Bolbelasmini

Bolbelasmus (Kolbeus) minutus Liet Masumoto, 2008

Bolbochromini

Bolbocerodema nigroplagiatum (Waterhouse, 1875)

Bolbochromus ryukyuensis Masumoto, 1984

Geotrupidae

Geotrupinae

Chromogeotrupini

Enoplotrupes sharpi Rothschild & Jordan, 1893

Enoplotrupini

Phelotrupes (Chromogeotrupes) auratus auratus (Motschulsky, 1858)

Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky, 1866)

Lethrinae

Lethrus (Mesolethrus) microbuccis Ballion, 1870

Lethrus (Ceratodirus) karelini_Gebler, 1845

Lethrus (Paralethrus) bituberculatus Ballion, 1870

Glaresidae

Glaresis beckeri Solsky, 1870

Glaphyridae

Amphicominae

Amphicoma pectinata (Lewis, 1895)

Amphicoma splendens (Yawata, 1942)

Eulasia (Trichopleurus) vittata (Fabricius, 1775)

Pygopleurus vulpes (Fabricius, 1781)

Hybosoridae

Ceratocanthinae

Ceratocanthini

Madrasostes hisamatsui Ochi, 1990

Hybosorinae

Phaeochrous emarginatus emarginatus Laporte, 1840

Phaeochroops sp.

Lucanidae

Aesalinae

Aesalini

Aesalus asiaticus asiaticus Lewis, 1883

Nicagini

Nicagus japonicus Nagel, 1928

Syndesinae

Ceruchus lignarius lignarius Lewis, 1883

Lampriminae

Lamprima adolphinae (Gestro, 1875)

Lucaninae

Lucanini

Dorcus rectus rectus (Motschulsky, 1858)

Figulus binodulus Waterhouse, 1873

Figulus punctatus Waterhouse, 1873

Lucanus maculifemoratus maculifemoratus Motschulsky, 1861

Prismognathus dauricus (Motschulsky, 1860)

Prosopocoilus inclinatus inclinatus (Motschulsky, 1858)

Platycerini

Platycerus acuticollis Y. Kurosawa, 1969

Ochodaeidae

Ochodaeinae

Ochodaeini

Codocera ferruginea (Eschscholtz, 1818)

Notochodaeus maculatus maculatus (Waterhouse, 1875)

Ochodaeus chrysomeloides (Schrank, 1781)

Passalidae

Aulacocyclinae

Ceracupini

Ceracupes chingkini Okano, 1988

Cylindrocaulus patalis (Lewis, 1883)

Macrolininae

Macrolinus sikkimensis Stoliczka, 1873

Pleocomidae

Pleocoma dubitabilis dubitabilis Davis, 1935

Trogidae

Troginae

Glyptotrox uenoi uenoi (Nomura, 1961)

Omorgus (Afromorgus) chinensis (Boheman, 1858)

Trox (Niditrox) niponensis Lewis, 1895
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Table 1. Examined species of Scarabaeoidea.

Family Subfamily Tribe Species

Aegialia (Aegialia) comis (Lewis, 1895)

Aegialia (Aegialia) nitida Waterhouse, 1875

Aegialinae Aegialiini - —— .
Caelius denticollis Lewis, 1895

Psammoporus nakanei nakanei Masumoto, 1986

Aphodius (Agrilinus) breviusculus (Motschulsky, 1866)

Aphodius (Brachiaphodius) eccoptus Bates, 1889

Aphodiini Aphodius (Colobopterus) quadoratus Reiche, 1850

Aphodius (Phaeaphodius) rectus Motschulsky, 1866

Aphodius (Sinodiapterna) troitzyi Jacobson, 1897

Ataenius picinus Harold, 1867

Aphodiinae Eupariini Saprositesjaponicus Watetrhouse, 1875
Setylaides foveatus (Schmidt, 1909)
Odochilini Odochilus convexus Nomura, 1971
Rakovicius coreanus (Kim, 1980)
Psammodiini Psammodius kobayashii Nomura, 1973
Trichiorhyssemus asperulus (Waterhouse, 1875)
- Rhyparus azumai azumai Nakane, 1956
Rhyparini
Sybacodes sp. 1
Chironinae Chiron sp. 1
Ateuchini Paraphytus dentifrons Lewis, 1895
Deltochilum (Calhyboma) variolosum Burmeister, 1873
Scarabaeidae Deltochilini Deltochilum (Hybomidium) gibbosum (Fabricius, 1755)
Panelus rufulus Nomura, 1973
Catharsius molossus (Linnaeus, 1758)
Coprini Copris (Copris) ochus (Motschulsky, 1860)

Copris (Copris) tripartitus Waterhouse, 1875

Heliocopris tyrannus (Thomson, 1859)

Gymnopleurini Paragymnopleurus melanarius (Harold, 1867)

Liatongus minutus (Motschulsky, 1860)

Liatongus gagatinus (Hope, 1831)

Oniticellini
Scaptodera rhadamistus (Fabricius, 1775)

Scarabaei -
carabaeinae Sinodrepanus falsus (Sharp, 1875)

Caccobius (Caccobius) jessoensis Harold, 1867

Digitonthophagus gazella (Fabricius, 1787)

Onthophagini Onthophagus (Gibbonthophagus) apicetinctus d'Orbigny, 1898

Onthophagus (Serrophorus) seniculus (Fabricius, 1781)

Onthophagus (Strandius) lenzii Harold, 1874

Onitis virens Lansberge, 1875

Onitini
Onitis falcatus (Wulfen, 1786)

Phanaeini Coprophanaeus (Metallophanaeus) saphirinus (Strum, 1826)

Scarabaeus radama Fairmaire, 1895

Scarabaeini -
Scarabaeus sacer Linnaeus, 1758

Sisyphini Sisyphus longipes (Olivier, 1789)
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Table 1. Examined species of Scarabaeoidea.

Family Subfamily Tribe Species
Scarabaeidae Aclopinae Pachypus candidae (Petagna, 1787)
Cetoniinae Cetoniini Cetonia (Eucetonia) roelofsi roelofsi Harold, 1880

Gametis forticula forticula (Janson, 1881)

Gametis jucunda (Faldermann, 1835)

Glycyphana (Glycyphana) fulvistemma Motschulsky, 1860

Protaetia (Liocola) brevitarsis brevitarsis (Lewis, 1879)

Protaetia (Calopotosia) orientalis submarmorea (Burmeister, 1842)

Cremastocheilini Clinterocera jucunda (Westwood, 1874)
Diplognathini Anthracophora rusticola Burmeister, 1842
Goliathini Cosmiomorpha (Microcosmiomorpha) similis nigra Niijima & Kinoshita, 1927

Dicronocephalus wallichi Hope, 1831

Pseudotorynorrhina japonica (Hope, 1841)

Rhomborhina (Rhomborhina) polita Waterhouse, 1875

Rhomborhina (Rhomborhina) unicolor unicolor Motschulsky, 1861

Taenioderini Coilodera pseudoalveata (Miksic, 1971)
Dynamopodinae Orubesa ata Semenov & Medvedev, 1929
Dynastinae Dynastini Dynastes tityus (Linnaeus, 1763)

Trypoxylus dichotomus septentrionalis Kono, 1931

Xylotrupes gideon (Linnaeus, 1767)

Oryctini Oryctes rhinoceros (Linnaeus, 1758)
Pentodontini Alissonotum pauperum (Burmeister, 1847)
Phileurini Eophileurus chinensis (Faldermann, 1835)
Euchirinae Euchirini Cheirotonus peracanus Kriesche, 1919
Euchirus longimanus Linnaeus, 1758
Melolonthinae Diplotaxini Apogonia bicarinata Lewis, 1896

Apogonia ishiharai Sawada, 1940

Apogonia kamiyai Sawada, 1940

Hoplini Ectinohoplia obducta (Motschulsky, 1857)

Hoplia communis Waterhouse, 1875

Pachycnema sp.

Melolonthini Melolontha (Melolontha) frater frater Arrow, 1913

Melolontha (Melolontha) japonica Burmeister, 1855

Polyphylla (Granida) albolineata (Motschulsky, 1861)

Polyphylla (Gynexophylla) laticollis laticollis Lewis, 1887

Rhizotrogini Nigrotrichia kiotoensis (Brenske, 1894)

Pollaplonyx flavidus Waterhouse, 1875

Pedinotrichia picea (Waterhouse, 1875)

Sophrops konishii konishii Nomura, 1970

Sericini Maladera (Omaladera) orientalis (Motschulsky, 1860)

Maladera (Aserica) secreta secreta (Brenske, 1897)

Serica boops Waterhouse, 1875

Sericania hidana Niijima & Kinoshita, 1923

Tanyproctini Tanyproctus sp.

Orphninae Orphnini Orphnus sp.
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Table 1. Examined species of Scarabaeoidea.

Family

Subfamily

Tribe

Species

Scarabaeidae

Rutelinae

Adoretini

Adoretus falciungulatus Nomura, 1965

Adorodocia vittaticollis Fairmaire, 1883

Chaetadoretus formosanus sakishimanus Kobayashi, 1982

Lepadoretus sinicus (Burmeister, 1855) Burmeister, 1855

Lepadoretus tenuimaculatus (Waterhouse, 1875)

Anastatini

Spodochlamys cupreola Bates, 1888

Anoimalini

Anomala albopilosa albopilosa (Hope, 1839)

Anomala edentula yaeyamana (Nomura, 1965)

Anomala octiescostata (Burmeister, 1844)

Exomala conspurcata (Harold, 1878)

Exomala orientalis (Waterhouse, 1875)

Malaia nigrita (Boisduval, 1835)

Mimela confucius ishigakiensis Sawada, 1950

Mimela splendens (Gyllenhal, 1817)

Mimela testaceipes (Motschulsky, 1860)

Popillia japonica Newman, 1838

Popillia lewisi Arrow, 1913

Popillia mutans Newman, 1838

Phyllopertha diversa Waterhouse, 1875

Phyllopertha intermixta (Arrow, 1913)

Spilopopillia sexguttata (Fairmaire, 1887)

Anoplognathini

Anoplognathus brunnipennis (Gyllenhal, 1817)

Anoplognathus prasinus (Castelnau, 1840)

Calloodes rayneri Mac Leay, 1864

Repsimus manicatus manicatus (Swartz, 1817)

Rutelini

Chrysophora chrysochlora (Latreille, 1812)

Dicaulocephalus feae Gestro, 1888

Kibakoganea tamdaoensis Miyake & Muramoto, 1992

Parastasia ferrieri ferrieri Nonfried, 1895

Parastasia sp.1 Westwood, 1841

Pelidnota prasina Burmeister, 1844

Pelidnota punctate (Linnaeus, 1758)

Trichinae

Osmodermini

Osmoderma opicum Lewis, 1887

Trichini

Corynotrichius bicolor Kolbe, 1892

Epitrichius elegans Kano, 1931

Gnorimus subopacus Motschulsky, 1860

Lasiotrichius succinctus succinctus (Pallas, 1781)

Paratrichius doenitzi (Harold, 1879)

Trichius fasciatus (Linnaeus, 1758)

Trichius japonicus Janson, 1885

Incaini

Inca bonplandi (Gyllenhal, 1817)

Valginae

Valgini

Dasyvalgus tuberculatus (Lewis, 1887)

Neovalgus fumosus (Lewis, 1887)

Nipponovalgus angusticollis angusticollis (Waterhouse, 1875)

Nipponovalgus yonakuniensis Sawada, 1941

Microvalgini

Microvalgus sp.
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Mountain fold === m— ——
Valley fold

Figure 1. Schematics diagram of hind wing folding pattern in Scarabaeoidea. Abbreviations: Antero-
apical (Aa), Antero medial (An), Central (Ce), Cubital (Cu), Distal pivot (Dp), First costal (Fc), Inside
medial (Im), Intercubital distal (Id), Jugal (J), Medial (M), Outer anal (Oa), Postero-apical (Pa),
Proximal pivot 1 (Ppl), Proximal pivot 2 (Pp2), Principal (Pr), Stigmatal (S), Second costal (Sc),
Under first costal (Uf), Wedge (Wd).
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Figures 2—5. Hind wing folding patterns. 2 Bolbocerosoma nigroplagiatum (Waterhouse, 1875), 3
Bolbelasmus minutus Li et Masumoto, 4 Phelotrupes laevistriatus (Motschulsky), 5 Glaresis beckeri

Solsky.
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Figures 6—9. Hind wing folding patterns. 6 Amphicoma splendens (Yawata), 7 Phaeochrous

emarginatus Laporte, 8 Dorcus rectus (Motschulsky), 9 Lucanus maculifemoratus Motschulsky.
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Figures 10—13. Hind wing folding patterns. 10 Ceruchus lignarius Lewis, 11 Aesalus asiaticus Lewis,

12 Lamprima adolphinae (Gestro), 13 Platycerus acuticollis Y. Kurosawa.
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Figures 14—17. Hind wing folding patterns. 14 Nicagus japonicus Nagel, 15 Ochodaeus

chrysomeloides (Schrank), 16 Macrolinus sikkimensis Stoliczka, 17 Pleocoma dubitabilis Davis.
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Figures 18—21. Hind wing folding patterns. 18 Glyptotrox uenoi (Nomura), 19 Caelius denticollis
Lewis, 20 Aegialia nitida Waterhouse, 21 Aphodius breviusculus (Motschulsky).
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Figures 22—25. Hind wing folding patterns. 22 Psammodius kobayashii Nomura, 23 Rhyparus azumai
Nakane, 24 Chiron sp., 25 Copris ochus (Motschulsky).
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Figure 26—29. Hind wing folding patterns. 26 Paraphytus dentifrons Lewis, 27 Dichotomius boreus

(Olivier), 28 Paragymnopleurus melanarius (Harold), 29 Onitis virens Lansberge.
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Figure 30—33. Hind wing folding patterns. 30 Pachypus candidae (Petagna), 31 Gametis forticula

(Janson), 32 Rhomborhina polita Waterhouse, 33 Orubesa ata Semenov et Medvedev.
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Figure 34—37. Hind wing folding patterns. 34 Trypoxylus dichotomus Kono, 35 Cheirotonus

peracanus Kriesche, 36 Apogonia bicarinate Lewis, 37 Hoplia communis Waterhouse.
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Figure 38—41. Hind wing folding patterns. 38 Melolontha japonica Burmeister, 39 Maladera
orientalis (Motschulsky), 40 Tanyproctus sp., 41 Orphnus sp.
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Figure 42—45. Hind wing folding patterns. 42 Chrysophora chrysochlora (Latreille), 43 Popillia

Jjaponica Newman, 44 Parastasia ferrieri Nonfried, 45 Lepadoretus tenuimaculatus (Waterhouse).
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Figure 46—49. Hind wing folding patterns. 46 Paratrichius doenitzi (Harold), 47 Lasiotrichius

succinctus (Pallas), 48 Osmoderma opicum Lewis, 49 Nipponovalgus angusticollis (Waterhouse).
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2—2 Mesonotum
2—2—1
Comparison of mesonotal morphology in beetles of the
coprophagous group of Scarabaeidae and other scarabaeoid
taxa (Coleoptera, Scarabaeoidea)

Introduction

The coprophagous group of Scarabaeidae has long attracted the attention of
numerous researchers, and several detailed comparative studies on various morphological
structures have been conducted (Ritcher and Baker 1974, Yadav and Pillai 1979, Caveney
and Mclntyre 1981, Nel and Villiers 1988, Nel and Scholtz 1990, d’Hotman and Scholtz
1990a, Grebennikov and Scholtz 2004) [for more information see Scholtz (1990) and
Scholtz and Grebennikov (2016)]. In contrast, however, there have been relatively few
comparative studies that have focused on the mesonotal structures in scarabaeid beetles.
The mesonotum of Coleoptera has been described by researchers such as Snodgrass (1909,
1935), Larsén (1966) and Matsuda (1970), who established basic terminologies, and some
different researchers have indicated more detailed descriptions of mesonotal structures in
some coleopteran species (EI-Kifl 1953, Doyen 1966, Naomi 1988, Kazantsev
2003—-2004, Beutel and Komarek 2004, Friedrich and Beutel 2006). Observations made
in these studies tend to indicate that mesonotal structures mutate relatively frequently at
the family level, and accordingly, comparative studies are necessary to establish the
detailed structures in each taxon. Detailed studies that have examined these structures in
the Scarabaeidae have been conducted for species such as Melolontha vulgaris Fabricius
[synonym of Melolontha melolontha (Linnaeus)] (Snodgrass 1909), Phanaeus vindex
MacLeay and Coprophanaeus lancifer (Linnaeus) (Edmonds 1972), and Lagochile
emarginata (Gyllenhal) (Albertoni et al. 2014). However, although Philips et al. (2004,
2016) and Tarasov and Génier (2015) examined a range of characters in the Scarabaeinae
and generated large data matrices, they did not present detailed descriptions. With respect
to establishing phylogenetic relationships, the value of mesonotal characters has been
proven in studies on other coleopteran groups (Beutel and Komarek 2004, Friedrich and
Beutel 2006, Ge ef al. 2007) and the Scarabaeinae (Philips et al. 2004, 2016, Tarasov and
Génier 2015). The accumulation of new reliable morphological data, particularly for
features that can be readily observed, will make an important contribution to molecular
phylogenetic studies in recent years.

In this study, I examined details of the mesonotal structures of 31 genera from

four subfamilies within the coprophagous group of Scarabaeidae, four genera from four
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subfamilies within the phytophagous group of Scarabaeidae, and five genera within other
scarabaeoid families. Although the comparatively few representatives species examined
are clearly inadequate and may thus not provide a totally reliable basis on which to discuss
far-reaching phylogenetic and systematic implications, it has, nevertheless, been possible

to identify similarities between the different subfamilies.

Material and methods
Preparation of specimens
All dissections were carried out on dried specimens. In order to relax the specimens, they
were initially placed in 50% ethanol for a few minutes, after which the prothorax and
abdomen were detached from the meso- and metathorax using fine forceps. The meso-
and metathorax were placed in 5% KOH solution for 6 to 8 h to soften and dissolve the
internal organs. Following pretreatment, these parts were washed several times in distilled
water. Therefore, the mesonotum was detached from the meso- and metathorax, and the
isolated mesonotum was soaked in 99% ethanol for 10 min to dehydrate the tissues.
Drawings were made with the aid of OLIMPAS SZX9 and, LEICA M165C
microscopes and a KEYENCE VHX-1000 digital microscope. Fine structures such as
hairs and punctates on the mesonotal surface were excluded from the diagrams as these

tended to obscure structures required for comparative observation.

Terminology

The main morphological terminology used for the mosonotal structures of Scarabaeidae
follows that of Larsén (1966) and Matsuda (1970), although the studies of other authors
were also consulted (Doyen 1966, Edmonds 1972, Beutel and Komarek 2004, Albertoni
et al. 2014).

In species of the Scarabaeidae, the mesonotum is located between the articular
process of the elytra and mainly consists of the first phragma, prescutum, scutum, and
scutellum (Fig. 3F). The first phragma has been observed in diverse coleopteran taxa
(Larsén 1966, Matsuda 1970, Edmonds 1972, Albertoni et al. 2014), and some
researchers have established different terminologies for the homologous trait, for example,
prescutum + anterior phragma (Naomi 1988), anterior phragma (EI-Kifl 1953), anterior
phragma or prephragma (Snodgrass 1935), prephragma (Doyen 1966), and prophragma
(Beutel and Komarek 2004). The prescutum is generally indistinguishably fused to
scutum. According to Edmonds (1972), the scutum and scutellum form the scutum +
scutellum owing to the absence of the scutoscutellar suture, which normally divides the

scutum and scutellum. Furthermore, Edmonds (1972) mentions that internal ridges, which
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are termed the vertical and horizontal plates (Fig. 7F), are not indicative of basic notal
divisions. On the lateral side of the scutum + scutellum there is generally a pair of
postmedian notal processes (Matsuda 1970) (Fig. 3F). According to El-Kifl (1953) and
Doyen (1966), these processes are referred to the posterior notal processes, although
Matsuda (1970) has started that these processes are probably absent in many coleopteran
species. On the ventral side of the scutum + scutellum, there is a pouch-like cavity referred
to as the “mesonotal pouch” (Beutel and Komarek 2004) (Fig. 6A, 7F) and a pair of
processes designated the “scutellar processes” (Doyen, 1966) (Fig. 7F), which are often
referred to using different terminologies, such as the yoke plate (Snodgrass 1909,
Matsuda 1970), lateral processes of the second phragma (Larsén 1966), and sclerite q
(Edmonds 1972). The scutellar processes and posterior inflection of the mesonotal pouch
are suggested to be remnants of the mesopostnotum (Snodgrass 1909, Larsén 1966,
Matsuda 1970, Edmonds 1972), and the axillary cord, which is a weakly sclerotized
flexible membrane (Doyen 1966, Friedrich and Beutel 2006) that is attached in many
cases. The posterior inflection of the mesonotal pouch, yoke plate, and axillary cord are

related to connect with the metathoracic notum.

Specimens studied

In the present study, I examined from 36 genera within four subfamilies of the
coprophagous group of Scarabacidae (Aegialiinae, Aphodiinae, Chironinae and
Scarabaeinae), other scarabacoid beetles in the families Geotrupidae, Glaphyridae,
Hybosoridae, Pleocomidae and Trogidae, and four subfamilies within the phytophagous
group of Scarabaeidae (Cetoniinae, Dynastinae, Rutelinae and Melolonthinae). Four
species within three genera of the tribe Aegialiini were selected in the subfamily
Aegialiinae. 14 species within 10 genera of five tribes (Aphodiini, Eupariini, Odochilini,
Psammodiini, and Rhyparini) were selected in the subfamily Aphodiinae. One species in
the genus Chiron MacLeay was selected in the subfamily Chironinae. 24 species within
17 genera of 10 tribes (Ateuchini, Coprini, Deltochilini, Gymnopleurini, Oniticellini,
Onitini, Onthophagini, Phanaeini, Scarabaeini, and Sisyphini) were selected in the
subfamily Scarabaeinae. For each of the following taxa, I examined single species:
Geotrupidae, Glaphyridae, Hybosoridae, Pleocomidae, Trogidae, Cetoniinae, Dynastinae,
Rutelinae and Melolonthinae (Table 1).

Results
The mesonotum in the Scarabaeoidea is located beneath the pronotum and lies between

of elytral bases (Fig.1). Since the anterior half of the mesonotum is often covered by the
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pronotum, typically less than half of the entire structure is visible when observed dorsally.
In some species within the coprophagous group of the Scarabaeidae, however, the entire
extent of the mesonotum is completely hidden by the pronotum. The boundary
demarcating the concealed and exposed portions is generally characterized by a
transverse depression. The mesonotum and the elytral bases are articulated through the
postmedian notal process, some axillary sclerites, and the axillary cord. The basic
structure of the mesonotum in the Scarabaeoidea consist of four parts: the first phragma,
prescutum, scutum, and scutellum, among which, the prescutum is substantially reduced
in size or has been completely lost. The scutum and scutellum are completely fused,
owing to disappearance of the scutoscutellar suture. Internal ridges (the vertical and
horizontal plates) typically develop and form a mesonotal pouch, into which muscles
associated with the back and forth movements of the mesonotum are inserted. The
movement of the mesonotum is important with respect to fixation of the elytra. When the
mesonotum is tilted forward, the elytra are extended and elevated, whereas when tilted
backward, which is the normal position, the position of the elytra becomes fixed. This
fixation mechanism is also observed in the subfamily Scarabaeinae, in which the
mesonotum is completely covered by the pronotum (Fig. 1). The scutellar process and
axillary cord on the ventral side of the scutum + scutellum function as a levering device
for the back and forth movements. The axillary cord shows various morphological states,
including thin membrane and sclerotized processes. The sclerotized axillary cord found
in some groups, which is located at the base of the elytra and third axillary sclerites when
the elytra are opened, is considered to play a role in adjusting the angle of the elytra,

thereby functioning as balancer during flight.

Aegialiinae (Figs. 2A—C, 6A—C, 10A)

In the subfamily Aegialiinae (genera Aegialia, Caelius, and Psammoporus) the anterior
two-thirds of the mesonotum is covered by the pronotum, and the boundary between the
concealed and exposed portions is transversally depressed. The first phragma is reduced,
and the most part is unrecognizable from the dorsal side. The prescutum is completely
lost. The scutum + scutellum is sagittate in shape, and the exposed portion is triangular.
The postmedian notal process is obtuse, and in the genus Caelius (Fig. 2C) its base
invaginate. The mesonotal pouch is inverted triangular shaped, but the vertical plate and
horizontal plate is strongly reduced. The scutellar process is sclerotized rod-shaped and
the attached axillary cord is present as a very thin membrane. The scutellar process is
completely fused with the posterior inflection of mesonotal pouch.

In the Aegialia nitida (Fig. 2B), which has atrophied hind wing, the mesonotum
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length becomes extremely short for the width as compared to other species. The
postmedian notal process is obtuse and the development is very weak compared to other

winged species. The mesonotal pouch is semicircular shaped.

Aphodiinae (Figs. 2D—21, 3A, 6D—61, 7A, 10B-10C)

In the subfamily Aphodiinae, I examined the mesonotum of species in the following
genera: Aphodius (Agrilinus), Aphodius (Brachiaphodius), Aphodius (Colobopterus),
Aphodius (Phaeaphodius), Aphodius (Sinodiapterna), Saprosites, Setylaides, Ataenius,
Odochilus, Rakovicius, Psammodius, Trichiorhyssemus, Rhyparus, and Sybacodes. The
mesonotum in these species, at least the anterior half, is generally covered by the
pronotum, and the boundary between the concealed and exposed portions is transversely
depressed. The first phragma is weakly developed. The prescutum is completely lost.
Generally, the scutum + scutellum is sagittate in shape, and the exposed portion has a
triangular of pointed shape. The postmedian notal process is obtuse, and in the genus
Aphodius (Fig. 2D—2F) its base invaginate. The mesonotal pouch is rounded or oval in
shape. The vertical and horizontal plates generally developed, but in the genera
Psammodius, Saprosites, Setylaides, and Trichiorhyssemus (Figs. 6G, 6I) the vertical
plate tends to be poorly developed. The scutellar process is sclerotized rod-shaped and
the attached axillary cord is present as a very thin membrane. The scutellar process is
completely fused with the posterior inflection of mesonotal pouch. In the genus Aphodius
(Colobopterus) (Figs. 2E, 6E), although the most common features are similar to those of
other aphodiine species, the scutum + scutellum is diamond shaped. In the genus
Aphodius (Sinodiapterna) (Figs. 2F, 6F, 10C), the most part of the mesonotum is exposed,
with the visible portion being triangular in shape and elongating toward the posterior apex.
The scutum + scutellum is hastate in shape. The mesonotal pouch is quadrangle in shape
and opens forward owing to the decrease of the horizontal plate.

In the tribe Rhyparini (Rhyparus and Sybacodes) (Figs. 3A, 7A) the mesonotum
is covered by the pronotum and elytra. The anterior half of the mesonotum is covered by
the pronotum and each side of the exposed part is covered with an elytral base, with both
boundaries being depressed. The mesonotal pouch is quadrangle in shape and opens

forward owing to the decrease of the horizontal plate, whereas the vertical plate develops.

Chironinae (Figs. 3B, 7B, 10D)
In the subfamily Chironinae (genus Chiron) the anterior half of the mesonotum is covered
by the pronotum, and the boundary between the concealed and exposed portions is

transversely depressed. The first phragma is reduced, and the most part is unrecognizable
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from the dorsal side. The prescutum is completely lost. The scutum + scutellum is
sagittate in shape, and the exposed portion is strongly pointed. The postmedian notal
process is obtuse, and its base weakly invaginate. The mesonotal pouch is oval shaped,
with the developed vertical plate lying at the center. The scutellar process is sclerotized
rod-shaped and the attached axillary cord is present as a very thin membrane. The
scutellar process is completely fused with the posterior inflection of mesonotal pouch.

These features are similar to genus Caelius (Aegialiinae).

Scarabaeinae (Figs. 3C—4E, 7C—8E, 10E)

I examined the mesonotum of the following genera in the subfamily Scarabaeinae:
Paraphytus, Deltochilum, Panelus, Catharsius, Copris, Heliocopris, Paragymnopleurus,
Liatongus, Scaptodera, Sinodrepanus, Caccobius, Digitonthophagus, Onthophagus,
Onitis, Coprophanaeus, Scarabaeus, and Sisyphus. The mesonotum is generally
completely covered by the pronotum, in some tribes (Onitini and Oniticellini) (Figs. 3H,
4B), the posterior apex of the mesonotum is exposed. The boundary between the
concealed and exposed portions is flat or slightly depressed. The first phragma is
generally well-developed and is characterized by an anterior margin that is deeply
emarginate at the center. However, in the genera Deltochilum, Scaptodera, and Sisyphus
(Figs. 3D, 3H, 4E), the developed first phragma is difficult to observe from the dorsal
view and the anterior margin is pointed. In certain genera such as the Paraphytus and
Panelus (Figs. 3C, 3E, 7C, 7E), the development of the first phragma tend to be very
weak. The prescutum is generally reduced and the remnant is visible at the anterior margin
of the scutum + scutellum. However, in the genus Paraphytus, the prescutum has been
completely lost. The scutum + scutellum is pentagonal, and in the tribes Onitini and
Oniticellini the posterior apex is elongated and pointed (Figs. 3H, 4B). The postmedian
notal process is generally obtuse, and is base is truncated. The mesonotal pouch is
rounded or oval shaped. The vertical and horizontal plates develop strongly, with the
former generally traversing the mesonotal pouch. Contrastingly, in the genera
Deltochilum, Paraphytus, Scaptodera, and Sisyphus (Fig. 7C, 7D, 7H, 8E), the mesonotal
pouch is incompletely divided by the vertical plate. The scutellar process is sclerotized
triangular shaped and the attached axillary cord is usually present as a thin membrane,
although weakly sclerotized axillary cord is observed in some genera such as Catharsius,
Copris, Coprophanaeus, Deltochilum, Heliocopris, Onitis, and Paragymnopleurus (Figs.
7D, 7TF, 7G, 8B, 8C), whereas in the genus Panelus (Fig. 7E), the axillary code is reduced.
The sutural line between the scutellar process and the posterior inflection of the mesonotal

pouch is clearly visible.
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Phytophagous group of Scarabaeidae

Dynastinae, Rutelinae and Melolonthinae (Figs. 4F, 8F, 11)

In the phytophagous group of Scarabaeidae (genera Anomala, Melolontha and
Trypoxylus) the anterior half of the mesonotum is covered by the pronotum, and the
boundary between the concealed and exposed portions is transversely depressed. The first
phragma is well-developed, and is visible from the dorsal surface. The remnant of
prescutum is visible at the anterior margin of the scutum + scutellum. The scutum +
scutellum is shield-like in shape, and the exposed portion is diffusely triangular. The
postmedian notal process is obtuse. The mesonotal pouch is oval in shape. The vertical
and horizontal plates usually develop, but in the genus 7Trypoxylus the former is reduced.
The scutellar process and the attached axillary cord are sclerotized and completely fused
to form a dichotomous branching process (Fig. 11). The posterior process is characterized
by a pouch-like structure and is covered with long setae. The dichotomous branching

process and posterior inflection of the mesonotal pouch are completely fused.

Cetoniinae (Figs. 4G, 8G)

In the subfamily Cetoniinae (genus Cetonia) the anterior half of the mesonotum is covered
by the pronotum, and the boundary between the concealed and exposed portions is flat.
The first phragma is well-developed, and is visible from the dorsal surface. The prescutum
is completely lost. The scutum + scutellum is diamond shaped, and the exposed portion
appears as a large triangle. The postmedian notal process is strongly reduced. The
mesonotal pouch is oval shaped, but the vertical plate is completely lost. The scutellar
process and the attached axillary cord are sclerotized and completely fused to form a
dichotomous branching process, whereas the development and sclerotized membranous
state of the posterior arm corresponding to axillary cord is weak compared with that in
other phytophagous groups of Scarabaeidae. The posterior process is characterized by a
shallow pouch-like structure and is covered with long setae. The dichotomous branching

process and posterior inflection of the mesonotal pouch are completely fused.

Geotrupidae (Figs. 4H, 8H)

In the family Geotrupidae (genus Phelotrupes) the anterior half of the mesonotum is
covered by the pronotum, and the boundary between the concealed and exposed portions
is transversely depressed. The first phragma is well-developed, and the lateral ends
protrude outside. The prescutum is reduced and the remnant is visible at the anterior

margin of the scutum + scutellum. The scutum + scutellum is shield-like in shape, and the
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exposed portion is diffusely triangle. The postmedian notal process is obtuse and its base
invaginate. The mesonotal pouch is flabellate in shape. The vertical and horizontal plates
that form the mesonotal pouch developed. The scutellar process is a sclerotized rod-
shaped and completely fused with the posterior inflection of the mesonotal pouch, and

the attached axillary cord is very thin membrane.

Glaphyridae (Figs. 41, 81, 10F)

In the family Glaphyridae (genus Amphicoma) the anterior half of the mesonotum is
covered by the pronotum, and the boundary between the concealed and exposed portions
is transversely depressed. The first phragma is well-developed, and the lateral sides
protrude to outside. The prescutum is completely lost. The scutum + scutellum is isosceles
triangular, and the exposed portion is lingual shape. The postmedian notal process is
reduced. The mesonotal pouch is oval and opens forward owing to the decrease of the
horizontal plate, whereas the vertical plate develops. The scutellar process and the
attached axillary cord are sclerotized and completely fused to form a dichotomous
branching process, but the development of the posterior process corresponding to axillary
cord is weak. The dichotomous branching process and posterior inflection of the

mesonotal pouch are completely fused.

Hybosoridae (Figs. 5A, 9A, 10G)

In the family Hybosoridae (genus Phaeochrous) the anterior half of the mesonotum is
covered by the pronotum, and the boundary between the concealed and exposed parts is
transversely depressed. The first phragma is reduced the most part, but the lateral sides
remain and protrude to forward. The prescutum is completely lost. The scutum +
scutellum is isosceles triangular, and the exposed portion is lingual shape. The postmedian
notal process is obtuse. The mesonotal pouch is oval in shape. The most parts of the
vertical plate are fused with developed horizontal plate. The scutellar process and the
attached axillary cord are sclerotized and completely fused to form a dichotomous
branching process, but the development of the posterior process corresponding to axillary
cord is weak. The dichotomous branching process and posterior inflection of the

mesonotal pouch are completely fused.

Pleocomidae (Figs. 5B, 9B, 10H)
In the family Pleocomidae (genus Pleocoma) the anterior two-thirds of the mesonotum is
covered by the pronotum, and the boundary between the concealed and exposed portions

is transversely depressed. The first phragma is well-developed, and the anterior margin is

69



truncated. The prescutum is completely lost. The scutum + scutellum is shield-like in
shape, and the exposed portion is diffusely triangular. The postmedian notal process is
obtuse. The mesonotal pouch is oval in shape, with the developed vertical plate lying at
the center. The rod-shaped scutellar process is sclerotized and completely fused with the
posterior inflection of the mesonotal pouch, whereas the attached axillary cord is present

as a very thin membrane.

Trogidae (Figs. 5C, 9C)

In the family Trogidae (genus Glyptotrox) the anterior two-third of the mesonotum is
covered by the pronotum, and the boundary between the concealed and exposed portions
is marked by a transverse depression. The first phragma is well-developed, and is
characterized by an anterior margin that is strongly emarginate. The prescutum is
completely lost. The scutum + scutellum is sagittate in shape, and the exposed portion is
lingual shape. The postmedian notal process is obtuse, and its base is weakly invaginate.
The mesonotal pouch is oval in shape, with the developed vertical plate lying at the center.
The scutellar process is a sclerotized rod-shaped and the attached axillary cord is present
as a very thin membrane. The single scutellar process and posterior inflection of the

mesonotal pouch are completely fused.

Discussion
On the basis of my examination of the mesonotum in the coprophagous group of
Scarabaeidae and comparison with that in species in the phytophagous group of

Scarabaeidae and other scarabaeoid families, I make the following inferences.

Types of mesonotum in the coprophagous group of Scarabaeidae
I suggest dividing the mesonotum in the coprophagous group of Scarabaeidae into
aphodiine and scarabaeine types. Generally, the mesonotum play a role in fixing the elytra,
although it has little influence on flight behavior. Indeed, as the mesonotum is not
necessary for flight, it is typically considerably smaller than the metanotum. The
following features are important with respect to distinguishing aphodiine and scarabaeine
types: the development of the first phragma, the shape of the scutum + scutellum, the
development of an internal ridge (horizontal and vertical plates), and the scutellar process
and axillary cord.

Aegialiinae, Aphodiinae, and Chironinae belong to the aphodiine type. The
mesonotum is concealed by the pronotum at least in the anterior half. The development

of the first phragma is weak. The scutum + scutellum is sagittate shaped. Development
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of the vertical and horizontal plates tend to be weak. The scutellar process is rod-shaped
and the attached axillary cord occurs as a is thin membrane. The scutellar process and the
posterior inflection of mesonotal pouch are fused completely.

Scarabaeinae belong to the scarabaeine type. The mesonotum is completely
concealed by the pronotum, excluding species of the tribe Oniticellini and Onitini. The
development of the first phragma is strong. The remnant of the prescutum is present on
the anterior margin of the scutum + scutellum. The scutum + scutellum is pentagonal in
shape, and the base of the postmedian notal process is truncated. Development of the
vertical and horizontal plates is strong. The scutellar process is triangular in shape and the
attached axillary cord generally appears as a thin membrane, although in some genera it
is weakly sclerotized. The sutural line between the scutellar process and the posterior
inflection of mesonotal pouch can be clearly distinguished. Among the observed

Scarabaeoidea, this feature is an autapomorphic character found only in Scarabaeinae.

Evolution of the mesonotal structure in Scarabaeidae

It is assumed that development of the mesonotum in the Pterygota is affected by
environmental factors and behavioral traits, given that it is an attachment point for flight
muscles that play some of the most important roles in flight behavior. However, in
Coleoptera, the mesonotum is reduced, as a consequence of the loss of flight muscles and
development of the elytra, and thus is affected to a lesser extent by environmental factors
and behavioral traits. In most coleopteran species, the mesonotum functions primarily as
a fixing device, to which the elytra are firmly fixed by engagement of the sutural line,
metanotal alacrista, and mesonotal posterior margin (Larsen 1966, Nomura 2015). From
the perspective of determining evolutionary trends in Scarabaeoidea, an important
consideration is whether the mesonotum is exposed or concealed by the pronotum (Ochi
et al. 2012). Complete concealed of the mesonotum by the pronotum is considered a
unique state in the subfamily Scarabaeinae. In many coleopteran species, the mesonotum
is generally exposed, and a completely concealed mesonotum state is considered to be a
derived state. Consequently, species of the Onitini and Oniticellini, which are
characterized by the exposed state, would appear to comprise an ancestral group of the
Scarabaeinae. Contrastingly, however, the recent phylogenetic analyses (Monaghan et al.
2007, Mlambo et al. 2015, Tarasov and Génier 2015, Tarasov and Dimitrov 2016) have
provided evidence indicating that the Ateuchini or Deltochilini (=Canthonini), which are
characterized by a concealed mesonotum, form an ancestral group of the Scarabaeinae,
whereas the Onitini and Oniticellini are clustered in a comparatively derived group.

Accordingly, this would suggest that the exposed state of the Onitini and Oniticellini
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mesonotum has evolved secondarily from the covered state. With regards to estimating
evolutionary trends, my observation indicate that the following characteristics are of more
particular importance: development of the first phragma, presence of the prescutum,
development of the internal ridge (vertical and horizontal plates), and variation in the
scutellar process and attached axillary cord.

In species of the subfamilies Aegialiinae, Aphodiinae, and Chironinae, the first
phragma is weakly developed or indistinguishable when viewed dorsally. In contrast, the
first phragma in the Scarabaeinae is generally well-developed, although in the genus
Scaptodera, it cannot be distinguished when viewed from the dorsal surface. In the
Cetoniinae, Dynastinae, Melolonthinae, and Rutelinae within the phytophagous group of
Scarabaeidae, the first phragma is developed and dorsally visible. The Geotrupidae,
Pleocomidae, and Trogidae, which are considered be to ancestral in the Scarabacoidea
(Crowson 1981, Lawrence and Newton 1982, Nel and Scholtz 1990, Scholtz 1990) are
characterized by a well-developed first phragma, a trait that is also observed in the family
Scirtidae, which is considered the most primitive polyphagan (Friedrich and Beutel 2006,
Mckenna et al. 2019). On the basis of the aforementioned state, I speculate that a well-
developed dorsally visible first phragma appeared early in the Scarabaeoidea, and that a
reduced first phragma evolved relatively late in certain lineages.

In the families Glaphyridae, Hybosoridae, Pleocomidae, and Trogidae, and some
subfamilies within the Scarabaeidae (Aegialiinae, Aphodiinae, Chironinae, and
Cetoniinae) the prescutum has been completely lost. However, the remnant of the
prescutum has been identified in some subfamilies of Scarabaeidae (Scarabaeinae,
Dynastinae, Melolonthinae, and Rutelinae) and in the family Geotrupidae. The prescutum
has also been confirmed in the Staphylinidae (Larsén 1966; Matsuda 1970) within an out
group of the Scarabacoidea (McKenna ef al. 2019) and presence of the prescutum is
considered a typical thoracic structure of insects (Snodgrass 1935). Therefore, the
remnant of the prescutum, which was confirmed in the Scarabaeidae (Scarabaeinae,
Dynastinae, Melolonthinae, and Rutelinae) and Geotrupidae is considered to represent an
ancestral state. However, as indicated in recent phylogenies, this structure it is not present
in some scarabaeoid clades (Ahrens et al. 2014, Gunter et al. 2016), including the
ancestral groups Pleocomidae and Trogidae. It is thus considered that a reduction in the
prescutum has occurred convergently in multiple scarabaeoid clades.

In the development of the internal ridges, although I observed a number of
different states, it was generally difficult to categorize these features. However, I
speculate that differences in the degree of development may reflect an evolutionary

tendency. Well-developed internal ridges are observed in most scarabaeoid beetles,
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particularly in species of the subfamily Scarabaeinae, whereas the internal ridges tend to
be reduced in the subfamily Aegialiinae, Aphodiinae (genera Odochilus, Psammodius,
Saprosites, Setylaides and Trichiorhyssemus), Cetoniinae, and Dynastinae. It is postulate
that the internal ridge is a remnant of the scutoscutellar suture, and the aforementioned
two character states are considered derived states observed in the Scarabaeoidea. On the
basis of recent phylogenetic analyses, it would be appear that the family Scarabaeidae is
one of the most derived groups within the Scarabaeoidea (Ahrens et al. 2014, Gunter et
al. 2016). Notably, the derived state of the subfamilies Cetoniinae and Dynastinae has
also been indicated by traditional morphological studies (Crowson 1981, Lawrence and
Newton 1982, d’Hotman and Scholtz 1990a, Nel and Scholtz 1990, Scholtz 1990). I thus
suggest that the ancestral state of the internal ridges in Scarabaeidae is the normal state
of the Geotrupidae, Glaphyridae, Hybosoridae, Pleocomidae, Trogidae, and Aphodiinae
(with the exception of the genera Odochilus, Psammodius, Saprosites, Setylaides and
Trichiorhyssemus), Chironinae, and phytophagous group of Scarabaeidae (Rutelinae and
Melolonthinae) (Figs. 6D, 6E, 6F, 7A, 7B, 8F, 8H, 81, 9A, 9B, 9C). Interestingly, however,
Edmonds (1972) mentioned that the internal ridges and scutoscutellar suture are unrelated
traits in the subfamily Scarabaeinae. In the future, it will thus be necessary to examine a
large number of taxonomic groups in order to gain a more complete image of the
evolutionary trends.

Variations in the characteristics of the scutellar process and attached axillary cord
are among the most important features defining mesonotum structures. In species of the
Geotrupidae, Pleocomidae, Trogidae, Aegialiinae, Aphodiinae, and Chironinae, the
scutellar processes are rod-shaped and the axillary cord is membranous. The scutellar
process in the Scarabaeinae is triangular in shape with a membranous axillary cord, the
axillary cord in the genera Catharsius, Copris, Deltochilum, Heliocopris, Onitis, and
Paragymnopleurus comprises a weakly sclerotized membrane. In contrast to these two
states, which are characterized by a single scutellar process and membranous axillary cord,
the scutellar processes and axillary cord in the Hybosoridae, Glaphyridae, and
phytophagous groups of Scarabaeidae (Cetoniinae, Dynastinae, Melolonthinae and
Rutelinae) form a sclerotized dichotomous branching process. Among these groups,
species of the subfamilies Cetoniinae, Dynastinae, Melolonthinae and Rutelinae possess
a pouch-like structure on a part corresponding to the axillary cord (Fig. 11). The
combination of a dichotomous branching process and pouch-like structure is considered
to be the most derived state among the aforementioned character states, and is presumed
to be related to an adjustment of the elytral angle during flight. Indeed, a dichotomous

branching process co-existing with a pouch-like structure is observed in the subfamilies
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Dynastinae, Melolonthinae, and Rutelinae, which are characterized by highly
maneuverable flight. Although species of the subfamily Cetoniinae also have the same
scutellar process and axillary cord, the development of the axillary cord is weaker than
that observed in other members of phytophagous Scarabaeidae, and appears to reflect a
process of atrophication. This may be associated with the unique form of flight displayed
by the Cetoniinae that fly with the elytra closed, which contrasts with most scarabaeoid
beetles that fly with opened elytra. Consequently, the Cetoniinae elytra are no longer used
to aid balance, as in other scarabaeoid beetles, and thus the axillary cord may have
atrophied secondarily. The phytophagous group of Scarabaeidae is among of the most
derived groups in the Scarabaeoidea (Ahrens et al. 2014, Gunter et al. 2016, Neita-
Moreno et al. 2019). Especially, the subfamily Cetoniinae is considered to be a sister
group of the Dynastinae + Rutelinae clade (Browne and Scholtz 1998, Ahrens et al. 2014,
Gunter et al. 2016, Sipek et al., 2016, Neita-Moreno et al. 2019), thereby suggesting that
the Cetoniinae probably evolved from the Dynastinae + Rutelinae clade. Thus, a rod-
shaped single process and membranous axillary cord (Geotrupidae, Pleocomidae,
Trogidae, Aegialiinae, Aphodiinae, and Chironinae) are assumed to have appeared early
time, and I regard this as a primary stage. The triangular shaped scutellar process with
thin or sclerotized membranous axillary cord (Scarabaeinae) and the dichotomous
branching process (Glaphyridae and Hybosoridae) are considered to be derived states,
whereas the dichotomous branching process with a pouch-like structure found in the

phytophagous group of Scarabaeidae is assumed to be the most recently developed.

Coprophagous and phytophagous groups of Scarabaeidae

Although the basic structure of the mesonotum is similar in the coprophagous and
phytophagous groups of the Scarabaeidae, these groups can be distinguished based on by
the characteristics of the scutellar process and axillary cord. In this regard, a dichotomous
branching process, which consist of a sclerotized scutellar process and axillary cord with
a pouch-like structure bearing long setae (Figs. 8F, 8G, 11), is recognizable only in
phytophagous group of Scarabaeidae. Subfamilies of the coprophagous group of
Scarabaeidae can be classified into two types based on mesonotal structures (the
aphodiine and scarabaeine types), however, common features are observed in these types,
notably the single scutellar process and a membranous axillary cord, indicating that these
groups might be closely related. Indeed, evidence obtained from various molecular and
morphological phylogenies indicate that the Aphodiinae and Scarabaeinae are sister
groups (Smith et al. 2006, Philips 2011, Lawrence et al. 2011, Mckenna et al. 2019).
Traditionally, the coprophagous and phytophagous groups of Scarabaeidae have been
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treated as sister groups based on morphological observations (Browne and Scholtz 1995,
1998) and some molecular phylogeny (Ahrens and Volger 2008, Gunter et al. 2016, Sipek
et al. 2016, McKenna et al. 2019). However, the findings of some recent molecular
phylogenetic analyses indicate that the coprophagous and phytophagous groups are not
closely related, and that the phytophagous group is grouped within a clade that includes
either Glaphyridae or Hybosoridae (Smith et al. 2006, Ahrens ef al. 2014, Neita-Moreno
et al. 2019). Indeed, I have confirmed that species belonging to Glaphyridae and
Hybosoridae have intermediate features associated with a dichotomous branching
scutellar process (Figs. 81, 9A, 10F, 10G). Given that members of the families
Geotrupidae, Pleocomidae, and Trogidae, and coprophagous group of Scarabaeidae are
characterized by a single scutellar process and membranous axillary cord, I reason that
the coprophagous and phytophagous groups of Scarabaeidae should be grouped in
different clades.

Subfamilies Aphodiinae, Aegialiinae and Chironinae

The subfamilies Aegialiinae and Chironinae are closely related to the Aphodiinae, and
consistently, the morphology of the mesonotum in these three subfamilies are observed
to be highly similarly. In particular, the characteristics of Aegialiinae (Figs. 2A—2C,
6A—6C) are similar to those of the tribes Psammodiini and Odochilini (Figs. 2H-2I,
6H—6I), whereas these features in Chironinae are similar to those in the genus Caelius
within the Aegialiinae (Figs. 2C, 6C). However, although the subfamilies Aegialiinae and
Chironinae are often established as different families, Aegialiidae and Chironidae (Nel
and Scholtz 1990, d’Hotman and Scholtz 1990a, Paulian and Baraud 1982, Carpaneto and
Piattella 1995, Huchet 2000, 2002, 2003, 2004, 2019, Huchet and Lumaret 2002), I found
that morphologically, variation in the mesonotum of these subfamilies is relatively low.
Indeed, on the basis of a comparison of mesonotum morphology among the Aphodiinae,
Aegialiinae and Chironinae, I conclude that Aegialiinae and Chironinae should be
included in the subfamily Aphodiinae. In this regard, my findings are consistent with
those of Browne and Scholtz (1998), Smith ef al. (2006) and Ahrens et al. (2014), who
showed that Aegialiinae and Chironinae are included in a clade with Aphodiinae, and also
with the findings of Ritcher (1969a, 1974) and Stebnicka (1977), who, on the basis of
morphological point of view, concluded that Aegialiinae and Chironinae are close to
Aphodiinae. Collectively, these observations on the morphology of the mesonotum in
Aphodiinae, Aegialiinae and Chironinae tend to indicate that these subfamilies comprise

a single lineage.
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Table 1. Examined species of Scarabaeoidea.

Family

Subfamily

Tribe

Species

Geotrupidae

Geotrupinae

Enoplotrupini

Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky, 1866)

Glaphiridae

Amphicominae

Amphicoma splendens (Yawata, 1942)

Hybosoridae

Hybosorinae

Phaeochrous emarginatus emarginatus Laporte, 1840

Pleocomidae

Pleocoma dubitabilis dubitabilis Davis, 1935

Trogidae

Troginae

Glyprotrox uenoi uenoi (Nomura, 1961)

Scarabaeidae

Aegialinae

Aegialiini

Aegialia (degialia) comis (Lewis, 1895)

Aegialia (degidalia) nitida Waterhouse, 1875

Caelius denticollis Lewis, 1895

Psammoporus nakanei nakanei Masumoto, 1986

Aphodiinae

Aphodiini

Aphodius (Agrilinus) breviusculus (Motschulsky, 1866)

Aphodius (Brachiaphodius ) eccoptus Bates, 1889

Aphodius (Colobopterus ) quadoratus Reiche, 1850

Aphodius (Phaeaphodius ) rectus Motschulsky, 1866

Aphodius (Sinodiapterna) troitzyi Jacobson, 1897

Eupariini

Ataenius picinus Harold, 1867

Saprosites japonicus Waterhouse, 1875

Setylaides fovearus (Schmidt, 1909)

Odochilini

Odochilus convexus Nomura, 1971

Psammodiini

Rakovicius coreanus (Kim, 1980)

Psammodius kobayashii Nomura, 1973

Trichiorhyssemus asperulus (Waterhouse, 1875)

Rhyparini

Rhyparus azumai azumai Nakane, 1956

Svbacodes sp. 1

Chironinae

Chiron sp. 1

Scarabaeinae

Ateuchini

Paraphytus dentifions Lewis, 1895

Deltochilini

Deltochilum (Calhyboma) variolosum Burmeister, 1873

Deltochilum (Hybomidium ) gibbosum (Fabricius, 1755)

Panelus rufilus Nomura, 1973

Coprini

Catharsius molossus (Linnaeus, 1758)

Copris (Copris) ochus (Motschulsky, 1860)

Copris (Copris) wipartitus Watethouse, 1875

Heliocopris tyrannus (Thomson, 1859)

Gymnopleurini

Paragymnopleurus melanarius (Harold, 1867)

Oniticellini

Liatongus minutus (Motschulsky, 1860)

Liatongus gagatinus (Hope, 1831)

Scaptodera rhadamistus (Fabricius, 1775)

Sinodrepanus falsus (Sharp, 1875)

Onthophagini

Caccobius (Caccobius ) jessoensis Harold, 1867

Digitonthophagus gazella (Fabricus, 1787)

Onthophagus (Gibbonthophagus ) apicetinctus d'Orbigny, 1898

Onthophagus (Serrophorus ) seniculus (Fabricius, 1781)

Onthophagus (Strandius ) lenzii Harold, 1874

Onitini

Onitis virens Lansberge, 1875

Onitis falcatus (Wulfen, 1786)

Phanaeini

Coprophanaeus (Metallophanaeus ) saphirinus (Strum, 1826)

Scarabaeini

Scarabaeus radama Fairmaire, 1895

Scarabaeus sacer Linnaeus, 1758

Sisyphini

Sisyphus longipes (Olivier, 1789)

Cetoniinae

Cetoniini

Cetonia (Eucetonia ) roelofsi roelofsi Harold, 1880

Dynastinae

Dynastini

Trypoxylus dichotomus seprentrionalis Kono, 1931

Rutelinae

Anoimalini

Mimela splendens (Gyllenhal 1817)

Melolonthinae

Melolonthini

Melolontha (Melolontha) frater Arrow, 1913

76



Figure 1. The position of the mesonotal characters in Scarabaeidae A Copris ochus (Motschulsky) B
Melolontha frater frater Arrow. Abbreviations: alacrista (Al); axillary cord (Ac); elytron (El); elytral
base (Elb); mesonotum (Ms); metascutum (Msc); proximal median plate (Pmp); postmedian notal
process (Pnp); second axillary sclerite (2Ax); third axillary screlite (3Ax). The membranous parts are

painted gray, and the fixed parts between the mesonotum and elytron are showed by arrow.
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Figures 2A—1. Dorsal habitus of the mesonotum. A Aegialia (Aegialia) comis (Lewis) B Aegialia

(Aegialia) nitida Waterhouse C Caelius denticollis Lewis D Aphodius (Brachiaphodius) eccoptus
Bates E Aphodius (Colobopterus) quadoratus Reiche F Aphodius (Sinodiapterna) troitzyi Jacobson G
Saprosites japonicus Waterhouse H Odochilus convexus Nomura I Psammodius kobayashii Nomura.
Abbreviations: boundary part (Bp); first phragma (Fp); postmedian notal process (Pnp); prescutum
(Pr); scutum + scutellum (Ssc). The broken lines at the left side of each figures show the position of

the posterior margin of pronotum.
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Figures 3A—1. Dorsal habitus of the mesonotum. A Rhyparus azumai azumai Nakane B Chiron sp. C
Paraphytus dentifrons Lewis D Deltochilum (Callhyboma) variolosum Burmeister E Panelus rufulus
Nomura F Copris (Copris) ochus (Motschulsky) G Paragymnopleurus melanarius (Harold) H
Scaptodera rhadamistus (Fabricius) 1 Caccobius (Caccobius) jessoensis Harold. Abbreviations:
boundary part (Bp); first phragma (Fp); postmedian notal process (Pnp); prescutum (Pr); scutum +
scutellum (Ssc). The broken lines at the left side of each figures show the position of the posterior

margin of pronotum.
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Figures 4A—1. Dorsal habitus of the mesonotum. A Onthophagus (Serrophorus) seniculus (Fabricius)

B Onitis virens Lansberge C Coprophanaeus (Metallophanaeus) saphirinus (Strum) D Scarabaeus
radama Fairmaire E Sisyphus longipes (Olivier) F Mimela splendens (Gyllenhal) G Cetonia
(Eucetonia) roelofsi roelofsi Harold H Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky) 1
Amphicoma splendens (Yawata). Abbreviations: boundary part (Bp); first phragma (Fp); postmedian
notal process (Pnp); prescutum (Pr); scutum + scutellum (Ssc). The broken lines at the left side of each

figures show the position of the posterior margin of pronotum.
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Figures SA—C. Dorsal habitus of the mesonotum. A Phaeochrous emarginatus emarginatus Laporte
B Pleocoma dubitabilis dubitabilis Davis C Glyptotrox uenoi uenoi (Nomura). Abbreviations:
boundary part (Bp); first phragma (Fp); postmedian notal process (Pnp); prescutum (Pr); scutum +
scutellum (Ssc). The broken lines at the left side of each figures show the position of the posterior

margin of pronotum.
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Figures 6A—1. Ventral habitus of the mesonotum. A Aegialia (Aegialia) comis (Lewis) B Aegialia
(Aegialia) nitida Waterhouse C Caelius denticollis Lewis D Aphodius (Brachiaphodius) eccoptus
Bates E Aphodius (Colobopterus) quadoratus Reiche F Aphodius (Sinodiapterna) troitzyi Jacobson
G Saprosites japonicus Waterhouse H Odochilus convexus Nomura I Psammodius kobayashii
Nomura. Abbreviations: axillary cord (Ac); first phragma (Fp); horizontal plate (Hp); mesonotal

pouch (Mp); posterior inflection of mesonotal pouch (Pim); scutellar process (Sp); vertical plate

(Vp).
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Figures 7A—1. Ventral habitus of the mesonotum. A Rhyparus azumai azumai Nakane B Chiron sp. C
Paraphytus dentifrons Lewis D Deltochilum (Callhyboma) variolosum Burmeister E Panelus rufulus
Nomura F Copris (Copris) ochus (Motschulsky) G Paragymnopleurus melanarius (Harold) H
Scaptodera rhadamistus (Fabricius) 1 Caccobius (Caccobius) jessoensis Harold. Abbreviations:
axillary cord (Ac); first phragma (Fp); horizontal plate (Hp); mesonotal pouch (Mp); posterior

inflection of mesonotal pouch (Pim); scutellar process (Sp); vertical plate (Vp).

83



Figures 8A—1. Ventral habitus of the mesonotum. A Onthophagus (Serrophorus) seniculus (Fabricius)
B Onitis virens Lansberge C Coprophanaeus (Met allophanaeus) saphirinus (Strum) D Scarabaeus
radama Fairmaire E Sisyphus longipes (Olivier) F Mimela splendens (Gyllenhal) G Cetonia
(Eucetonia) roelofsi roelofsi Harold H Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky) 1
Amphicoma splendens (Yawata). Abbreviations: axillary cord (Ac); first phragma (Fp); horizontal
plate (Hp); mesonotal pouch (Mp); posterior inflection of mesonotal pouch (Pim); scutellar process

(Sp); vertical plate (Vp).
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Figures 9A—C. Ventral habitus of the mesonotum. A Phaeochrous emarginatus emarginatus Laporte
B Pleocoma dubitabilis dubitabilis Davis C Glyptotrox uenoi uenoi (Nomura). Abbreviations: axillary
cord (Ac); first phragma (Fp); horizontal plate (Hp); mesonotal pouch (Mp); posterior inflection of
mesonotal pouch (Pim); scutellar process (Sp); vertical plate (Vp).
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Figures 10A—H. Posterior habitus of the mesonotum. A Aegialia (Aegialia) comis (Lewis) B Aphodius
(Brachiaphodius) eccoptus Bates C Aphodius (Sinodiapterna) troitzyi Jacobson D Chiron sp. E
Caccobius (Caccobius) jessoensis Harold F Amphicoma splendens (Yawata) G Phaeochrous
emarginatus emarginatus Laporte H Pleocoma dubitabilis dubitabilis Davis. Abbreviations: axillary
cord (Ac); first phragma (Fp); horizontal plate (Hp); mesonotal pouch (Mp); posterior inflection of

mesonotal pouch (Pim); scutellar process (Sp); vertical plate (Vp).
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Figure 11. Pouch-like structure of dichotomous branching process in phytophagous group of
Scarabaeidae, Mimela splendens (Gyllenhal). Abbreviations: axillary cord (Ac); first phragma (Fp);
horizontal plate (Hp); mesonotal pouch (Mp); posterior inflection of mesonotal pouch (Pim); pouch-

like structure (Pls); scutellar process (Sp); vertical plate (Vp).
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2—2-2
Comparison of mesonotal morphology in beetles of the
phytophagous group of Scarabaeidae and other scarabaeoid
taxa (Coleoptera, Scarabaeoidea)

Introduction

The phytophagous group of Scarabaeidae has long attracted the attention of
numerous researchers, and several detailed comparative studies on various morphological
structures have been conducted (Ritcher and Baker 1974, Yadav and Pillai 1979, Caveney
and Mclntyre 1981, Nel and Villiers 1988, Nel and Scholtz 1990, d’Hotman and Scholtz
1990a, Grebennikov and Scholtz 2004) [for more information see Scholtz (1990) and
Scholtz and Grebennikov (2016)]. In contrast, however, there have been relatively few
comparative studies that have focused on the mesonotal structures in scarabaeid beetles.
Detailed mesonotal structures in some scarabaeid species have been examined by some
researchers (Snodgrass 1909, Larsén 1966, Edmonds 1972, Albertoni et al. 2014). The
first comparative study of the mesonotum based on the multiple scarabaeoid species was
conducted in subchapter (2—2—1), however the examination was incompletely due to
lacking many phytophagous group species and other scarabaeoid families. With respect
to establishing phylogenetic relationships, the value of mesonotal characters has been
proven in studies on other coleopteran groups (Beutel and Komarek 2004, Friedrich and
Beutel 2006, Ge et al. 2007) and the Scarabaeinae (Philips et al. 2004, 2016, Tarasov and
Génier 2015, subchapter 2—2—1). The accumulation of new reliable morphological data,
particularly for features that can be readily observed, will make an important contribution
to molecular phylogenetic studies in recent years. In this study, I examined details of the
mesonotal structures of 69 genera from 10 subfamilies within the phytophagous group of
Scarabaeidae, two genera from two subfamilies within the coprophagous group of
Scarabaeidae, and 57 genera within other scarabaeoid families. Although the
representatives examined are clearly an inadequate and may thus not provide a totally
reliable basis on which to discuss far-reaching phylogenetic and systematic implications,
it has, nevertheless, been possible to identify similarities between the different families

and subfamilies.

Material and methods
Preparation of specimens
All dissections were carried out on dry specimens. In order to relax the specimens, they

were initially placed in 50% ethanol for few minutes, after which the prothorax and the
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abdomen were detached from the meso- and metathorax using fine forceps. The meso-
and metathorax were placed in 5% KOH solution for 6 to 8 hours to soften and dissolve
the internal organs. Following pretreatment, these parts were washed several times in
distilled water. Therefore, the mesonotum was detached from the meso- and metathorax,
and the isolated mesonotum was soaked in 99% ethanol for 10 minutes to dehydrate the
tissues.

Drawings were made with the aid of OLIMPAS SZX9 and LEICA M165C
microscopes and a KEYENCE VHX-1000 digital microscope. Fine structures such as
hairs and punctates on the mesonotal surface were excluded from the diagrams as these

tended to obscure structures required for comparative observations.

Terminology
Terminology used in this paper was developed by subchapter 2—2—1.

Specimens studied

In the present study, I examined beetles from 102 genera within to 11 families of
superfamily Scarabaeoidea (Bolboceratidae, Geotrupidae, Glaresidae, Glaphyridae,
Hybosoridae, Lucanidae, Ochodaeidae, Passalidae, Pleocomidae, Trogidae and
Scarabaeidae). Three species within three genera were selected in the family
Bolboceratidae. Six species within three genera of two subfamilies (Geotrupinae and
Lethrinae) were selected in the family Geotrupidae. One species within genus Glaresis
Erichson, 1848 was selected in the family Glaresidae. Four species within three genera
were selected in the family Glaphyridae. Three species within three genera of two
subfamilies (Ceratocanthinae and Hybosorinae) were selected in the family Hybosoridae.
11 species within 10 genera of four subfamilies (Aesalinae, Syndesinae, Lamprinae and
Lucaninae) were selected in the family Lucanidae. Three species within three genera were
selected in the family Ochodaeidae. Three species within three genera of two subfamilies
(Aulacocyclinae and Macrolinae) were selected in the family Passalidae. One species
within genus Pleocoma LeConte, 1856 was selected in the family Pleocomidae. Three
species within three genera were selected in the family Trogidae. 93 species within 71
genera of 12 subfamilies (Aphodiinae, Scarabaeinae, Aclopinae, Cetoniinae,
Dynamopodinae, Dynastinae, Euchirinae, Melolonthinae, Orphninae, Rutelinae,

Trichiinae and Valginae) were selected in the family Scarabaeidae (Table. 1).

Results
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In the Scarabaeoidea, the mesonotum is located beneath the pronotum and lies between
the elytral bases (Fig. 1). Given that the anterior half of the mesonotum is often covered
by the pronotum, typically less than half of the entire structure is visible when observed
dorsally. In some species within the family Passalidae and the subfamily Scarabaeinae
(genus Copris), however, the entire extent of the mesonotum is completely hidden by the
pronotum. The boundary demarcating the concealed and exposed portion is, generally
characterized by a transverse depression, but in some phytophagous scarabaeid beetles it
is represented completely flat or truncate states. The mesonotum and the elytral bases are
articulated through the postmedian notal process, some axillary sclerites, and the axillary
cord. The basic structure of the mesonotum in the Scarabaeoidea consists of four parts:
the first phragma, prescutum, scutum, and scutellum, among which, the prescutum is
substantially reduced in size or has been completely lost. The scutum and scutellum are
completely fused, owing to disappearance of the scutoscutellar suture. Moreover, internal
ridges (the vertical and horizontal plates) typically weakly develop and form a mesonotal
pouch, into which muscles associated with the back and forth movements of the
mesonotum are inserted. The movement of the mesonotum is important with respect to
fixation of the elytra. When the mesonotum is tilted forward, causing an extension and
elevation of the elytra, whereas when tilted backward, which is the normal position, the
position of the elytra becomes fixed. The scutellar process and axillary cord on the ventral
side of the scutum + scutellum function as a levering device for the back and forth
movements. The axillary cord shows various morphological states, including thin
membranes and sclerotized processes. The sclerotized axillary cord found in many
phytophagous groups of Scarabaeidae (Fig. 14), which is located at the base of the elytra
and third axillary sclerites when the elytra are opened, is considered to play a role in

adjusting the angle of the elytra, thereby functioning as balancer during flight.

Scarabaeidae

Aclopinae (Figs. 2A, 8A)

In the subfamily Aclopinae (genus Pachypus) the anterior half of the mesonotum is
covered by the pronotum, and the boundary between the concealed and exposed portions
is transversely depressed. The first phragma is developed and is characterized by an
anterior margin that is broadly emarginated. The prescutum is reduced and the remnant is
visible at the anterior margin of the scutum + scutellum. The scutum + scutellum is shield-
like in shape, and the exposed portion is diffusely triangular with a notch at the posterior
apex. The postmedian notal process is obtuse. The mesonotal pouch is oval in shape. The

vertical and horizontal plates that form the mesonotal pouch developed. The scutellar
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process and the attached axillary cord are sclerotized and completely fused to form a
dichotomous branching process. The posterior process is characterized by a pouch-like
structure. The dichotomous branching process and posterior inflection of the mesonotal

pouch are completely fused.

Cetoniinae (Figs. 2B—2E, 8B—8E)

In the subfamily Cetoniinae the anterior half of the mesonotum is covered by the
pronotum, and the boundary between the concealed and exposed portions is typically flat,
but in some tribal species such as Cremastocheilini and Taenioderini (Figs. 2C, 2D) the
boundary portions is represented depressed state. The first phragma is developed and is
characterized by an anterior margin that is broadly pointed forward at the center. The
prescutum is completely lost. The scutum + scutellum is diamond in shape and the
exposed portion appears as a large triangle. The postmedian notal process is strongly
reduced. The mesonotal pouch is oval shaped, although whereas the horizontal plate
develops, the vertical plate is typically completely lost. However, in the tribes
Cremastocheilini and Diplognathini the vertical plate slightly develops (Figs. 8C, 8E).
The scutellar process and the attached axillary cord are sclerotized and completely fused
to form a dichotomous branching process, whereas the development and sclerotized
membranous state of the posterior arm corresponding to axillary cord is weak compared
with that in other phytophagous groups of Scarabaeidae. The posterior process is usually
characterized by a shallow pouch-like structure and is covered with long setae, but in the
tribes Cremastocheilini and Diplognathini the development of this process is very weak
and the pouch-like structure is lost (Figs. 8C, 8E). The dichotomous branching process

and posterior inflection of the mesonotal pouch are completely fused.

Dynamopodinae (Figs. 2F, 8F)

In the subfamily Dynamopodinae (genus Orubesa) the anterior two-thirds of the
mesonotum are covered by the pronotum, and the boundary between the concealed and
exposed portions is transversely depressed. The first phragma is developed and is
characterized by an anterior margin that is sags downward. The prescutum is completely
lost. The scutum + scutellum is isosceles triangular, and the exposed portion is lingual
shaped. The postmedian notal process is obtuse, and its base invaginate. The mesonotal
pouch is oval shaped. The vertical and horizontal plates that form the mesonotal pouch
developed. The scutellar process is a sclerotized rod-shaped and its base weakly protrudes
to outside, and the attached axillary cord is very thin membrane. The single scutellar

process and posterior inflection of the mesonotal pouch are completely fused.
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These character states resemble to the subfamily Orphninae and family

Hybosoridae.

Dynastinae (Figs. 2G—2H, 8 G—8H)

In the subfamily Dynastinae the anterior two-thirds of the mesonotum is covered by the
pronotum, and the boundary between the concealed and exposed portions is transversely
depressed. The first phragma is developed and is characterized by various states anterior
margin. The prescutum is reduced and the remnant is visible at the anterior margin of the
scutum + scutellum. The scutum + scutellum is shield-like in shape, and the exposed
portion is triangle. The lateral sides of the boundary portion are strongly constricted,
except in Dynastini (Fig. 2G). The postmedian notal process is obtuse. The mesonotal
pouch is oval in shape. The vertical and horizontal plates that form the mesonotal pouch
developed, but the development of the vertical plate varies between tribes. The scutellar
process and the attached axillary cord are sclerotized and completely fused to form a
dichotomous branching process. The posterior process is characterized by a pouch-like
structure, which is rounded and developing, and is covered with long setae. The
dichotomous branching process and posterior inflection of the mesonotal pouch are

completely fused.

Euchirinae (Figs. 21, 3A, 81, 9A)
In the subfamily Euchirinae the anterior two-thirds of the mesonotum is covered by the
pronotum, and the boundary between the concealed and exposed portions is transversely
depressed. The first phragma is developed and is characterized by an anterior margin that
is broadly emarginated. The prescutum is reduced and the remnant is visible at the anterior
margin of the scutum + scutellum. The scutum + scutellum is shield-like in shape, and the
exposed portion in the genus Cheirotonus (Fig. 21) is diffusely triangular while in the
genus Euchirus is triangle (Fig. 3A). The lateral sides of the boundary portion in the genus
Cheirotonus are strongly constricted. The postmedian notal process is obtuse. The
mesonotal pouch is oval in shape. The vertical and horizontal plates that form the
mesonotal pouch developed. The scutellar process and the attached axillary cord are
sclerotized and completely fused to form a dichotomous branching process. The posterior
process is characterized by a pouch-like structure, which in the genus Cheirotonus is well-
developed with rounded, and is covered with long setae. The dichotomous branching
process and posterior inflection of the mesonotal pouch are completely fused.

These states, especially the genus Cheirotonus, resemble to the subfamily
Dynastinae.
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Melolonthinae (Figs. 3B—3G, 9B—9G)
The mesonotal structures in the subfamily Melolonthinae shows a unique character state

between tribes.

Melolonthini, Rhizotrogini and Tanyproctini (Figs. 3B—3D, 9B—-9D)

In the tribes Melolonthini, Rhizotrogini and Tanyproctini the anterior two-thirds of the
mesonotum are covered by the pronotum, and the boundary between the concealed and
exposed portions is transversely depressed. The first phragma is developed and is
characterized by an anterior margin that is broadly emarginated. The prescutum is reduced
and the remnant is visible at the anterior margin of the scutum + scutellum. The scutum
+ scutellum is shield-like in shape, and the exposed portion is diffusely triangle. The
postmedian notal process is obtuse and its base in the tribe Rhizotrogini invaginate (Fig.
3C). The mesonotal pouch is oval in shape. The vertical and horizontal plates that form
the mesonotal pouch developed. The scutellar process and the attached axillary cord are
sclerotized and completely fused to form a dichotomous branching process. The posterior
process is characterized by a pouch-like structure and is covered with long setae. However,
in the tribe Tanyproctini the pouch-like structure is very shallow. The dichotomous

branching process and posterior inflection of the mesonotal pouch are completely fused.

Diplotaxini (Figs. 3E, 9E)

In the tribe Diplotaxini the anterior half of the mesonotum is covered by the pronotum,
and the boundary between the concealed and exposed portions is truncated. The first
phragma is developed and is characterized by an anterior margin that is broadly
emarginated and the surface invaginate at the fused point of vertical plate. The prescutum
is completely lost. The scutum + scutellum is triangular, and the exposed portion is
triangle. The postmedian notal process is obtuse and its base invaginate. The mesonotal
pouch is oval in shape with the developed vertical plate lying at the center, and opens
forward owing to the decrease of the horizontal plate. The scutellar process and the
attached axillary cord are sclerotized and completely fused to form a dichotomous
branching process. The posterior process is characterized by a pouch-like structure but
the development is weak. The dichotomous branching process and posterior inflection of

the mesonotal pouch are completely fused.

Hopliini (Figs. 3F, 9F)

In the tribe Hopliini the anterior two-thirds of the mesonotum is covered by the pronotum,
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and the boundary between the concealed and exposed portions is transversely depressed.
The first phragma is developed and is characterized by an anterior margin that is broadly
emarginated. The prescutum is completely lost. The scutum + scutellum is sagittate in
shape, and the exposed portion is lingual shaped. The lateral sides of the covered portion
are strongly constricted. The postmedian notal process is well-developed with obtuse
angle, and its base is invaginate. The mesonotal pouch is oval in shape with the developed
vertical plate lying at the center, and opens forward owing to the decrease of the horizontal
plate. The scutellar process and the attached axillary cord are sclerotized and completely
fused to form a dichotomous branching process. The posterior process is characterized by
a pouch-like structure and is covered with a few long hairs. The dichotomous branching

process and posterior inflection of the mesonotal pouch are completely fused.

Sericini (Fig. 3G, 9G)

In the tribe Sericini the anterior half or two-thirds of the mesonotum is covered by the
pronotum, and the boundary between the concealed and exposed portions is flat. The first
phragma is developed and is characterized by an anterior margin that is broadly
emarginated. The prescutum is completely lost. The scutum + scutellum is triangular, and
the exposed part is triangle. The postmedian notal process obtuse and its base weakly
invaginate, and has no undulations on the lateral sides of the scutum + scutellum except
this process. The mesonotal pouch is oval in shape is formed by only a horizontal plate
as the vertical plate is completely lost. The scutellar process is sclerotized rod-shaped and
its base weakly protrudes to outside, and the attached axillary cord is very thin membrane.
The single scutellar process and posterior inflection of the mesonotal pouch are

completely fused.

Orphninae (Figs. 3H, 9H)

In the subfamily Orphninae (genus Orphnus) the anterior two-thirds of the mesonotum is
covered by the pronotum, and the boundary between the concealed and exposed portions
is transversely depressed. The first phragma is developed and is characterized by an
anterior margin that is emarginated. The prescutum is completely lost. The scutum +
scutellum is isosceles triangular, and the exposed portion is triangle. The postmedian notal
process is obtuse and its base strongly invaginate. The mesonotal pouch is oval in shape.
The vertical and horizontal plates that form the mesonotal pouch developed. The scutellar
process is sclerotized rod-shaped and its base weakly protrudes to outside, and the
attached axillary cord is very thin membrane. The single scutellar process and posterior

inflection of the mesonotal pouch are completely fused.
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These character states resemble to the subfamily Dynamopodinae and family

Hybosoridae.

Rutelinae (Figs. 31, 4A—4E, 91, 10A—10E)

In the Rutelinae, I examined the mesonotum of species in the following genera: Adoretus,
Adorodocia, Chaetadoretus, Lepadoretus, Spodochlamys, Anomala, Exomala, Mimela,
Malaia, Popillia, Phyllopertha, Spilopopillia, Anoplognathus, Calloodes, Repsimus,
Chrysophora, Dicaulocephalus, Kibakoganea, Parastasia, and Pelidnota. The anterior
half of the mesonotum in these beetles is covered by the pronotum, and the boundary
dividing the exposed and concealed portions is marked by a transverse depression, but in
some genera it is represented as flat (Malaia, Popillia, and Repsimus) (Fig. 4A) or
truncate statuses (Dicaulocephalus, Kibakoganea, and Parastasia) (Figs.4B—4D). The
first phragma 1s developed and is characterized by various states anterior margin. The
prescutum is reduced and the remnant is visible at the anterior margin of the scutum +
scutellum, but in the genus Dicaulocephalus the remnant is completely lost. The scutum
+ scutellum is typically shield-like in shape and the exposed portion is diffusely triangle,
but in the genera Dicaulocephalus, Kibakoganea and Parastasia (Figs. 4B—4D) the
scutum + scutellum is lingual shaped. The lateral sides of the boundary portion in the tribe
Adoretini are strongly constricted. The postmedian notal process is obtuse, and in the
tribe Adoretini it is well-developed (Figs. 4E). The mesonotal pouch is oval in shape. The
vertical and horizontal plates that form the mesonotal pouch developed, but the vertical
plate in the genera Malaia, Popillia, Calloodes, Repsimus and Parastasia is obscure or
completely lost (Figs. 10A). The scutellar process and the attached axillary cord are
sclerotized and completely fused to form a dichotomous branching process. The posterior
process is characterized by a pouch-like structure and is covered with long setae. With
the exception of some genera such as Adoretus, Adorodocia, Chaetadoretus and
Lepadoretus (Figs. 10E), the posterior process is developed with rounded. The
dichotomous branching process and posterior inflection of the mesonotal pouch are
completely fused. Exceptionally, in Dicaulocephalus (Figs. 4B—4C, 10B—10C), a sexual
dimorphism, which the female is smooths while the male is strongly concave at the dorsal
surface of the mesonotum, is observed. As a result, the vertical plate in male is completely

fused with scutum + scutellum.

Trichinae (Figs. 4F—4I, 10F—10I)
Triciini and Incaini (Figs. 4F—4H, 10F—10H)

In the tribes Triciini and Incaini the anterior half or two-thirds of the mesonotum is
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covered by the pronotum, and the boundary between the concealed and exposed portions
is transversely depressed or truncated. The first phragma is developed and is characterized
by an anterior margin that is typically broadly emarginated, but in the genus
Corynotrichius (Fig. 4G) it is pointed forward. The prescutum is reduced and the remnant
is visible at the anterior margin of the scutum + scutellum. The shape of scutum +
scutellum is observed two types that is shield-like in shape and trapezoidal in shape. The
shield-like shaped scutum + scutellum is observed in the genera Corynotrichius,
Epitrichius, Gnorimus, Paratrichius and Inca (Figs. 4F—4G). The trapezoidal shaped
scutum + scutellum is observed in the genera Lasiotrichius and Trichius (Figs. 4H). The
exposed portions of each type in scutum + scutellum is typically semicircular, but in the
genera Lasiotrichius and Inca it is lingual and diffusely triangular shaped, respectively.
The postmedian notal process in the genera Corynotrichius, Gnorimus and Inca is obtuse
and is visible from the dorsal side, while in the genera Epitrichius, Paratrichius,
Lasiotrichius and Trichius it is invisible from the dorsal side. The mosonotal pouch is
oval in shape. The vertical and horizontal plates that form the mesonotal pouch developed,
but the vertical plate in the genera Corynotrichius, Lasiotrichius and Trichius is
completely lost. The scutellar process and the attached axillary cord are sclerotized and
completely fused to form a dichotomous branching process. The posterior process is
characterized by a pouch-like structure and is covered with long setae. With the exception
of some genera such as Lasiotrichius and Trichius, the posterior process is developed with
rounded. The dichotomous branching process and posterior inflection of the mesonotal

pouch are completely fused.

Osmodermini (Figs. 41, 101)

In the tribe Osmodermini the anterior half of the mesonotum is covered by the pronotum,
and the boundary between the concealed and exposed portions is weakly transversely
depressed. The first phragma is developed and is characterized by an anterior margin that
is broadly pointed forward. The prescutum is completely lost. The scutum + scutellum is
diamond shaped and the exposed portion appears as a large triangle. The postmedian notal
process is strongly reduced. The mesonotal pouch is oval in shape. The vertical and
horizontal plates that form the mesonotal pouch developed, but the vertical plate does not
fused with the internal surface of the scutum + scutellum and protrudes to ventral side.
The scutellar process and the attached axillary cord are sclerotized and completely fused
to form a dichotomous branching process, but the development of the posterior process
is very weak and the pouch-like structure is lost. The dichotomous branching process and

posterior inflection of the mesonotal pouch are completely fused.
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Valginae (Figs. SA—5B, 11A—11B)

The subfamily Valginae showed the most unique characteristics in the family
Scarabaeidae. The anterior half of the mesonotum is covered by the pronotum, and the
boundary between the concealed and exposed portions is transversely depressed. The first
phragma is typically completely lost, but in the tribe Microvalgini (Fig. 5B) it is weakly
developed and is characterized by an anterior margin that is straight. The prescutum is
completely lost. The scutum + scutellum is auriculate shaped, and the exposed portion is
usually pointed but the tribe Microvalgini is triangle. The postmedian notal process is
completely lost. The mesonotal pouch is inverted triangular or round in shape. The
vertical and horizontal plates that form the mesonotal pouch developed, especially the
vertical plate protrudes to ventral side. The scutellar process is sclerotized rod-shaped and
the attached axillary cord is completely lost. The single scutellar process and posterior

inflection of the mesonotal pouch are completely fused.

Coprophagous group of Scarabaeidae

Aphodiinae (Figs. 5C, 11C)

In the subfamily Aphodiinae (genus Aphodius) the anterior half of the mesonotum is
covered by the pronotum, and the boundary dividing the exposed and concealed portions
is marked by a transverse depression. The development of first phragma is weakly. The
prescutum is completely lost. The scutum + scutellum is sagittate in shape, and the
exposed portion has a triangular shape. The postmedian notal process is obtuse and its
base is invaginate. The mesonotal pouch is oval shape. The vertical and horizontal plates
that form the mesonotal pouch developed. The scutellar process is a sclerotized rod-shape
and completely fused with the posterior inflection of the mesonotal pouch, and the

attached axillary cord appears as a very thin membrane.

Scarabaeinae (Figs. 5D, 11D)

In the subfamily Scarabaeinae (genus Copris) the mesonotum is completely covered by
the pronotum. The first phragma is well-developed and is characterized by an anterior
margin that is deeply emarginate at the center. The prescutum is reduced and the remnant
is visible at the anterior margin of the scutum + scutellum. The scutum + scutellum is
pentagonal in shape. The postmedian notal process is obtuse, and its base is strongly
concave and truncated. The mesonotal pouch is oval shaped. The vertical and horizontal
plates develop strongly, with the former traversing the mesonotal pouch, dividing the

pouch into two sections. The scutellar process is sclerotized and triangular shape and the
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attached axillary cord is weakly sclerotized membrane. Furthermore, the sutural line
between the scutellar process and the posterior inflection of mesonotal pouch is clearly

visible.

Bolboceratidae (Figs. SE-5F, 11E-11F)

In the family Bolboceratidae the anterior half of the mesonotum is covered by the
pronotum, and the boundary between the concealed and exposed portions is transversely
depressed. The first phragma is well developed, and the lateral parts of the anterior margin
protrude forward. The prescutum is completely lost. The shape of scutum + scutellum is
sagittate and the exposed portion is observed two types that are rounded triangular (tribe
Bolbochromini) (Fig. SE) and lingual shape (tribe Bolbelasmini) (Fig. SF). The
postmedian notal process is obtuse, and its base invaginate. The mesonotal pouch is oval
shape. The vertical and horizontal plates that form the mesonotal pouch developed, but in
the genera Bolbelasmus and Bolbochromus the mesonotal pouch slightly opens forward
owing to the decrease of the horizontal plate (Fig. 11F). The scutellar process is a
sclerotized rod-shaped and completely fused with the posterior inflection of the

mesonotal pouch, and the attached axillary cord appears as a very thin membrane.

Geotrupidae (Figs. SG—5H, 11G—11H)

Geotrupinae (Figs. 5G, 11G)

In the subfamily Geotrupinae the anterior half of the mesonotum is covered by the
pronotum, and the boundary between the concealed and exposed portions is transversely
depressed. The first phragma is well-developed, and the lateral ends protrude outside. The
prescutum is reduced and the remnant is visible at the anterior margin of the scutum +
scutellum. The scutum + scutellum is shield-like in shape, and the exposed portion is
diffusely triangle. The postmedian notal process is obtuse and its base invaginate. The
mesonotal pouch is flabellate in shape. The vertical and horizontal plates that form the
mesonotal pouch developed. The scutellar process is a sclerotized rod-shaped and
completely fused with the posterior inflection of the mesonotal pouch, and the attached

axillary cord is very thin membrane.

Lethrinae (Figs. SH, 11H)

In the Lethrinae (genus Lethrus) the mesonotum shows very unique states compared to
other species in Geotrupidae by the completely lose of hind wing. The mesonotum is
exposed the most part. The first phragma is strongly reduced and amalgamate to the

horizontal plate. The prescutum is completely lost. The scutum + scutellum is isosceles
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right triangularly shaped. The postmedian notal process is strongly reduced. The
mesonotal pouch is isosceles right triangular and occupies the most of ventral surface.
The development of the vertical plate and horizontal plate that form the mesonotal pouch
are very weak. The scutellar process is sclerotized membrane, and is completely fused

with the posterior inflection of mesonotal pouch.

Glaresidae (Figs. 51, 111)

In the family Glaresidae (genus Glaresis) the anterior half of the mesonotum is covered
by the pronotum, and the center of the boundary dividing the exposed and concealed
portions is marked by a slightly depression. The first phragma is developed but is invisible
from the dorsal surface, and is characterized by an anterior margin that is sags downward.
The prescutum is reduced and the remnant is visible at the anterior margin of the scutum
+ scutellum. The scutum + scutellum is sagittate in shape, and the exposed portion is
lingual shape. The postmedian notal process is obtuse. The mesonotal pouch is inverted
triangularly shaped is formed by only a horizontal plate as the vertical plate is completely
lost. The scutellar process is a sclerotized rod-shaped and completely fused with the
posterior inflection of the mesonotal pouch, and the attached axillary cord is very thin

membrane.

Glaphyridae (Figs. 6A, 12A)

In the family Glaphyridae the anterior half of the mesonotum is covered by the pronotum,
and the boundary between the concealed and exposed portions is transversely depressed.
The first phragma is well-developed, and the lateral sides protrude to outside. The
prescutum is completely lost. The scutum + scutellum is isosceles triangular, and the
exposed portion is lingual shape. The postmedian notal process is reduced. The mesonotal
pouch is oval and opens forward owing to the decrease of the horizontal plate, whereas
the vertical plate develops. The scutellar process and the attached axillary cord are
sclerotized and completely fused to form a dichotomous branching process, but the
development of the posterior process corresponding to axillary cord is weak. The
dichotomous branching process and posterior inflection of the mesonotal pouch are
completely fused.

Hybosoridae (Figs. 6B—6C, 12B—12C)
Hybosorinae (Figs. 6B, 12B)
In the subfamily Hybosorinae the anterior half of the mesonotum is covered by the

pronotum, and the boundary between the concealed and exposed portions is transversely
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depressed. The first phragma is reduced the most part, but the lateral sides remain and
protrude to forward. The prescutum is completely lost. The scutum + scutellum is
isosceles triangular, and the exposed portion is lingual shape. The postmedian notal
process is obtuse. The mesonotal pouch is oval in shape. The most parts of the vertical
plate are fused with developed horizontal plate. The scutellar process and the attached
axillary cord are sclerotized and completely fused to form a dichotomous branching
process, but the development of the posterior process corresponding to axillary cord is
weak. The dichotomous branching process and posterior inflection of the mesonotal
pouch are completely fused.

Ceratocanthinae (Figs. 6C, 12C)

In the subfamily Ceratocanthinae the anterior half of the mesonotum is covered by the
pronotum, and the boundary between the concealed and exposed portions is marked by a
weakly transverse depression. The first phragma is almost completely reduced and its
remnant is visible on the lateral sides. The prescutum is completely lost. The scutum +
scutellum is isosceles triangular, and the exposed portion is strongly pointed. The
postmedian notal process is strongly reduced. The mesonotal pouch is oval and is formed
by only a developed horizontal plate as a vertical plate is completely lost. The scutellar
process and the attached axillary cord are sclerotized and completely fused to form a
dichotomous branching process, but the development of the posterior process
corresponding to axillary cord is weak. The dichotomous branching process and the

posterior inflection of mesonotal pouch are completely fused.

Lucanidae (Figs. 6D—61, 7A, 12D—121, 13A)

Aesalinae and Syndesinae (Figs. 6D—6F, 12D—12F)

In the subfamilies Aesalinae and Syndesinae the anterior half of the mesonotum is
covered by the pronotum, and the boundary dividing the exposed and concealed portions
is marked by a transverse depression, but in the genus Aesalus the boundary portion is
presented a truncate state (Fig. 6D). The first phragma is well-developed and the lateral
parts of the anterior margin protrude forward, except in the genus Aesalus. The first
phragma in the genus Aesalus also well-developed but is characterized by an anterior
margin that is emarginated. The prescutum is completely lost. The scutum + scutellum is
isosceles triangular and the exposed portion is lingual shape. The postmedian notal
process is obtuse and its base is invaginate. The mesonotal pouch is rounded, with the
developed vertical plate lying at the center. The scutellar process is a sclerotized rod-

shaped and its base expand to outside, and the attached axillary cord is very thin
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membrane. The single scutellar process and posterior inflection of the mesonotal pouch

are completely fused.

Lucaninae and Lamprinae (Figs. 6G—6I, 7A, 12G—12I, 13A)

In the subfamilies Lucaninae and Lamprinae the anterior two-thirds of the mesonotum
are covered by the pronotum, and the boundary dividing the exposed and concealed
portions is marked by a transverse depression. The first phragma is well-developed and
the lateral parts of the anterior margin protrude forward. The prescutum is completely lost.
The scum + scutellum is sagittate in shape, and the exposed portion is lingual shape, but
in the genus Figulus (Fig. 6H) the exposed part is strongly pointed. The postmedian notal
process is obtuse and its base is invaginate. The mesonotal pouch is round and typically
opens forward owing to the decrease of the horizontal plate, but in the genus Platycerus
the horizontal plate is developed (Fig. 12I). The developed vertical plate lying at the
center of the mesonotal pouch. The scutellar process is a sclerotized rod-shaped and its
base expand to outside, and the attached axillary cord is very thin membrane. The single

scutellar process and posterior inflection of the mesonotal pouch are completely fused.

Ochodaeidae (Figs. 7B, 13B)

In the family Ochodaeidae the anterior half of the mesonotum is covered by the pronotum,
and the boundary between the concealed and exposed portions is transversely depressed.
The first phragma is developed and is characterized by an anterior margin that is sags
downward. The prescutum is completely lost. The scutum + scutellum is sagittate in shape,
and the exposed portion is triangular shape. The postmedian notal process is obtuse and
its base is invaginate. The mesonotal pouch is rounded and typically opens forward owing
to the decrease of the horizontal plate, but in the genus Notochodaeus the mesonotal
pouch is complete. The developed vertical plate lying at the center of the mesonotal pouch.
The scutellar process is a sclerotized rod-shaped and its base expand to outside, and the
attached axillary cord is very thin membrane. The single scutellar process and the

posterior inflection of the mesonotal pouch are fused completely.

Passalidae (Figs. 7C, 13C)

In the family Passalidae the mesonotum is completely covered by the pronotum. The first
phragma is developed and is strongly sclerotized but is almost invisible from dorsal
surface, and is characterized by an anterior margin that is sags downward. The prescutum
is completely lost. The scutum + scutellum is cordate in shape and the remnant of the

mesopostnotum is observed from the posterior apex. The postmedian notal process is
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obtuse and its base is invaginate. The mesonotal pouch is very large and opens forward
owing to the decrease of the horizontal plate, and the vertical plate also completely lost.
The scutellar process is a sclerotized rod-shaped and its base expand to out sides, and the
attached axillary cord is very thin membrane. The single scutellar process and the

posterior inflection of the mesonotal pouch is completely fused.

Pleocomidae (Figs. 7D, 13D)

In the family Pleocomidae (genus Pleocoma) the anterior two-thirds of the mesonotum is
covered by the pronotum, and the boundary between the concealed and exposed portions
is transversely depressed. The first phragma is well-developed, and the anterior margin is
truncated. The prescutum is completely lost. The scutum + scutellum is shield-like in
shape, and the exposed portion is diffusely triangular. The postmedian notal process is
obtuse. The mesonotal pouch is oval in shape, with the developed vertical plate lying at
the center. The rod-shaped scutellar process is sclerotized and completely fused with the
posterior inflection of the mesonotal pouch, whereas the attached axillary cord is present

as a very thin membrane.

Trogidae (Figs. 7E, 13E)

In the family Trogidae the anterior two-third of the mesonotum is covered by the
pronotum, and the boundary between the concealed and exposed portions is marked by a
transverse depression. The first phragma is well-developed, and is characterized by an
anterior margin that is strongly emarginate. The prescutum is completely lost. The scutum
+ scutellum is sagittate in shape, and the exposed portion is lingual shape. The postmedian
notal process is obtuse, and its base is weakly invaginate. The mesonotal pouch is oval in
shape, with the developed vertical plate lying at the center. The scutellar process is a
sclerotized rod-shaped and the attached axillary cord is present as a very thin membrane.
The single scutellar process and posterior inflection of the mesonotal pouch are

completely fused.

Discussion

On the basis of my examination of the mesonotum in the phytophagous group of
Scarabaeidae and comparison with that in species in the phytophagous group of

Scarabaeidae and other scarabaeoid families, | make the following inferences.

Types of mesonotum in the phytophagous group of Scarabaeidae
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I suggest dividing the mesonotum in the phytophagous group of Scarabaeidae into nine
types: melolonthine, ruteline, tricine, cetoniine, valgine, sericine, hopline, diplotaxine,
and orphnine types. According to subchapter 2—2—1, the mesonotum plays a role in fixing
the elytra, although it has little influence on flight behavior in the coprophagous group of
Scarabaeidae. This is also the case for the phytophagous group of Scarabaeidae, where
the mesonotum is usually much smaller than the metanotum due to hardly necessary for
flying. The following features are important to distinguish each type: shape of scutum +
scutellum, state of boundary portion, development of internal ridges (horizontal and
vertical plates), and scutellar process and axillary cord.

The Aclopinae, Melolonthinae (Melolonthini, Rhizotrogini, and Tanyproctini),
and Rutelinae (Adoretini) belong to the melolonthine type. The scutum + scutellum is
shield-like in shape. The boundary between the concealed and exposed portions was
transversely depressed. The horizontal plate forms a mesonotal pouch by closing forward,
and the vertical plate develops and elongated. The scutellar process and attached axillary
cord form a dichotomous branching process. The axillary cord has a pouch-like structure
and is covered with long setae, however these setae were not observed in the subfamily
Aclopinae.

The Rutelinae, Dynastinae, Euchirinae, and Trichiinae (Corynotrichius,
Epitrichius, Gnorimus, Paratrichius and Inca) belong to the ruteline type. The scutum +
scutellum is shield-like in shape. The boundary between the concealed and exposed
portions is marked by a transverse depression, but some genera such as Dicaulocephalus,
Kibakoganea, Parastasia, Malaia and Popillia (Figs. 4A—4D) are presented by truncate
or flat states. The horizontal plate forms a mesonotal pouch by closing forward, and a
vertical plate is more or less observed. The scutellar process and attached axillary cord
form a dichotomous branching process. The axillary cord has a pouch-like structure and
is largely rounded. The surface of the axillary cord was covered with long setae.

Some Trichiinae (Lasiotrichius and Trichius) belong to the triciine type. The
scutum + scutellum is trapezoidal in shape. The boundary between the concealed and
exposed portions was transversely depressed. The horizontal plate forms a mesonotal
pouch by closing forward and the vertical plate is completely lost. The scutellar process
and attached axillary cord form a dichotomous branching process. The axillary cord has
a pouch-like structure and is covered with sparse long setae.

The Cetoniinae and Osmodermini belong to the cetoniine type. The scutum +
scutellum is diamond in shape. The boundary between the concealed and exposed
portions is typically flat, but the genera Clinterocera, Coilodera, and Osmoderma are

characterized by depression. The horizontal plate forms a mesonotal pouch by closing
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forward and the vertical plate is completely lost. The scutellar process and attached
axillary cord form a dichotomous branching process. The axillary cord is represented by
a sclerotized membranous state and has a shallow elongated pouch-like structure and
sparse setae. As an exception, the development of the axillary cord in the genera
Anthracophora, Clinterocera, and Osmoderma was very weak and the pouch-like
structure was completely lost (Figs. 8C, 8E, 101).

The Valginae belongs to the valgine type. The scutum + scutellum is auriculate
in shape. The boundary between the concealed and exposed portions was marked by
transverse depression. The horizontal plate forms a mesonotal pouch by closing forward,
and the vertical plate develops and protrudes to the ventral side. The scutellar process is
sclerotized rod-shaped, and the axillary cord is completely lost.

The tribe Sericini belongs to the sericine type. The scutum + scutellum is
triangular and has no undulations on the lateral sides except for the postmedian notal
process. The boundary between the concealed and exposed portions is flat. The horizontal
plate forms a mesonotal pouch by closing forward and the vertical plate is completely
lost. The scutellar process is sclerotized rod-shaped, and its base weakly expands to the
outside. The axillary cord is a thin membrane.

The tribe Hopliini belongs to the hopline type. The scutum + scutellum is
sagittate in shape and the lateral sides of the covered part are strongly constricted. The
boundary between the concealed and exposed portions was transversely depressed. The
mesonotal pouch opens forward owing to the decrease in the horizontal plate, whereas
the vertical plate develops elongate. The scutellar process and attached axillary cord form
a dichotomous branching process. The axillary cord has a pouch-like structure and few
long setae.

The tribe Diplotaxini belongs to the diplotaxine type. The scutum + scutellum is
triangular in shape. The boundary between the concealed and exposed portions was
transversely depressed. The mesonotal pouch opens forward owing to the decrease in the
horizontal plate, while the vertical plate develops elongate, and the fused point of the
vertical plate to the first phragma is characterized by an invaginate. The scutellar process
and the attached axillary cord form a dichotomous branching process, but the
development of the axillary cord is weak. The axillary cord has a small pouch-like
structure.

The Orphninae and Dynamopodinae belong to the orphnine type. The scutum +
scutellum is isosceles triangularly shaped. The boundary between the concealed and
exposed portions was marked by transverse depression. The horizontal plate forms a

mesonotal pouch by closing forward, and the vertical plate develops and elongated. The
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scutellar process and the attached axillary cord form a dichotomous branching process by
sclerotization and complete fusion with each other, but the development of the posterior
process corresponding to the axillary cord is weak. These character states are similar to

those of the families Hybosoridae and Glaphyridae.

Phytophagous and coprophagous groups of Scarabaeidae

According to subchapter (2-2-1), phytophagous and coprophagous groups of
Scarabaeidae can be distinguished based on the characteristics of the scutellar process
and attached axillary cord. Phytophagous groups are indicated by a dichotomous
branching process (Fig. 14), which consists of a sclerotized scutellar process and axillary
cord with a pouch-like structure bearing long setae, whereas coprophagous groups are
indicated by a single rod-shaped or triangular scutellar process and a membranous axillary
cord (subchapter 2-2—1). However, in this study, a single rod-shaped process and an
intermediate feature of the dichotomous branching process, which is observed in the
families Hybosoridae and Glaphyridae, are observed in some species of the phytophagous
group of Scarabaeidae.

The single rod-shaped process was confirmed in the tribe Sericini and subfamily
Valginae. Since the single rod-shaped process usually indicates an ancestral state, it was
regarded that the Sericini is an ancestral group compared to other phytophagous groups.
However, reference to recent phylogenetic analyses (Ahrens et al. 2014, Gunter et al.
2016, Sipek et al. 2016) showed that the tribe Sericini is positioned at the early diverging
lineages in the phytophagous group of Scarabaecidae, and that the phytophagous group
were derived lineages from the families Glaphyridae and Hybosoridae, which have
intermediate dichotomous branching process. Therefore, the single rod-shaped process in
the Sericini is regarded as occurring from the intermediate dichotomous branching
process by secondary atrophy. The single rod-shaped process observed in the Valginae is
also thought to have occurred due to secondary atrophy. The subfamily Valginae is known
as the sister group of the subfamily Cetoniinae (Browne and Scholtz 1998, Smith et al.
2006, Gunter et al. 2016). Subchapter (2—2—1) mentioned that the development of the
axillary cord in Cetoniinae is weaker than that observed in other members of the
phytophagous Scarabaeidae and appears to reflect a process of atrophication. Indeed, a
remarkably atrophied axillary cord is observed in some tribes of Cetoniinae, implying
that the single rod-shaped process found in the Valginae was derived from Cetoniinae.

The intermediate dichotomous branching process was confirmed in the
subfamilies Dynamopodinae and Orphninae. Of these, the Orphninae is presented as an

ancestral group of the phytophagous group of Scarabaeidae based on by some
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phylogenetic studies (Browne and Scholtz 1998, Ahrens 2005, Ahrens ef al. 2014), and
tends to form the early diverging lineages of phytophagous groups of Scarabaeidae
(Paulian and Lumaret 1982) with the families Glaphyridae and Hybosoridae, which also
have an intermediate branching process. From the above, it seems that the intermediate
features found in the Dynamopodinae and Orphninae clearly indicate the relationships
between the phytophagous groups of Scarabaeidae and Hybosoridae and Glaphyridae.

These results, with some exceptions, generally follow subchapter (2—2—-1) which
1s suggests that the phytophagous and coprophagous groups of Scarabaeidae can be
divided by the differences in the scutellar process and axillary cord. In addition, the
intermediate dichotomous branching process of the subfamilies Dynamopodinae and
Orphninae strongly supported the relationship between the phytophagous groups and the
families Glaphyridae and Hybosoridae. On the other hand, the close relationship between
the phytophagous and coprophagous groups is denied, which supports the results the
recent phylogenetic analyses (Smith et al. 2006, Ahrens et al. 2014).

Evolution of the mesonotal structure and the most ancestral states of mesonotum
in Scarabaeoidea
The mesonotum in Coleoptera is reduced by loss of flight muscle with developing the
elytra, and was less affected by environmental factors and behavioral traits. Therefore,
the characteristics of the mesonotum, which show a moderate evolutionary rate compared
to other variable morphological traits, such as a mouth parts and legs, are considered to
be useful for estimating evolutionary trends. In most coleopteran species, the mesonotum
functions only as a fixing device, and the elytra are firmly fixed by the engagement of the
sutural line and metanotal alacrista, and the posterior margin of the mesonotum (Larsen
1966, Nomura 2015). According to Ochi ef al. (2012), the importance of mesonotal
features for estimating evolutionary directions in Scarabaeoidea tends to consider whether
the mesonotum is covered or exposed by the pronotum. However, its characteristics
depend on the shape of the pronotum, and it was suggested in subchapter (2—2—1) that the
exposed or covered state is inappropriate for considering evolutionary trends. My
observations and the results of subchapter (2—2—1) found that the following characteristics
are more important in estimating evolutionary trends: development of first phragma,
presence of prescutum, shape of scutum + scutellum, and variation of scutellar process
and attached axillary cord.

In the members of the Scarabaeoidea, the first phragma is also generally well-
developed when viewed dorsally. The first phragma in the phytophagous and

coprophagous groups of the Scarabaeidae are generally well-developed and present
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various character states, although in the subfamilies Valginae and Aphodiinae (Aphodius)
it was strongly reduced or completely lost. In the other scarabaeoid families
Bolboceratidae, Geotrupidae (Geotrupinae), Glaphyridae, Hybosoridae, Lucanidae,
Ochodaeidae, Pleocomidae, and Trogidae also have well-developed first phragma,
whereas the first phragma tends to be reduced or completely lost in the Geotrupidae
(Lethrinae), Glaresidae, and Passalidae. According to subchapter (2-2—1), the ancestral
state of the first phragma in the Scarabaeoidea indicates a well-developed state, and the
reduced first phragma evolved relatively late. Indeed, a well-developed first phragma is
observed in the groups (families Geotrupidae, Hybosoridae, Lucanidae, Ochodaeidae,
Pleocomidae, and Trogidae) that are considered to be ancestral scarabaeoid families
(Crowson 1981, Lawrence and Newton 1982, Nel and Scholtz 1990, Scholtz 1990,
Browne and Scholtz 1999, Ahrens et al. 2014, Gunter et al. 2016). This implies that the
reduced or completely lost first phragma indicates a more derived state. However, the
reduced first phragma was also confirmed in the Glaresidae and Passalidae, which are
generally included in the ancestral group of the Scarabacoidea. Consequently, it may not
be possible to conclude that the reduced first phragma indicates a relatively derived state,
however these reductions in the Glaresidae and Passalidae may have been affected by a
behavioral traits and environmental factors. Species of the Glaresidae usually prefer
xerothermic, often sandy habitats (Scholtz and Grebennikov 2016, Krél et al. 2017), and
Scholtz et al. (1987), based on the shape of the maxillar lacinia, believe that the adults
feed on underground mushrooms. Species of the Passalidae are often found in rotting
hardwood logs and feed on wood (Scholtz and Grebennikov 2016). Owing to these
ecological interactions, the flight frequency in each group was considered to have
decreased markedly. For example, the species of the subfamily Lethrinae (Lethrus
karelini, L. microbuccis, and L. bituberculatus) and Aegialiinae (Aegialia nitida)
(subchapter 2-2-1), which is entirely comprised of flightless beetles, appear with
remarkably reduced first phragma. On the basis of the aforementioned states and results
of subchapter (2—2—-1), I also conclude that the well-developed first phragma appears early
in the Scarabaeoidea, and that a reduced first phragma evolved relatively late in certain
lineages.

In the families Bolboceratidae, Geotrupidae (Lethrinae), Glaphyridae,
Hybosoridae, Lucanidae, Ochodaeidae, Passalidae, Pleocomidae, and Trogidae, and some
subfamilies within the Scarabaeidae [Aphodiinae, Cetoniinae, Dynamopodinae,
Melolonthinae (Diplotaxini, Hopliini, Sericini), Orphninae, Rutelinae (Dicaulocephalus),
Trichiinae (Osmodermini), and Valginae], the prescutum was completely lost. However,

the remnant of the prescutum has been identified in the Geotrupidae (Geotrupinae) and
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Glaresidae, and some subfamilies within the Scarabaeidaec [Aclopinae, Dynastinae,
Euchirinae, Melolonthinae (Melolonthini, Rhizotrogini, and Tanyproctini), Rutelinae,
Trichinae (Triciini and Incaini), and Scarabaeinae]. Prescutum have also been confirmed
in the Staphylinidae (Larsén 1966, Matsuda 1970) within an out group of the
Scarabaeoidea (McKenna ef al. 2019), and is considered a typical thoracic structure of
insects (Snodgrass 1935). Therefore, the remnant of the prescutum, which was confirmed
in the Geotrupidae (Geotrupinae) and Glaresidae, and some subfamilies within the
Scarabaeidae [Aclopinae, Dynastinae, Euchirinae, Melolonthinae (Melolonthini,
Rhizotrogini, and Tanyproctini), Rutelinae, Trichinae (Triciini and Incaini), and
Scarabaeinae], are considered to represent an ancestral state. However, as indicated in
recent phylogenies (Ahrens et al. 2014, Gunter et al. 2016), this structure it is not present
in some scarabaeoid clades including the ancestral groups Geotrupidae, Hybosoridae,
Ochodaeidae, Pleocomidae, and Trogidae. It is thus considered that a reduction in the
prescutum occurred convergently in multiple scarabaeoid clades.

A diversity of shapes of scutum + scutellum is observed in various types of
Scarabaeoidea, but the shape of the mesonotum was categorized into three major shape
types (sagittate, isosceles triangular, and shield) based on examination. In species of the
Bolboceratidae, Glaresidae, Lucanidae (Lucaninae and Lamprinae), Ochodaeidae, and
Trogidae, and some groups of the Scarabacidae [Aphodiinac and Melolonthinae
(Hopliini)], the mesonotum 1is sagittate shaped. The above groups, excluding the
Scarabaeidae have been traditionally treated as ancestral groups of the Scarabaeoidea
(Crowson 1981, Lawrence and Newton 1982, Nel and Scholtz 1990, Scholtz 1990) and
are presumed to establish early diverging lineages in molecular phylogenetic analyses
(Ahrens et al. 2014, Gunter et al. 2016). In species of the Glaphyridae, Hybosoridae, and
Lucanidae (Aesalinae and Syndesinae), and some groups of the Scarabaeidae
(Dynamopodinae and Orphninae), the shape of the mesonotum is isosceles triangular in
shape. Among these groups, the Hybosoridae and Lucanidae have been treated with
ancestral groups, and the Glaphyridae and Orphninae have been treated as intermediate
groups of Scarabaeoidea (Crowson 1981, Lawrence and Newton 1982, Nel and Scholtz
1990, Scholtz 1990). In recent phylogenetic analyses, the Hybosoridae, Glaphyridae, and
Orphninae were placed around the turning-points between the phytophagous groups of
Scarabaeidae and other scarabaeoid groups. In species of the Geotrupidae and
Pleocomidae, and many groups of the Scarabaeidae [Aclopinae, Dynastinae, Euchirinae,
Melolonthinae (Melolonthini, Rhizotrogini, and Tanyproctini), Rutelinae, and Trichinae
(Triciini and Incaini)], the mesonotum is shield-like shaped. Among these groups,

Geotrupidae and Pleocomidae are generally considered to be the ancestral group of
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Scarabaeoidea, whereas the phytophagous group of Scarabaeidae is considered to be the
most derived group (Crowson 1981, Lawrence and Newton 1982, Nel and Scholtz 1990,
Scholtz 1990, Ahrens ef al. 2014, Gunter et al. 2016). Based on the aforementioned results,
the evolutionary tendency of the mesonotum in Scarabaeoidea concluded that the sagittate
mesonotum appeared in the early diverging lineages, followed by the isosceles triangular
mesonotum, and that the shield-like shaped mesonotum occurred rather late. The other
uniquely shaped mesonotum is thought to be derived from some stages of the above
shapes.

The variation of the scutellar process and attached axillary cord is suggested in
subchapter (2-2—1) as the most important features defining mesonotal structures in the
Scarabaeoidea. According to subchapter (2—2—1), the scutellar process and axillary cord
are broadly distinguishable as a single process (single rod or triangular) with thin
membranous axillary cord, and a dichotomous branching process, of which the latter
indicates a derived state. As a matter of fact, the dichotomous branching process is
observed in most of the phytophagous group of Scarabaeidae (Figs. 8A—8I, 9A—9F, 91,
10A—10I), which is a relatively late group, and a single rod-shaped process with a thin
membranous axillary cord are found in most ancestral groups such as the families
Bolboceratidae, Geotrupidae, Glaresidae, Lucanidae, Ochodaeidae, Passalidae,
Pleocomidae, and Trogidae. Consequently, it was definite that the single rod-shaped
process with a thin membranous axillary cord indicated ancestral features, and thus, the
dichotomous branching process and single triangular process with membranous axillary
cord indicate derived features. However, in the subfamily Cetoniinae the development of
the dichotomous branching process tends to be weaker than that of other members of the
phytophagous group of Scarabaeidae (subchapter 2-2-1). As a result of observing
additional groups in this study, the single scutellar process was also observed in some
phytophagous groups (tribe Sericini, and subfamilies Cetoniinae and Valginae) (Figs. 8C,
8E, 9G, 11A—B). Since most species of the phytophagous members closely related to
these groups have a dichotomous branching process, it is considered that the above single
process was caused by the secondary atrophy of the dichotomous branching process.
Therefore, the single process indicates an ancestral state, but in some phytophagous
groups, it appears to be the most derived state.

My observation concludes that the most ancestral scarabaeoid species are
characterized by the following characteristics of the mesonotum: well-developed first
phragma, remnant of the prescutum, sagittate scutum + scutellum, and single rod-shaped

scutellar process and thin membranous axillary cord.
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Families Bolboceratidae and Geotrupidae

The families Bolboceratidae and Geotrupidae had been treated as a single family
(Geotrupidae) within Scarabaeoidea in early studies. However, since Scholtz and Browne
(1996) the Bolboceratidae and Geotrupidae have been accorded as an independent family,
respectively. Besides, in other recent studies, the relationship between Bolboceratidae and
Geotrupidae is not supported and a molecular phylogenetic analysis conducted by Ahrens
et al. (2014) indicated the monophyly of the Bolboceratidae. The mesonotal
characteristics observed in this examination also indicates different features between
Bolboceratidae and Geotrupidae, that are characterized by a sagittate and a shield-like
shaped scutum + scutellum, respectively. On the contrary, the members in Bolboceratidae
shared the same characteristics as the families Glaresidae, Lucanidae, Ochodaeidae, and

Trogidae.

Family Hybosoridae, and subfamilies Dynamopodinae and Orphninae

The mesonotal structures in the subfamilies Dynamopodinae and Orphninae presents the
same features as that in the family Hybosoridae. Specifically, the prescutum is completely
lost, the scutum + scutellum is isosceles triangular, the first phragma is well-developed,
and the scutellar process and axillary cord form an intermediate dichotomous branching
process. About the affiliation of the subfamily Dynamopodinae had been proposed some
hypothesis. According to Fairmaire (1897), the Dynamopodinae is placed to the
subfamily Dynastinae, whereas Balthasar (1971) and Nikolayev (1993) treated it as the
family Hybosoridae. Li et al. (2019) a close relationship between Dynamopodinae and
Pleocomidae. The subfamily Orphninae has been associated with the Hybosoridae based
on prominent mandibles and labrum (Iablokoff-Khnzorian 1977, Paulian 1984, Scholtz
and Grevennikov 2016). My examination results supported to the closely relation between

the family Hybosoridae and subfamilies Dynamopodinae and Orphninae.

Subfamilies Rutelinae and Dynastinae
The closely relation between the subfamilies Rutelinae and Dynastinae have been
indicated by the morphological (Browne and Scholtz 1998) and molecular phylogenetic
analyses (Smith et al. 2006, Ahrens et al. 2014, Gunter et al. 2016, Eberle ef al. 2019).
Indeed, typically, the species of Rutelinae and Dynastinae are shared the ruteline typed
mesonotum, however some unique character states are observed in the following groups:
Rutelini (genera Parastasia, Kibakoganea, and Dicaulocephalus) and Adoretini.

In the genera Parastasia, Kibakoganea, and Dicaulocephalus, the boundary

between the concealed and exposed portions of the mesonotum is truncated, and the
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exposed portion is characterized by lingual in shape. These genera, generally, have been
treated as the members of subfamily Rutelinae (Smith 2006, Bouchard ef al. 2011, Krajcik
2012, Bezdek et al. 2016, Scholtz and Grebennikov 2016). However, Smith et al. (2006)
and Wada (2015) regarded that the genus Parastasia is firmly placed in the subfamily
Dynastinae. My observational results present that the above genera have obviously
different features from other members of the Rutelinae and may need to be moved to
another group. However, the relationship between the genus Parastasia and the subfamily
Dynastinae were not well supported.

In the Adoretini, the mesonotum is characterized by a strongly constricted lateral
sides of the boundary portion, and a undeveloped axillary cord. This tribe also has been
considered as belonging to the subfamily Rutelinae (Smith 2006, Bouchard et al. 2011,
Krajcik 2012, Bezdék et al. 2016, Scholtz and Grebennikov 2016). However, according
to recent molecular phylogenetic analyses (Smith et al. 2006, Ahrens et al. 2014, Gunter
et al. 2016, Sipek et al. 2016, Eberte et al. 2019), the systematic position is suggested that
needed to be elevated to the subfamily level. Moreover, the relationships with the
subfamily Dynastinae are strongly supported. A similarity of the strongly constricted

boundary portion may indicate the closely relation between the Dynastinae and Adoretini.

Subfamily Melolonthinae

This is the largest subfamily of Scarabaeidae. Typical Melolonthinae is without doubt
basal to the large “phytophagous” clade of Dynastinae, Rutelinae, and Cetoniinae
(Browne and Scholtz 1998, Ahrens et al. 2014, Scholtz and Grebennikov 2016). However,
the Melolonthinae is poorly defined yet, and several groups have been included and
excluded at various stages by different authors. To give some example, Nel and De
Villiers (1988), d’Hotman and Scholtz (1990a), Nel and Scholtz (1990) and Pretorius and
Scholtz (2001) treated tribe Hopliini as scarabaeid subfamily Hoplinae, and the tribe
Sericini is regarded as scarabaeid subfamily Sericinae in Ritcher (1969a) and Coca-Abia
(2007). Moreover, some phylogenetic analyses have shown that present Melolonthinae is
polyphyletic group (Browne and Scholtz 1998, Ahrens 2005, Smith et al. 2006, Ahrens
et al. 2014, Gunter et al. 2016, Sipek et al. 2016, Eberte et al. 2019). Therefore,
considerable variation in the mesonotum also has been founded such as the melolonthine,
sericine, hopline, diplotaxine types. Among these, probably, the melolonthine type is the
basic form that defines authentic Melolonthinae. Since the mesonotal features were
considered as a crucial characteristic for estimate a relationship among subfamilies in the
Scarabaeidae, it may be reasonable to treat each group, which show unique mesonotal

types such as sericine, hopline and diplotaxine, as the independent subfamilies.
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Subfamily Aclopinae

The systematic treatment of the subfamily Aclopinae is still incompletely understood.
Erichson (1845-1847) treated the Aclopinae as the family Glaphyridae, but Lacordaire
(1856) suggested that the Aclopinae be moved to the Melolonthinae based on the position
of the spiracles. Scholtz and Grebennikov (2016) mentioned that Aclopinae resembles
members of the Hybosoridae based on prominent mandibles and labrum.

The mesonotal structures of the Aclopinae are similar to those of melolonthine
tribes Melolonthini, Rhizotrogini, and Tanyproctini, which present the melolonthine
typed mesonotum. However, unique characteristics, such as no hair on the axillary cord,
were observed in the Aclopinae. Since the dichotomous branching process with long hair
shows a rather derived state, the Aclopinae is considered to be an ancestral taxon

compared to the above melolonthine groups.

Subfamilies Cetoniinae, Trichinae, and Valginae

Subfamilies Cetoniinae, Trichinae, and Valginae, are often treated as a single subfamily
Cetoniinae (Ahrens et al. 2014, Bezdgk 2016, Sipek er al. 2016). However, the
characteristics of the mesonotum were showed remarkably differences between
subfamilies (Figs. 2B, 4F, 5A). Accordingly, this observational results conclude that the
Cetoniinae, Trichinae, and Valginae should be defined as independent subfamilies.
Moreover, unique characteristics were founded in some members such as the tribe
Osmodermini and genus Corynotrichius.

The tribe Osmodermini has been considered as one of the tribes in Trichinae
(Krikken 1984, Krajcik 2012). However many phylogenetic hypotheses, are established
based on morphological and molecular data, have indicated a close relationship between
subfamily Cetoniinae (Mico et al. 2008, Sipek et al. 2009, Sipek et al. 2011, Sipek et al.
2016), since Browne and Scholtz (1998) suggested that the tribe Osmodermini is the sister
group of Cetoniinae. The mesonotal structures are also supported the closely relationships
to the Cetoniinae, notably the tribes Cremastocheilini and Taenioderini have many same
characteristics.

A systematic position of the genus Corynotrichius has been placed in the tribe
Triciini within subfamily Trichinae (Krikken 1982, Krajcik 2012). However, the
mesonotum is similar to the features of the Rutelini (genera Kibakoganea and Parastasia),

that is may representing a close relation each other.

Systematic position of the subfamily Euchirinae
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The systematic treatment of the subfamily Euchirinae has been changed through time.
Young (1989) conducted the most detailed study of the subfamily, treating it as one of
scarabaeid subfamily. Ahrens (2005) indicated a slight the relationship with subfamily
Dynastinae (genus Oryctes). Sipek et al. (2009) mentioned that the subfamily is
positioned as a sister group of pleurostict scarabs (Rutelinae, Dynastinae, Melolonthinae,
and Cetoniinae), however in Sipek et al. (2011) the Euchirinae is placed on a sister group
of the clade Rutelinae + Dynastinae + Melolonthinae. Ahrens et al. (2014) suggested that
Euchirinae is related to the tribes Hopliini and Macrodactylini. The mesonotal structure
of Euchirinae is similar to characteristics of Dynastinae and Rutelinae, especially the
dynastine features are almost conformity, that may indicate to closely relation of each

other.
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Table 1. Examined species of Scarabaeoidea.

Family

Subfamily

Tribe

Species

Bolboceratidae

Bolboceratinae

Bolbelasmini

Bolbelasmus (Kolbeus) minutus Liet Masumoto, 2008

Bolbochromini

Bolbocerodema nigroplagiatum (Waterhouse, 1875)

Bolbochromus ryukyuensis Masumoto, 1984

Geotrupidae

Geotrupinae

Chromogeotrupini

Enoplotrupes sharpi Rothschild & Jordan, 1893

Enoplotrupini

Phelotrupes (Chromogeotrupes) auratus auratus (Motschulsky, 1858)

Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky, 1866)

Lethrinae

Lethrus (Mesolethrus) microbuccis Ballion, 1870

Lethrus (Ceratodirus) karelini_Gebler, 1845

Lethrus (Paralethrus) bituberculatus Ballion, 1870

Glaresidae

Glaresis beckeri Solsky, 1870

Glaphyridae

Amphicominae

Amphicoma pectinata (Lewis, 1895)

Amphicoma splendens (Yawata, 1942)

Eulasia (Trichopleurus) vittata (Fabricius, 1775)

Pygopleurus vulpes (Fabricius, 1781)

Hybosoridae

Ceratocanthinae

Ceratocanthini

Madrasostes hisamatsui Ochi, 1990

Hybosorinae

Phaeochrous emarginatus emarginatus Laporte, 1840

Phaeochroops sp.

Lucanidae

Aesalinae

Aesalini

Aesalus asiaticus asiaticus Lewis, 1883

Nicagini

Nicagus japonicus Nagel, 1928

Syndesinae

Ceruchus lignarius lignarius Lewis, 1883

Lampriminae

Lamprima adolphinae (Gestro, 1875)

Lucaninae

Lucanini

Dorcus rectus rectus (Motschulsky, 1858)

Figulus binodulus Waterhouse, 1873

Figulus punctatus Waterhouse, 1873

Lucanus maculifemoratus maculifemoratus Motschulsky, 1861

Prismognathus dauricus (Motschulsky, 1860)

Prosopocoilus inclinatus inclinatus (Motschulsky, 1858)

Platycerini

Platycerus acuticollis Y. Kurosawa, 1969

Ochodaeidae

Ochodaeinae

Ochodaeini

Codocera ferruginea (Eschscholtz, 1818)

Notochodaeus maculatus maculatus (Waterhouse, 1875)

Ochodaeus chrysomeloides (Schrank, 1781)

Passalidae

Aulacocyclinae

Ceracupini

Ceracupes chingkini Okano, 1988

Cylindrocaulus patalis (Lewis, 1883)

Macrolininae

Macrolinus sikkimensis Stoliczka, 1873

Pleocomidae

Pleocoma dubitabilis dubitabilis Davis, 1935

Trogidae

Troginae

Glyptotrox uenoi uenoi (Nomura, 1961)

Omorgus (Afromorgus) chinensis (Boheman, 1858)

Trox (Niditrox) niponensis Lewis, 1895
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Table 1. Examined species of Scarabaeoidea.

Family Subfamily Tribe Species
Scarabaeidae Aclopinae Pachypus candidae (Petagna, 1787)
Cetoniinae Cetoniini Cetonia (Eucetonia) roelofsi roelofsi Harold, 1880

Gametis forticula forticula (Janson, 1881)

Gametis jucunda (Faldermann, 1835)

Glycyphana (Glycyphana) fulvistemma Motschulsky, 1860

Protaetia (Liocola) brevitarsis brevitarsis (Lewis, 1879)

Protaetia (Calopotosia) orientalis submarmorea (Burmeister, 1842)

Cremastocheilini Clinterocera jucunda (Westwood, 1874)
Diplognathini Anthracophora rusticola Burmeister, 1842
Goliathini Cosmiomorpha (Microcosmiomorpha) similis nigra Niijima & Kinoshita, 1927

Dicronocephalus wallichi Hope, 1831

Pseudotorynorrhina japonica (Hope, 1841)

Rhomborhina (Rhomborhina) polita Waterhouse, 1875

Rhomborhina (Rhomborhina) unicolor unicolor Motschulsky, 1861

Taenioderini Coilodera pseudoalveata (Miksic, 1971)
Dynamopodinae Orubesa ata Semenov & Medvedev, 1929
Dynastinae Dynastini Dynastes tityus (Linnaeus, 1763)

Trypoxylus dichotomus septentrionalis Kono, 1931

Xylotrupes gideon (Linnaeus, 1767)

Oryctini Oryctes rhinoceros (Linnaeus, 1758)
Pentodontini Alissonotum pauperum (Burmeister, 1847)
Phileurini Eophileurus chinensis (Faldermann, 1835)
Euchirinae Euchirini Cheirotonus peracanus Kriesche, 1919
Euchirus longimanus Linnaeus, 1758
Melolonthinae Diplotaxini Apogonia bicarinata Lewis, 1896

Apogonia ishiharai Sawada, 1940

Apogonia kamiyai Sawada, 1940

Hoplini Ectinohoplia obducta (Motschulsky, 1857)

Hoplia communis Waterhouse, 1875

Pachycnema sp.

Melolonthini Melolontha (Melolontha) frater frater Arrow, 1913

Melolontha (Melolontha) japonica Burmeister, 1855

Polyphylla (Granida) albolineata (Motschulsky, 1861)

Polyphylla (Gynexophylla) laticollis laticollis Lewis, 1887

Rhizotrogini Nigrotrichia kiotoensis (Brenske, 1894)

Pollaplonyx flavidus Waterhouse, 1875

Pedinotrichia picea (Waterhouse, 1875)

Sophrops konishii konishii Nomura, 1970

Sericini Maladera (Omaladera) orientalis (Motschulsky, 1860)

Maladera (Aserica) secreta secreta (Brenske, 1897)

Serica boops Waterhouse, 1875

Sericania hidana Niijima & Kinoshita, 1923

Tanyproctini Tanyproctus sp.

Orphninae Orphnini Orphnus sp.
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Table 1. Examined species of Scarabaeoidea.

Family

Subfamily

Tribe

Species

Scarabaeidae

Rutelinae

Adoretini

Adoretus falciungulatus Nomura, 1965

Adorodocia vittaticollis Fairmaire, 1883

Chaetadoretus formosanus sakishimanus Kobayashi, 1982

Lepadoretus sinicus (Burmeister, 1855) Burmeister, 1855

Lepadoretus tenuimaculatus (Waterhouse, 1875)

Anastatini

Spodochlamys cupreola Bates, 1888

Anoimalini

Anomala albopilosa albopilosa (Hope, 1839)

Anomala edentula yaeyamana (Nomura, 1965)

Anomala octiescostata (Burmeister, 1844)

Exomala conspurcata (Harold, 1878)

Exomala orientalis (Waterhouse, 1875)

Malaia nigrita (Boisduval, 1835)

Mimela confucius ishigakiensis Sawada, 1950

Mimela splendens (Gyllenhal, 1817)

Mimela testaceipes (Motschulsky, 1860)

Popillia japonica Newman, 1838

Popillia lewisi Arrow, 1913

Popillia mutans Newman, 1838

Phyllopertha diversa Waterhouse, 1875

Phyllopertha intermixta (Arrow, 1913)

Spilopopillia sexguttata (Fairmaire, 1887)

Anoplognathini

Anoplognathus brunnipennis (Gyllenhal, 1817)

Anoplognathus prasinus (Castelnau, 1840)

Calloodes rayneri Mac Leay, 1864

Repsimus manicatus manicatus (Swartz, 1817)

Rutelini

Chrysophora chrysochlora (Latreille, 1812)

Dicaulocephalus feae Gestro, 1888

Kibakoganea tamdaoensis Miyake & Muramoto, 1992

Parastasia ferrieri ferrieri Nonfried, 1895

Parastasia sp.1 Westwood, 1841

Pelidnota prasina Burmeister, 1844

Pelidnota punctate (Linnaeus, 1758)

Trichinae

Osmodermini

Osmoderma opicum Lewis, 1887

Trichini

Corynotrichius bicolor Kolbe, 1892

Epitrichius elegans Kano, 1931

Gnorimus subopacus Motschulsky, 1860

Lasiotrichius succinctus succinctus (Pallas, 1781)

Paratrichius doenitzi (Harold, 1879)

Trichius fasciatus (Linnaeus, 1758)

Trichius japonicus Janson, 1885

Incaini

Inca bonplandi (Gyllenhal, 1817)

Valginae

Valgini

Dasyvalgus tuberculatus (Lewis, 1887)

Neovalgus fumosus (Lewis, 1887)

Nipponovalgus angusticollis angusticollis (Waterhouse, 1875)

Nipponovalgus yonakuniensis Sawada, 1941

Microvalgini

Microvalgus sp.

Aphodiinae

Aphodiini

Aphodius (Brachiaphodius) eccoptus Bates, 1889

Scarabaeinae

Coprini

Copris (Copris) ochus (Motschulsky, 1860)
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Figure 1. The position of the mesonotal characters in Scarabaeoidea A Copris ochus (Motschulsky)
B Melolontha frater frater Arrow. Abbreviations: alacrista (Al); axillary cord (Ac); elytron (El); elytral
base (Elb); mesonotum (Ms); metascutum (Msc); proximal median plate (Pmp); postmedian notal
process (Pnp); second axillary sclerite (2Ax); third axillary screlite (3Ax). The membranous parts are

painted gray, and the fixed parts between the mesonotum and elytron are showed by arrow.
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Figures 2A-1. Dorsal habitus of the mesonotum. A Pachypus candidae (Petagna) B Protaetia
brevitarsis (Lewis) C Clinterocera jucunda (Westwood) D Coilodera pseudoalveata (Miksic) E
Anthracophora rusticola Burmeister F Orubesa ata Semenov et Medvedev G Xylotrupes gideon
(Linnaeus) H Eophileurus chinensis (Faldermann) | Cheirotonus peracanus Kriesche. Abbreviations:
boundary part (Bp); first phragma (Fp); postmedian notal process (Pnp); prescutum (Pr); scutum +
scutellum (Ssc). The broken lines at the left side of each figures show the position of the posterior

margin of pronotum.
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Figures 3A—1. Dorsal habitus of the mesonotum. A Euchirus longimanus Linnaeus B Melolontha
frater Arrow C Nigrotrichia kiotoensis (Brenske) D Tanyproctus sp. E Apogonia bicarinate Lewis F
Hoplia communis Waterhouse G Maladera orientalis (Motschulsky) H Orphnus sp. I Mimela
splendens (Gyllenhal). Abbreviations: boundary part (Bp); first phragma (Fp); postmedian notal
process (Pnp); prescutum (Pr); scutum + scutellum (Ssc). The broken lines at the left side of each

figures show the position of the posterior margin of pronotum.
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Figures 4A-1. Dorsal habitus of the mesonotum. A Popillia mutans Newman B Dicaulocephalus feae
Gestro & C Dicaulocephalus feae Gestro @ D Parastasia ferrieri Nonfried E Lepadoretus
tenuimaculatus (Waterhouse) F Gnorimus subopacus Motschulsky G Corynotrichius bicolor Kolbe
H Lasiotrichius succinctus (Pallas) I Osmoderma opicum Lewis. Abbreviations: boundary part (Bp);
first phragma (Fp); postmedian notal process (Pnp); prescutum (Pr); scutum + scutellum (Ssc). The

broken lines at the left side of each figures show the position of the posterior margin of pronotum.
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Figures 5A—I. Dorsal habitus of the mesonotum. A Nipponovalgus angusticollis (Waterhouse) B
Microvalgus sp. C Aphodius (Brachiaphodius) eccoptus Bates D Copris (Copris) ochus
(Motschulsky) E Bolbocerodema nigroplagiatum (Waterhouse, 1875) F Bolbelasmus (Kolbeus)
minutus Li et Masumoto G Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky) H Lethrus
(Paralethrus) bituberculatus Ballion | Glaresis beckeri Solsky. Abbreviations: boundary part (Bp);
first phragma (Fp); postmedian notal process (Pnp); prescutum (Pr); scutum + scutellum (Ssc). The

broken lines at the left side of each figures show the position of the posterior margin of pronotum.
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Figures 6A—1. Dorsal habitus of the mesonotum. A Amphicoma splendens (Yawata) B Phaeochrous
emarginatus Laporte C Madrasostes hisamatsui Ochi D Aesalus asiaticus asiaticus Lewis E Nicagus
japonicus Nagel F Ceruchus lignarius lignarius Lewis G Dorcus rectus rectus (Motschulsky) H
Figulus punctatus Waterhouse | Platycerus acuticollis Y. Kurosawa. Abbreviations: boundary part
(Bp); first phragma (Fp); postmedian notal process (Pnp); prescutum (Pr); scutum + scutellum (Ssc).

The broken lines at the left side of each figures show the position of the posterior margin of pronotum.
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Figures 7A—I. Dorsal habitus of the mesonotum. A Lamprima adolphinae (Gestro) B Ochodaeus
chrysomeloides (Schrank) C Macrolinus sikkimensis Stoliczka D Pleocoma dubitabilis dubitabilis
Davis E Glyptotrox uenoi uenoi (Nomura). Abbreviations: boundary part (Bp); first phragma (Fp);
postmedian notal process (Pnp); prescutum (Pr); scutum + scutellum (Ssc). The broken lines at the left

side of each figures show the position of the posterior margin of pronotum.
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Figures 8A-I. Ventral habitus of the mesonotum. A Pachypus candidae (Petagna), B Protaetia
brevitarsis (Lewis) C Clinterocera jucunda (Westwood) D Coilodera pseudoalveata (Miksic) E
Anthracophora rusticola Burmeister F Orubesa ata Semenov et Medvedev G Xylotrupes gideon
(Linnaeus) H Eophileurus chinensis (Faldermann) | Cheirotonus peracanus Kriesche. Abbreviations:
axillary cord (Ac); first phragma (Fp); horizontal plate (Hp); mesonotal pouch (Mp); posterior

inflection of mesonotal pouch (Pim); scutellar process (Sp); vertical plate (Vp).
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Figures 9A—I. Ventral habitus of the mesonotum. A Euchirus longimanus Linnaeus B Melolontha
frater Arrow C Nigrotrichia kiotoensis (Brenske) D Tanyproctus sp. E Apogonia bicarinate Lewis F
Hoplia communis Waterhouse G Maladera orientalis (Motschulsky) H Orphnus sp. 1 Mimela
splendens (Gyllenhal). Abbreviations: axillary cord (Ac); first phragma (Fp); horizontal plate (Hp);
mesonotal pouch (Mp); posterior inflection of mesonotal pouch (Pim); scutellar process (Sp); vertical

plate (Vp).
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Figures 10A—1. Ventral habitus of the mesonotum. A Popillia mutans Newman B Dicaulocephalus
feae Gestro & C Dicaulocephalus feae Gestro @ D Parastasia ferrieri Nonfried E Lepadoretus
tenuimaculatus (Waterhouse) F Gnorimus subopacus Motschulsky G Corynotrichius bicolor Kolbe
H Lasiotrichius succinctus (Pallas) I Osmoderma opicum Lewis. Abbreviations: axillary cord (Ac);
first phragma (Fp); horizontal plate (Hp); mesonotal pouch (Mp); posterior inflection of mesonotal

pouch (Pim); scutellar process (Sp); vertical plate (Vp).
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Figures 11A-1. Ventral habitus of the mesonotum. A Nipponovalgus angusticollis (Waterhouse) B
Microvalgus sp. C Aphodius (Brachiaphodius) eccoptus Bates D Copris (Copris) ochus
(Motschulsky) E Bolbocerodema nigroplagiatum (Waterhouse, 1875) F Bolbelasmus (Kolbeus)
minutus Li et Masumoto G Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky) H Lethrus
(Paralethrus) bituberculatus Ballion | Glaresis beckeri Solsky. Abbreviations: axillary cord (Ac); first
phragma (Fp); horizontal plate (Hp); mesonotal pouch (Mp); posterior inflection of mesonotal pouch

(Pim); scutellar process (Sp); vertical plate (Vp).
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Figures 12A—1. Ventral habitus of the mesonotum. A Amphicoma splendens (Yawata) B Phaeochrous
emarginatus Laporte C Madrasostes hisamatsui Ochi D Aesalus asiaticus asiaticus Lewis E Nicagus
japonicus Nagel F Ceruchus lignarius lignarius Lewis G Dorcus rectus rectus (Motschulsky) H
Figulus punctatus Waterhouse | Platycerus acuticollis Y. Kurosawa. Abbreviations: axillary cord
(Ac); first phragma (Fp); horizontal plate (Hp); mesonotal pouch (Mp); posterior inflection of
mesonotal pouch (Pim); scutellar process (Sp); vertical plate (Vp).
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Figures 13A-1. Ventral habitus of the mesonotum. A Lamprima adolphinae (Gestro) B Ochodaeus
chrysomeloides (Schrank) C Macrolinus sikkimensis Stoliczka D Pleocoma dubitabilis dubitabilis
Davis E Glyptotrox uenoi uenoi (Nomura). Abbreviations: axillary cord (Ac); first phragma (Fp);

horizontal plate (Hp); mesonotal pouch (Mp); posterior inflection of mesonotal pouch (Pim); scutellar

process (Sp); vertical plate (Vp).
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Figure 14. Pouch-like structure of dichotomous branching process in phytophagous group of
Scarabaeidae, Mimela splendens (Gyllenhal). Abbreviations: axillary cord (Ac); pouch-like structure
(Pls); scutellar process (Sp).
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2—3 Metanotum
2-3—1
Comparative study of the metanotal structures in the
coprophagous group of Scarabaeidae and some scarabaeoid
beetles (Coleoptera, Scarabaeoidea)

Introduction

The coprophagous group of Scarabaeidae has long attracted the attention of
numerous researchers, and several detailed comparative studies on various morphological
structures have been conducted: ovariole (Ritcher and Baker 1974), karyotypes (Yadav
and Pillai 1978), compound eye (Caveney and Mcintyre 1981), mouth parts (Nel and
Villiers 1988, Nel and Scholtz 1990), male genitalia (d’Hotman and Scholtz 1990a, b),
larval morphology (Grebennikov and Scholtz 2004) [for more information see Scholtz
(1990) and Scholtz and Grebennikov (2016)]. In contrast, however, there have been
relatively few comparative studies that have focused on the metanotal structures in
scarabaeid beetles. The metanotum of Coleoptera has been described by researchers such
as Snodgrass (1909, 1935), Larsén (1966) and Matsuda (1970), who established basic
terminologies, and some different researchers have indicated more detailed descriptions
of metanotal structures in some coleopteran species (EI-Kifl 1953, Doyen 1966, Naomi
1988, Kazantsev 2003—2004, Beutel and Komarek 2004, Friedrich and Beutel 2006).
Observations made in these studies tend to indicate that metanotal structures mutate
relatively frequently at the family level, and accordingly, comparative studies are
necessary to establish the detailed structures in each taxon. Detailed studies that have
examined these structures in the Scarabaeidae have been conducted for species such as
Melolontha vulgaris Fabricius [synonym of Melolontha (Linnaeus)] (Snodgrass 1909),
Phanaeus vindex MacLeay and Coprophanaeus lancifer (Linnaeus) (Edmonds 1972), and
Lagochile emarginata (Gyllenhal) (Albertoni et al. 2014). However, although Philips et
al. (2004, 2016), Tarasov and Solodovnikov (2011), and Tarasov and Génier (2015)
examined a range of characters in the Scarabaeinae and generated large data matrices,
they did not present detailed descriptions. With respect to establishing phylogenetic
relationships, the value of metanotal characters has been proven in studies on other
coleopteran groups (Beutel and Komarek 2004, Friedrich and Beutel 2006, Ge et al. 2007)
and Scarabaeinae (Philips et al. 2004, 2016, Tarasov and Solodovnikov 2011, Tarasov
and Génier 2015). The accumulation of new reliable morphological data, particularly
morphological ones highly accessible to human perception, will make an important

contribution to molecular phylogenetic studies in recent years.
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In this study, I examined details of the metanotal structures of 31 genera from
four subfamilies within the coprophagous group of Scarabaeidae, four genera from four
subfamilies within the phytophagous group of Scarabaeidae, and five genera within other
scarabaeoid families. Although the comparatively few representatives species examined
are clearly inadequate and may thus not provide a totally reliable basis on which to discuss
far-reaching phylogenetic and systematic implications, it has, nevertheless, been possible

to identify similarities between the different subfamilies.

Material and methods
Preparation of specimens
All dissections were carried out on dried specimens. In order to relax the specimens, they
were initially placed in 50% ethanol for a few minutes, after which the prothorax and
abdomen were detached from the meso- and metathorax using fine forceps. The meso-
and metathorax were placed in 5% KOH solution for 6 to 8 hours to soften and dissolve
the internal organs. Following pretreatment, these parts were washed several times in
distilled water. Therefore, the metanotum was detached from the meso- and metathorax,
and the isolated metanotum was soaked in 99% ethanol for 10 minutes to dehydrate the
tissues.

Drawings were made with the aid of OLIMPAS SZX9 and, LEICA M165C
microscopes and a KEYENCE VHX-1000 digital microscope. Fine structures such as
hairs and punctates on the mesonotal surface were excluded from the diagrams as these

tended to obscure structures required for comparative observation.

Terminology

Key morphological terminologies for the metanotal structures of Scarabaeidae follow
Larsén (1966) and Matsuda (1970), although other literature was also referred (Doyen
1966, Edmonds 1972, Beutel and Komarek 2004, Albertoni et al. 2014).

The metanotum is typically hidden under the mesonotum and elytra. The
metanotal structures are highly complex and widely vary across family or superfamily
groups, however the main structure in the Scarabaeoidea is the same as the basic structure
in Coleoptera, comprising the first phragma, prescutum, scutum, scutellum and
postnotum (Fig.1). The first phragma is a well-developed sclerotized membrane and is
distinctly separated by the antecostal suture from the other parts. The antecostal suture
serves as a connection between the posterior inflection of the mesonotal pouch. The first
phragma is surrounded by the prescutum and prescutal membrane, which are divided by

the prescutoscutal and parapsidal sutures. The acrotergite, where the scutellar process of
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the mesonotum is attached, is located adjacent to the prescutum. This part has diverse
names in the literature, including prealar (EI-Kifl 1953), prephragmal area (Doyen 1966,
Edmonds 1972) or lateral mesopostnotum (Albartoni 2014). The scutum and scutellum
form the largest sclerites of the metanotum, and the middle part is divided into two areas
by the medianlongitudinal groove, which corresponds to the scutellum (Doyen 1966,
Larsén 1966, Edmonds 1972). The alacrista, or alar ridge (EI-Kifl 1953, Doyen 1966),
corresponding to the scutum is elevated and fairly sclerotized and form walls that divide
the scutum and medianlongitudinal groove. The medianlongitudinal groove and alacrista
are involved in the fixing mechanism of the elytra at rest (Crampton 1918, EI-Kifl 1953,
Doyen 1966, Larsén 1966, Matsuda 1970). According to Albertoni (2014), at the anterior
end of the alacrista in Scarabaeidae, there is a rounded process called the “anterior lobe
of metanotum”. The anterior notal process, which is associated with the articulation of
the hind wing, is present on the anterior lateral parts of the scutum. The anterior notal
wing process and scutum are divided by the anterolateral scutal suture, which is fused
with the prescutoscutal suture at the anterior end (Matsuda 1970). The posterior lateral
sides of the scutum form a triangular area, called “posterolateral scutal area” (Edmonds
1972), defined by an oblique suture. This area is also observed in Teneblionidae and called
lateral lobe of the scutum (EI-Kifl 1953). The remnant of the posterolateral scutal suture
is present at the lateral margin of the posterolateral scutal area, but it is lost in many
coleopteran species (Matsuda, 1970). The posterior notal wing process arises from the
posterolateral scutal area. The ventral side of the metanotum shows a deep cavity, and the
many sutural ridges are observed on the internal surface. In particular, the scutoscutellar
and prescutoscutal sutural ridges tend to develop strongly. The scutoscutellar suture is
sometimes called a “V-shaped suture” based on its shape (Larsén 1966). A muscle
attachment point called the anterior muscle disk is observed on the ventral side of the
acrotergite. The postnotum is well-developed and divided from the lateral posterior
margin of the scutum by the postnotal cleft. Both lateral sides of the postnotum protrude
outside and form three processes: subalar tendon, anterior postnotal process, and posterior
postnotal process (Doyen, 1966). In addition, the well-developed phragma appears form
the posterior margin of the postnotum, and it is divided into two areas: mediophragmite
and laterophragmite (Doyen, 1966). According to Larsen (1966), these phragmas show a
greater variability in size and shape in Polyphaga and are strongly developed in

Scarabaeidae.

Specimens studied

In the present study, I examined from 36 genera within four subfamilies of the
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coprophagous group of Scarabaeidae (Aegialiinae, Aphodiinae, Chironinae and
Scarabaeinae), other scarabaeoid beetles in the families Geotrupidae, Glaphyridae,
Hybosoridae, Pleocomidae and Trogidae, and four subfamilies within the phytophagous
group of Scarabaeidae (Cetoniinae, Dynastinae, Rutelinae and Melolonthinae). Four
species within three genera of the tribe Aegialiini were selected in the subfamily
Aegialiinae. 14 species within 10 genera of five tribes (Aphodiini, Eupariini, Odochilini,
Psammodiini, and Rhyparini) were selected in the subfamily Aphodiinae. One species in
the genus Chiron MacLeay was selected in the subfamily Chironinae. 24 species within
17 genera of 10 tribes (Ateuchini, Coprini, Deltochilini, Gymnopleurini, Oniticellini,
Onitini, Onthophagini, Phanaeini, Scarabaeini, and Sisyphini) were selected in the
subfamily Scarabaeinae. For each of the following taxa, I examined single species:
Geotrupidae, Glaphyridae, Hybosoridae, Pleocomidae, Trogidae, Cetoniinae, Dynastinae,
Rutelinae and Melolonthinae (Table 1).

Results

In the Scarabaeoidea, the metanotum is located under the elytra and pronotum (Fig. 1),
and it is one of the largest attachment points of flight muscles. The lateral sides are
connected to the hind wing and epimeron via the anterior and posterior notal wing
processes and the anterior postnotal process, respectively. The basic structure of the
metanotum in Scarabaeoidea comprises seven parts: first phragma, acrotergite, prescutum,
prescutal membrane, scutum, scutellum, and postnotum. Of these, the prescutum is
remarkably reduced and even lost in some groups. The first phragma develops strongly,
because it becomes an attachment point for longitudinal muscles, therefore, it is
remarkably reduced in some species with atrophied hind wings. The acrotergite on the
lateral sides of the first phragma is elongated. The prescutal membrane is typically thin
and membranous state, but in some groups, it comprises a sclerotized area. The scutum
and scutellum are completely fused with each other, and there is a strongly developed
internal ridge on the ventral side of the sutural part. The medianlongitudinal groove of the
scutum + scutellum is generally large, and well-developed alacrista is usually observed
on the lateral side bump. In some groups, the anterior lobe of metanotum is present at the
anterior part of the alacrista. The anterior notal wing process is triangular or trapezoidal.
The posterolateral scutal area is usually wedge-shaped and divided from the scutum by
an oblique suture and a deep groove. However, the posterolateral scutal area is completely
divided into some scarabaeid groups. The posterior notal wing process is sharply pointed.
Postnotum is usually strongly developed and comprises six parts (mediophragmite,

laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
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posterior postnotal process).

Coprophagous Scarabaeidae

Aegialiinae (Fig. 2A—2C, 3A, 7A, 9A)

In Aegialiinae the metanotum is rectangular, and the length-to-width ratio is usually
approximately 1:2.4 (Fig. 2A), but this ratio in the genus Caelius is approximately 1:1.7
(Fig. 2C). The first phragma is usually semicircular, and bilobed phragma is present on
the anterior margin. The prescutum develops strongly and is triangular in shape. The
prescutal membrane is typically oblong in shape. The acrotergite is rectangular, and the
anterior part protrudes and points. The one side of the scutum + scutellum divided by a
medianlongitudinal groove is pentagonal, and the groove is the widest in the middle part.
The posterior apex of the scutum and scutellum is protruded. The alacrista and the anterior
lobe of metanotum are almost completely lost. The anterior notal wing process is typically
trapezoidal in shape. The posterolateral scutal area is wedge-shaped, somewhat bulging
on the dorsal side, and this area is divided from the scutum by an oblique suture and a
deep groove. The posterior notal wing process develops and is sharply pointed outward.
The scutoscutellar suture and prescutal suture are developed, and each suture is fused at
the middle portion to form an “X” shape. The postnotum is developed and usually
comprises six parts (mediophragmite, laterophragmite, median postnotum, subalar tendon,
anterior postnotal process, and posterior postnotal process), which are V-shaped (Fig. 9A).
The mediophragmite and laterophragmite are strongly reduced, whereas the anterior and
posterior postnotal processes are strongly developed.

These character states are similar to the subfamily Aphodiinae.

Aegialia nitida has reduced hind wings and shows remarkably different character
states compared to other species (Fig. 2B). The length-to-width ratio of the metanotum is
approximately 1:7.1. The first phragma is strongly reduced, and the bilobed phragma on
the anterior margin is completely lost. The prescutum, prescutal membrane, and
acrotergite are strongly reduced. The scutum + scutellum, which is divided by the nearly
straight medianlongitudinal groove, is quadrangular in shape. The posterior apex of the
scutum and scutellum is protruding. The alacrista and anterior lobe of the metanotum are
completely lost. The anterior notal wing process is triangular and strongly reduced. The
posterolateral scutal area is completely fused with the scutum. The posterior notal wing
process is strongly reduced. The scutoscutellar suture and prescutal suture are strongly
reduced. The postnotum is developed, but the mediophragmite and laterophragmite are

completely lost.
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Aphodiinae (Fig. 2D-2F, 5B, 7B, 9B—9C)

In the Aphodiinae the metanotum is typically rectangular, and the length-to-width ratio is
usually approximately 1:2, but this ratio in the tribes Odochilini and Psammodiini is
approximately 1:3 (Fig. 2E). The first phragma is semicircular, and bilobed phragma is
present on the anterior margin. In the genus Aphodius (Brachiaphodius), sclerotized
ridges develop in the middle part of the first phragma (Fig. 7B). Psammodius kobayashii,
which has a reduced hind wing, shows a strongly reduced first phragma. The prescutum
develops strongly and is triangular in shape. The prescutal membrane is usually oblong
in shape. In the genera Aphodius (Phaeaphodius) and Aphodius (Agrilinus) the prescutal
membrane comprises a sclerotized and a thin membranous areas. The acrotergite is
rectangular and the anterior part protrudes and points. The one side of the scutum +
scutellum divided by a medianlongitudinal groove is pentagonal, and the groove is the
widest in the middle part. The posterior apex of the scutum + scutellum in the genera
Aphodius (Colobopterus) and Aphodius (Sinodiapterna) is strongly protruded (Fig. 2F).
The alacrista and the anterior lobe of metanotum are almost completely lost. The anterior
notal wing process is usually trapezoidal, but it is triangular in the tribes Psammodiini
and Rhyparini (genus Sybacodes). The posterolateral scutal area is wedge-shaped,
somewhat bulging on the dorsal side, and this area is divided from the scutum by an
oblique suture and a deep groove. The posterior notal wing process develops and is
sharply pointed outward. The scutoscutellar suture and prescutal suture are developed,
and each suture is fused at the middle portion to form an “X” shape. The postnotum is
developed and usually comprises six parts (mediophragmite, laterophragmite, median
postnotum, subalar tendon, anterior postnotal process, and posterior postnotal process),
which are V-shaped (Fig. 9B). The mediophragmite and laterophragmite are strongly
reduced, whereas the anterior and posterior postnotal processes are strongly developed.
The mediophragmite and laterophragmite are lost in the species Psammodius kobayashii
and Odochilus convexus (Fig. 9C). The posterior postnotal process in the tribe Rhyparini

is strongly reduced.

Chironinae (Fig. 2G, 5C, 7C, 9D)

In the Chironinae (genus Chiron) the metanotum is dome-like in shape, and the length-
to-width ratio is approximately 1:1.3. The first phragma is semicircular, and bilobed
phragma is present on the anterior margin. The prescutum is rounded, and is thin
membranous. The prescutal membrane is rhomboidal in shape. The acrotergite is
rectangular, and the anterior part protrudes. The one side of the scutum + scutellum

divided by a medianlongitudinal groove is pentagonal, and the groove is the widest in the
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middle part. The posterior apex of the scutum + scutellum is weakly protruded. The
alacrista is remarkably reduced and the anterior lobe of metanotum is completely lost.
The anterior notal wing process is triangular, and the anterior margin is characterized by
a curve. The posterolateral scutal area is wedge-shaped, somewhat bulging on the dorsal
side, and this area is divided from the scutum by an oblique suture and a deep groove.
The posterior notal wing process develops and is sharply pointed outward. The
scutoscutellar suture and prescutal suture are developed, and each suture is fused at the
middle portion to form an “X” shape. The postnotum is developed and comprises six parts
(mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior postnotal
process, and posterior postnotal process), which are formed V-shaped. The
mediophragmite, laterophragmite, and posterior postnotal process are strongly reduced.
These character states are similar to the subfamily Aphodiinae, especially tribe

Rhyparini.

Scarabaeinae (Fig. 2H, 3A—3B, 5D, 7D, 9E—9F)

In the Scarabaeinae the metanotum is rectangular, and the length-to-width ratio is
typically approximately 1:4—5. The first phragma shows various shapes such as
semicircular (genus Paraphytus), oval (tribes Deltochilini and Gymnopleurini, and genus
Catharsius), or inverted trapezoidal shaped (tribes Dichotomini, Oniticellini,
Onthophagini, Phanaeini, Scarabaeini, Onitini and Sisyphini, and genera Copris and
Heliocopris). A developed bilobed phragma is present on the anterior margin (Fig. 7D),
but in some groups (tribes Ateuchini, Onitini, Oniticellini, Onthophagini, Phanaeini,
Scarabaeini and Sisyphini, and genus Panelus), the phragma is strongly reduced. The
sclerotized ridge usually develops in the middle part of the first phragma, but it is
completely lost in members of the tribes Deltochilini (genus Panelus) and Ateuchini
(genus Paraphytus). The prescutum is usually triangular in shape (Fig. 5D), but in some
groups such as Onthophagini, Oniticellini, Onitini, Phanaeini, and Panelus the prescutum
is completely lost (Fig. 3A). The prescutal membrane is oblong in shape. The acrotergite
is rectangular, and the anterior part protrudes and points. Usually, the scutum + scutellum
divided by a medianlongitudinal groove is quadrangular, and the groove is the widest in
the middle part and the posterior apex is somewhat protruding. Notably, in the tribe
Onthophagini the posterior apex is strongly pointed (Fig. 3A). However, in the tribe
Oniticellini, the medianlongitudinal groove is wide and inverted trapezoidal and the
scutum + scutellum is triangular and the posterior apex is flat (Fig. 3B). In the tribe
Phanaeini, the posterior apex of the scutum and scutellum does not protrude and instead

has long setae. The alacrista is remarkably reduced, and the anterior lobe of metanotum
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is completely lost. The anterior notal wing process shows various shapes. In Ateuchini
(genus Paraphytus), Deltochilini (genus Panelus), Oniticellini, Onitini, Onthophagini,
Scarabaeini, and Coprini (genus Heliocopris), this process is triangular with a small
apophysis. In Deltochilini (genus Deltochilum), Dichotomini, Coprini (genera Copris and
Catharsius), Gymnopleurini, and Sisyphini, this process is trapezoidal shaped with a
small apophysis. In Phanaeini, this process is a trapezoidal with a winding anterior margin.
The posterolateral scutal area is wedge-shaped, somewhat bulging on the dorsal side and
this area is completely divided from the scutum by an oblique suture and a cleft (Fig. 2H).
The posterior notal wing process is strongly reduced. The scutoscutellar suture and
prescutal suture are developed, and each suture is fused at the middle portion to form an
“X” shape. The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process) (Fig. 9E), which show various characteristics. In
Onthophagini, Oniticellini, and Sisyphini, these are cingulate, with strongly reduced
mediophragmite and laterophragmite. In tribes Deltochilini, Dichotomini, Coprini, and
Phanaeini, the postnotum is V-shaped, with strongly reduced mediophragmite and
laterophragmite, but the subalar tendon is strongly developed. In the tribe Gymnopleurini
and Onitini, the postnotum is developed, with strongly reduced laterophragmite, but the
subalar tendon and laterophragmite are strongly developed (Fig. 9F). The postnotum in
the tribe Ateuchini is similar to that in the tribes Deltochilini, Dichotomini, Coprini and

Phanaeini, but the anterior and posterior postnotal processes are strongly developed.

Phytophagous groups of Scarabaeidae

Cetoniinae (Figs. 3C, 5E, 7E, 9G)

In the Cetoniinae (genus Gametis) the metanotum is thomboidal, and the length-to-width
ratio is approximately 1:1.6. The first phragma is semicircular, and bilobed phragma is
present on the anterior margin. The prescutum develops and is elongate shape. The
prescutal membrane is rectangular and consists of thin membrane. The acrotergite is
triangular, and the anterior part is protruding and elongated. The one side of the scutum
+ scutellum divided by a medianlongitudinal groove is parallelogram, and the groove
expanding forward. The alacrista is recognizable on the lateral margin of the
medianlongitudinal groove, but the development is confined to the posterior apex to the
middle portion. The anterior lobe of metanotum is completely reduced. The anterior notal
wing process is triangular in shape. The posterolateral scutal area is triangular, somewhat
bulging on the dorsal side and this area is completely divided from the scutum by an

oblique suture and a deep groove. The posterior notal wing process is strongly reduced.
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The scutoscutellar and prescutal sutures are developed, and each suture is fused at the
middle portion to form an “X” shape. The postnotum is well-developed and composed of
six parts (mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior
postnotal process, and posterior postnotal process), which are bow-shaped. The
mediophragmite, laterophragmite, and anterior postnotal process are strongly developed.

Of these, the mediophragmite and laterophragmite are clearly separated.

Dynastinae, Rutelinae, and Melolonthinae (Figs. 3D, SF, 7F, 9H)

In the phytophagous group of Scarabaeidae (genera Anomala, Melolontha and
Trypoxylus) the metanotum is dome-shaped, and the length-to-width ratio is
approximately 1:1.3—1.5. The first phragma is oval, and there is a weakly developed
sclerotized ridge in the middle part. The weakly developed bilobed phragma is present on
the anterior margin of the first phragma. The prescutum is strongly developed and is
triangular in shape. The prescutal membrane is rectangular and consists of thin
membranous and sclerotized areas. The acrotergite is triangular, and the anterior part is
protruding and elongated. The one side of the scutum + scutellum divided by a
medianlongitudinal groove is pentagonal, and the groove is gradually expanding forward.
The alacrista is clearly recognizable on the lateral margin of the medianlongitudinal
groove, and the anterior part is connected to the developed anterior lobe of metanotum.
The anterior notal wing process is triangular, with a winding anterior margin. The
posterolateral scutal area is usually wedge-shaped, somewhat bulging on the dorsal side
and this area is divided from the scutum by an oblique suture and a deep groove. The
posterior notal wing process is developed and sharply pointed outward. The scutoscutellar
and prescutal sutures are well-developed, and each suture is fused at the middle portion
to form an “X” shape. The postnotum is developed and composed of six parts
(mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior postnotal
process, and posterior postnotal process), which are trapezoidal in shape. The
mediophragmite, laterophragmite, and anterior postnotal processes are strongly

developed.

Geotrupidae (Fig. 3E, 5G, 7G, 10A)

In the family Geotrupidae (genus Phelotrupes) the metanotum is dome-shaped, and the
length-to-width ratio is approximately 1:1.6. The first phragma is rounded, with a
sclerotized ridge in the middle part. The developed sclerotized bilobed phragma is present
on the anterior margin of the first phragma. The prescutum is sclerotized and is triangular

in shape. The prescutal membrane is oblong, and consists of thin membranous and
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sclerotized areas. The acrotergite is rectangular, and the anterior part is slightly protruding.
The one side of the scutum + scutellum divided by a medianlongitudinal groove is
pentagonal and the groove gradually expanding forward. The alacrista is clearly
recognizable on the lateral margin of the medianlongitudinal groove, but the anterior lobe
of metanotum is unrecognizable. The anterior notal wing process is trapezoidal in shape.
The posterolateral scutal area is wedge-shaped, and is divided from the scutum by an
oblique suture and a deep groove. The posterior notal wing process is recognizable on the
lateral margin of the posterolateral scutal area. The scutoscutellar and prescutal sutures
are developed, and each suture is fused at the middle portion to form an “X” shape. The
postnotum well-developed and composed of six parts (mediophragmite, laterophragmite,
median postnotum, subalar tendon, anterior postnotal process, and posterior postnotal
process). Among these, the mediophragmite and laterophragmite are strongly developed,

but the development of the subalar tendon is very weak.

Glaphyridae (Fig. 3F, 5SH, 7H, 10B)

In the family Glaphyridae (genus Amphicoma) the metanotum is dome-shaped, and the
length-to-width ratio is approximately 1:1.2. The first phragma is oblong, with a
rudimentary sclerotized ridge in the middle part and a developed sclerotized bilobed
phragma is present on the anterior margin. The prescutum is triangular and strongly
developed. The prescutal membrane is trapezoidal or oblong, with a very thin
membranous state. The acrotergite is rectangular with a small apophysis, and no
protrusion at the anterior part. The one side of the scutum + scutellum divided by a
medianlongitudinal groove is rectangular and the groove greatly expanding forward. The
alacrista is clearly recognizable on the lateral margin of the medianlongitudinal groove,
but the anterior lobe of metanotum is unrecognizable. The anterior notal wing process is
trapezoidal in shape. The posterolateral scutal area is wedge-shaped, and this area is
completely fused with the scutum owing to a decrease of an oblique suture. The weakly
protruding posterior notal wing process is recognizable on the lateral margin of the
posterolateral scutal area. The scutoscutellar suture and prescutal suture are developed,
and each suture is fused at the middle portion to form an “X” shape. The postnotum is
well-developed and composed of six parts (mediophragmite, laterophragmite, median
postnotum, subalar tendon, anterior postnotal process, and posterior postnotal process).
The median postnotum, mediophragmite, and anterior postnotal processes are strongly

developed.

Hybosoridae (Fig. 3G, 6A, 8A, 10C)

140



In the family Hybosoridae (genus Phaeochrous) the metanotum is dome-shaped, and the
length-to-width ratio is approximately 1:1.5. The first phragma is semicircular, and the
sclerotized ridges develop in the middle part. The weakly developed bilobed phragma is
present on the anterior margin of the first phragma. The prescutum is developed and
triangular in shape. The prescutal membrane is oblong and consists of thin membranous
and sclerotized areas. The acrotergite is rectangular, and the anterior part is protruding in
trapezoid. The one side of the scutum + scutellum divided by a medianlongitudinal groove
is pentagonal and the groove gradually expanding forward, and the posterior apex slightly
protrudes. The alacrista is clearly recognizable on the lateral margin of the
medianlongitudinal groove, but the anterior lobe of metanotum is unrecognizable. The
anterior notal wing process is triangular, with a slightly winding anterior margin. The
posterolateral scutal area is wedge-shaped and this area is completely fused with the
scutum owing to a decrease of the oblique suture. The posterior notal wing process is
developed and sharply pointing outward. The scutoscutellar and prescutal sutures are
developed and each suture is fused at the middle portion to form an “X” shape. The
postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process). However, the development of the mediophragmite and

laterophragmite is weak, whereas the anterior postnotal process is strongly developed.

Pleocomidae (Fig. 3H, 6B, 8B, 10D)

In the family Pleocomidae (genus Pleocoma) the metanotum is dome-shaped and the
length-to-width ratio is approximately 1:1.3. The first phragma is oblong in shape and
there is a weakly developed bilobed phragma on the anterior margin. The prescutum is
elongated triangular. The prescutal membrane is square with a very thin membranous state.
The acrotergite is elongated rectangular and does not protrude in the anterior part. The
scutum + scutellum divided by a medianlongitudinal groove is pentagonal and the groove
gradually expanding forward. The scutellum is developed at the posterior part. The
alacrista is clearly recognizable on the lateral margin of the medianlongitudinal groove,
but the posterior apex does not reach the posterior margin of the metanotum. The anterior
lobe of metanotum is unrecognizable. The anterior notal wing process is triangular, and
the anterior margin is almost straight. The posterolateral scutal area is triangular, is
divided from the scutum by an oblique suture and a deep groove. The weakly protruding
posterior notal wing process is recognizable on the lateral margin of the posterolateral
scutal area. The scutoscutellar and prescutal sutures are developed, and each suture is

fused at the middle portion to form an “X” shape. The postnotum is well-developed and

141



composed of six parts (mediophragmite, laterophragmite, median postnotum, subalar
tendon, anterior postnotal process, and posterior postnotal process). The mediophragmite
and laterophragmite are strongly developed, but the subalar tendon is very weakly

developed.

Trogidae (Fig. 4A, 6C, 8C, 10E)

In the family Trogidae (genus Glyptotrox) the metanotum is rectangular and the length-
to-width ratio is approximately 1:1.6. The first phragma is semicircular and the
sclerotized ridges develop in the middle part, and there is a developed bilobed phragma
on the anterior margin. The prescutum is triangular in shape. The prescutal membrane is
oblong and consists of thin membranous areas. The acrotergite is rectangular and the
anterior part is protruding in trapezoidal in shape. The one side of the scutum + scutellum
divided by a medianlongitudinal groove is pentagonal, and the groove gradually
expanding forward. The alacrista is clearly recognizable on the lateral margin of the
medianlongitudinal groove, but the anterior lobe of metanotum is unrecognizable. The
anterior notal wing process is triangular and is characterized by an almost straight anterior
margin. The posterolateral scutal area is wedge-shaped and this area is completely fused
with the scutum owing to a decrease of the oblique suture. The posterior notal wing
process is recognizable on the lateral margin of the posterolateral scutal area. The
scutoscutellar and prescutal sutures are developed and each suture is fused at the middle
portion to form an “X” shape. The postnotum is well-developed and composed of six
parts (mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior
postnotal process, and posterior postnotal process). Among these, the development of the

mediophragmite and laterophragmite are weak.

Discussion
Based on the examination of the metanotum in the coprophagous groups of Scarabaeidae
and its comparison with the metanotum in the phytophagous groups of Scarabaeidae and

other scarabaeoid families, I make the following inferences.

Types of metanotum in coprophagous groups of Scarabaeidae

Owing to its great importance for flight, the metanotum is well-developed and large,
accommodating the powerful muscles that move the hind wings (Larsén 1966). Therefore,
metanotal structures are considered to correspond to behavioral traits. Indeed, flight-less
species such as Aegialia nitida and Psammodius kobayashii (Figs. 2B, 2E) have

remarkably reduced metanotum composed to other species that can fly. However, the
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basic metanotal structures in the coprophagous group can be divided into two types
according to their characteristics. I suggest dividing the metanotum in the coprophagous
groups of Scarabaeidae into the aphodiine and scarabaeine types. The following
characteristics are important for distinguishing the aphodiine and scarabaeine types:
length-to-width ratio of the metanotum, shape of medianlongitudinal groove, shape of
scutum + scutellum, and posterolateral scutal area.

Members of Aegialiinae, Aphodiinae, and Chironinae within the aphodiine type.
The length-to-width ratio of the metanotum is approximately 1:2-3. The
medianlongitudinal groove gradually widens near the middle portion of the metanotum.
The divided scutum + scutellum is pentagonal in shape (Figs. 2A—2G). The posterolateral
scutal area is wedge-shaped, somewhat bulging on the dorsal side, and this area is divided
from the scutum by an oblique suture and a deep groove.

Members of Scarabaeinae within the scarabaeine type. The length-to-width of
the metanotum is approximately 1:4—5. The medianlongitudinal groove generally widens
near the middle portion of the metanotum. The divided scutum + scutellum is
quadrangular or triangular in shape (Figs. 2H, 3A—3B). The posterolateral scutal area is
wedge-shaped, somewhat bulging on the dorsal side, and this area is completely divided

from the scutum by an oblique suture and a cleft.

Evolution of the mesonotal structure in Scarabaeidae

The development of the metanotum in Pterygota may be affected by environmental
factors and behavioral traits, given that it is an attachment point for flight muscles that
play pivotal roles in flight behavior. In Coleoptera, the metanotum may be strongly
affected by the aforementioned factors, because the mesonotum, which is one of an
important muscles attachment point, is strongly reduced. In studies by Philips et al. (2004),
Tarasov and Solodovnikov (2011), and Tarasov and Génier (2015), some metanotal
features were used for estimating a phylogenetic relationship. However, these studies
were limited to Scarabaeinae species and used only few characteristics. Regarding
evolutionary trends, my observation indicates that the following characteristics are
particularly important: shape of the acrotergite, development of the alacrista, presence of
the anterior lobe of the metanotum, and posterolateral scutal area.

The presence of acrotergite was confirmed in all examined taxa, but its shape
and development showed various characteristics. In species of the coprophagous and
phytophagous groups of Scarabaeidae, and families Hybosoridae and Trogidae, the
acrotergite was developed with a protruding anterior part. Among these, in coprophagous

Scarabaeidae, Hybosoridae, and Trogidae, the acrotergite is rectangular and the protrusion
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is characterized by a trapezoid or triangular. In phytophagous Scarabaeidae, the
acrotergite is triangular and the protrusion is characterized by a elongate-shape. In
contrast, the acrotergite in the families Geotrupidae, Glaphyridae, and Pleocomidae is
represent rectangular, but the anterior part does not protrude. Geotrupidae and
Pleocomidae, which are considered to be ancestral among Scarabaeoidea (Crowson 1981,
Lawrence and Newton 1982, Nel and Scholtz 1990, Scholtz 1990), are characterized by
a non-protruding rectangular acrotergite. A non-protruding acrotergite is also observed in
the family Staphylinidae (Naomi 1988) within the superfamily Staphylinoidea, which is
the sister group of Scarabacoidea (McKenna et al. 2019), as well as in the family Scirtidae,
which is the most primitive polyphagan beetle (Friedrich and Beutel 2006, Mckenna e?
al. 2019). However, the Hybosoridae and Trogidae, which are also considered to be
ancestral among the Scarabaeoidea (Crowson 1981, Lawrence and Newton 1982, Nel and
Scholtz 1990, Scholtz 1990) were characterized by a trapezoidal protruding acrotergite.
Based on the aforementioned state, I speculate that non-protruding acrotergite appeared
early in Scarabaeoidea and that a protruding acrotergite evolved relatively late in certain
lineages. Notably, the triangular shaped and elongated protruding acrotergite observed in
the phytophagous groups of Scarabaeidae was considered to be the most derived state.

The alacrista was usually recognizable in the examined species, but unique
characteristics were observed in some groups. In the coprophagous groups of
Scarabacidae, the alacrista is remarkably reduced. In contrast, in the phytophagous groups
of Scarabaeidae, the alacrista is strongly developed. However, the development of the
acrotergite in the subfamily Cetoniinae is limited from the posterior apex to the middle
part of the scutum + scutellum. In the family Pleocomidae, the alacrista is clearly
recognizable, but the development is limited from the anterior to middle parts of the
scutum + scutellum. A developed acrotergite is generally observed in many coleopteran
lineages, including Cantharidae (Matsuda 1970), Gyrinisae (Larsén 1966), Lycidae
(Kazantsev 2003-2004), Teneblionidae (E1-Kifl 1953, Doyen 1966), Scirtoidea (Friedrich
and Beutel 2006), and Staphylinidae (Naomi 1988). Consequently, the unique
characteristics observed in the subfamily Cetoniinae and family Pleocomidae are the
derived states of the alacrista. In particular, the almost completely lost state observed in
the coprophagous groups of Scarabaeidae may have evolved relatively late.

The anterior lobe of metanotum was observed only in the phytophagous groups
of Scarabaeidae, except in the subfamily Cetoniinae. Since this characteristic was not
observed in other examined scarabaeoid species, it is probably an autapomorphic
character present only in the phytophagous groups of Scarabaeidae. The subfamily

Cetoniinae is traditionally placed as a sister group of the Rutelinae + Dynastinae clade
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(Browne and Scholtz 1998, Ahrens et al. 2014, Sipek et al. 2016, Gunter et al. 2016).
Accordingly, the anterior lobe of metanotum in the subfamily Cetoniinae likely represents
a secondary atrophied state.

The characteristics of the posterolateral scutal area could be roughly divided into
three types. In the families Glaphyridae, Hybosoridae, and Trogidae, this area is
completely fused with the scutum owing to a decrease of the oblique suture. However, in
the families Geotrupidae, Pleocomidae, and Scarabaeidae, this area is divided from the
scutum. Of these, the families Geotrupidae and Pleocomidae, and the scarabaeid
subfamilies Aegialiinae, Aphodiinae, Chironinae, Cetoniinae, Dynastinae, Melolonthinae,
and Rutelinae are characterized by the presence of a developed oblique suture and deep
groove, while the subfamily Scarabaeinae is characterized by the presence of a developed
oblique suture and cleft. The divided posterolateral scutal area is not observed in the most
ancestral polyphagan beetle (Friedrich and Beutel 2006) and Staphylinoidea (Naomi
1988), an outgroup of Scarabaeoidea. Therefore, the undivided state observed in the
Glaphyridae, Hybosoridae, and Trogidae may have appeared early, and I regard this as a
primary stage. The divided state by an oblique suture and a deep groove (Geotrupidae,
Pleocomidae, Aegialiinae, Aphodiinae, Chironinae, Cetoniinae, Dynastinae,
Melolonthinae, and Rutelinae) may derived, whereas the divided state by an oblique

suture and a cleft (Scarabaeinae) may be the most recent.

Coprophagous and phytophagous groups of Scarabaeidae

Although the basic structure of the mesonotum is similar in the coprophagous and
phytophagous groups of Scarabaeidae, these groups can be distinguished based on the
characteristics of the acrotergite, alacrista, anterior lobe of metanotum, and
medianlongitudinal groove.

The species of the coprophagous group are defined by the following features:
acrotergite is rectangular and protrudes in a trapezoid or triangle; alacrista is remarkably
reduced; anterior lobe of metanotum is unrecognizable; and the medianlongitudinal
groove is the widest at the middle part. Among these, the remarkably reduced alacrista
and the unique characteristic of the medianlongitudinal groove are considered to be
autapomorphies in the coprophagous groups. In contrast, the species of the phytophagous
groups are defined by the following features: acrotergite is triangular and protrudes in an
elongated shape; alacrista is usually strongly developed; anterior lobe of metanotum is
usually strongly developed; and the medianlongitudinal groove is gradually expanding
forward. Among these, the acrotergite features and presence of the anterior lobe of

metanotum are considered to be autapomorphies in the phytophagous groups.
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Traditionally, the coprophagous and phytophagous groups of Scarabaeidae have been
treated as sister groups based on morphological observations (Browne and Scholtz 1995,
1998) and some molecular phylogenetic studies (Ahrens and Volger 2008, Gunter et al.
2016, Sipek et al. 2016, McKenna et al. 2019). However, the findings of some recent
molecular phylogenetic analyses indicated that the coprophagous and phytophagous
groups are not closely related and that the phytophagous group is nested within a clade
including the families Glaphyridae and Hybosoridae (Smith ef al. 2006, Ahrens et al.
2014, Neita-Moreno ef al. 2019). The common features of the phytophagous groups and
the families Hybosoridae and Glaphyridae include the presence of alacrista and a
developed triangular prescutum. However, since these features are plesiomorphic
characteristics in a large group, they are not significant enough to support the relationship.
Furthermore, even though some autapomorphies that define the coprophagous and
phytophagous groups are observed, it is difficult to identify synapomorphies that indicate
the relationships with other groups. Consequently, the present observations do not support

the previous phylogenetic hypothesis.

Subfamilies Aphodiinae, Aegialiinae, and Chironinae

The subfamilies Aegialiinae and Chironinae are closely related to Aphodiinae, and
consistently, the morphology of the metanotum in these three subfamilies are observed to
be highly similarly, except in the flight-less species. Notably, the characteristics of the
postnotal structures, which are observed various character states between different taxa,
are indicated similar characteristics among these subfamilies. Although the subfamilies
Aegialiinae and Chironinae are often established as different families, namely Aegialiidae
and Chironidae (Nel and Scholtz 1990, d’Hotman and Scholtz 1990, Paulian and Baraud
1982, Carpaneto and Piattella 1995, Huchet 2000, 2002, 2003, 2004, 2019, Huchet and
Lumaret 2002), I found that morphologically, variation in the metanotum of these
subfamilies is relatively low. Indeed, on the basis of a comparison of metanotal
morphology among the Aphodiinae, Aegialiinae and Chironinae, I conclude that
Aegialiinae and Chironinae should be included in the subfamily Aphodiinae, similar to
the results of a comparative study in mesonotum (subchapter 2—2—1). In this regard, my
findings are consistent with those of Browne and Scholtz (1998), Smith et al. (2006),
Ahrens et al. (2014), and subchapter (2-2-1), that showed that Aegialiinae and
Chironinae are included in a clade with Aphodiinae, and also with the findings of Ritcher
(1969a, 1974) and Stebnicka (1977), who, on the basis of morphological point of view,
concluded that Aegialiinae and Chironinae are close to Aphodiinae. Collectively, these

observations on the morphology of the mesonotum in Aphodiinae, Aegialiinae and
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Chironinae tend to indicate that these subfamilies comprise a single lineage.

Unique features of the medianlongitudinal groove in the tribes Onthophagini,
Oniticellini, and Phanaeini

In Scarabaeoidea species, the characteristics of the medianlongitudinal groove varied
widely. In particular, conspicuous and unique character states are noted in some members
of the subfamily Scarabaeinae (tribes Oniticellini, Onthophagini, and Phanaeini). In
members of the tribe Oniticellini, the medianlongitudinal groove is wide, with an inverted
trapezoidal shape, and does not protrude backward (Fig. 3B). In the tribe Onthophagini,
the medianlongitudinal groove is of an inverted triangular in shape, and the posterior apex
strongly protrudes and points backward (Fig. 3A). Similarly, in the tribe Phanaeini, the
medianlongitudinal groove is of an inverted triangular in shape, but the posterior apex is
non-protruding and has a tuft of long setae (Edmonds 1972). Since these character states
are established in each tribe, they are considered useful for distinguishing the
corresponding tribes. Moreover, the aforementioned tribes may have evolved relatively
late in the scarabaeine lineage (Philips et al. 2004, Monaghan et al. 2007, Philips 2011,
Tarasov et al. 2015, Mlambo et al. 2015, Gunter et al. 2016). These unique characteristics

observed in the present study suggest the derived state of the tribes above Scarabaeinae.
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Table 1. Examined species of Scarabaeoidea.

Family

Subfamily

Tribe

Species

Geotrupidae

Geotrupinae

Enoplotrupini

Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky, 1866)

Glaphiridae

Amphicominae

Amphicoma splendens (Yawata, 1942)

Hybosoridae

Hybosorinae

Phaeochrous emarginatus emarginatus Laporte, 1840

Pleocomidae

Pleocoma dubitabilis dubitabilis Davis, 1935

Trogidae

Troginae

Glyprotrox uenoi uenoi (Nomura, 1961)

Scarabaeidae

Aegialinae

Aegialiini

Aegialia (degialia) comis (Lewis, 1895)

Aegialia (degidalia) nitida Waterhouse, 1875

Caelius denticollis Lewis, 1895

Psammoporus nakanei nakanei Masumoto, 1986

Aphodiinae

Aphodiini

Aphodius (Agrilinus) breviusculus (Motschulsky, 1866)

Aphodius (Brachiaphodius ) eccoptus Bates, 1889

Aphodius (Colobopterus ) quadoratus Reiche, 1850

Aphodius (Phaeaphodius ) rectus Motschulsky, 1866

Aphodius (Sinodiapterna) troitzyi Jacobson, 1897

Eupariini

Ataenius picinus Harold, 1867

Saprosites japonicus Waterhouse, 1875

Setylaides fovearus (Schmidt, 1909)

Odochilini

Odochilus convexus Nomura, 1971

Psammodiini

Rakovicius coreanus (Kim, 1980)

Psammodius kobayashii Nomura, 1973

Trichiorhyssemus asperulus (Waterhouse, 1875)

Rhyparini

Rhyparus azumai azumai Nakane, 1956

Svbacodes sp. 1

Chironinae

Chiron sp. 1

Scarabaeinae

Ateuchini

Paraphytus dentifions Lewis, 1895

Deltochilini

Deltochilum (Calhyboma) variolosum Burmeister, 1873

Deltochilum (Hybomidium ) gibbosum (Fabricius, 1755)

Panelus rufilus Nomura, 1973

Coprini

Catharsius molossus (Linnaeus, 1758)

Copris (Copris) ochus (Motschulsky, 1860)

Copris (Copris) wipartitus Watethouse, 1875

Heliocopris tyrannus (Thomson, 1859)

Gymnopleurini

Paragymnopleurus melanarius (Harold, 1867)

Oniticellini

Liatongus minutus (Motschulsky, 1860)

Liatongus gagatinus (Hope, 1831)

Scaptodera rhadamistus (Fabricius, 1775)

Sinodrepanus falsus (Sharp, 1875)

Onthophagini

Caccobius (Caccobius ) jessoensis Harold, 1867

Digitonthophagus gazella (Fabricus, 1787)

Onthophagus (Gibbonthophagus ) apicetinctus d'Orbigny, 1898

Onthophagus (Serrophorus ) seniculus (Fabricius, 1781)

Onthophagus (Strandius ) lenzii Harold, 1874

Onitini

Onitis virens Lansberge, 1875

Onitis falcatus (Wulfen, 1786)

Phanaeini

Coprophanaeus (Metallophanaeus ) saphirinus (Strum, 1826)

Scarabaeini

Scarabaeus radama Fairmaire, 1895

Scarabaeus sacer Linnaeus, 1758

Sisyphini

Sisyphus longipes (Olivier, 1789)

Cetoniinae

Cetoniini

Cetonia (Eucetonia ) roelofsi roelofsi Harold, 1880

Dynastinae

Dynastini

Trypoxylus dichotomus seprentrionalis Kono, 1931

Rutelinae

Anoimalini

Mimela splendens (Gyllenhal 1817)

Melolonthinae

Melolonthini

Melolontha (Melolontha) frater Arrow, 1913
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Figure 1. The position of the metanotum in Scarabacoidea A Copris ochus (Motschulsky) B
Melolontha frater frater Arrow C—F Schematics diagram of metanotum: C Dorsal D Ventral E Frontal
F Postnotum. Abbreviations: acrotergite (Acr); alacrista (Al); anterior muscle disc (Am); anterior
notal wing process (Awp); anterior postnotal process (Ap); axillary cord (Ac); elytral base (Elb);
elytron (El); first phragma (Fp); internal ridge (Ir); laterophragmite (Lap); median longitudinal
groove (Mlg); median postnotum (Mpm); mediophragmite (Mep); mesonotum (Ms); metanotum
(Me); oblique suture (Os); posterior notal wing process (Pwp); postnotal cleft (Pcl); postmedian notal
process (Pnp); posterolateral scutal area (Pls); prescutal membrane (Pm); prescutum (Pr); proximal
median plate (Pmp); posterior postnotal process (Pop); sclerotized ridge (Sr); scutellum (Sct); scutum
(Sc); subalar tendon (Sb); second axillary sclerite (2Ax); third axillary screlite (3Ax). The
membranous parts are painted gray, and the fixed parts between the mesonotum and elytron are showed

by arrow.
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Figure 2A—H. Dorsal habitus of the metanotum. A Aegialia (Aegialia) comis (Lewis) B Aegialia
(Aegialia) nitida Waterhouse C Caelius denticollis Lewis D Aphodius (Brachiaphodius) eccoptus
Bates E Psammodius kobayashii Nomura F Aphodius (Sinodiapterna) troitzyi Jacobson G Chiron sp.
H Copris (Copris) ochus (Motschulsky).
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Figure 3A—H. Dorsal habitus of the metanotum. A Caccobius (Caccobius) jessoensis Harold B
Scaptodera rhadamistus (Fabricius) C Gametis jucunda (Faldermann) D Mimela splendens
(Gyllenhal) E Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky) F Amphicoma splendens

(Yawata) G Phaeochrous emarginatus Laporte H Pleocoma dubitabilis Davis.
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Figure 4A. Dorsal habitus of the metanotum. A Glyptotrox uenoi (Nomura).
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Figure SA-H. Ventral habitus of the metanotum. A Caelius denticollis Lewis B Aphodius
(Brachiaphodius) eccoptus Bates C Chiron sp. D Copris (Copris) ochus (Motschulsky) E Gametis
jucunda (Faldermann) F Mimela splendens (Gyllenhal) G Phelotrupes (Eogeotrupes) laevistriatus
(Motschulsky) H Amphicoma splendens (Yawata).
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Figure 6A—B. Ventral habitus of the metanotum. A Phaeochrous emarginatus Laporte B Pleocoma
dubitabilis Davis C Glyptotrox uenoi (Nomura).
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Figure 7A—-H. Frontal habitus of the metanotum. A Caelius denticollis Lewis B Aphodius
(Brachiaphodius) eccoptus Bates C Chiron sp. D Copris (Copris) ochus (Motschulsky) E Gametis
jucunda (Faldermann) F Mimela splendens (Gyllenhal) G Phelotrupes (Eogeotrupes) laevistriatus
(Motschulsky) H Amphicoma splendens (Yawata).
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Figure 8 A—B. Frontal habitus of the metanotum. A Phaeochrous emarginatus Laporte B Pleocoma

dubitabilis Davis C Glyptotrox uenoi (Nomura).

156



q ) -

Figure 9A—H. Habitus of the postnotum. A Caelius denticollis Lewis B Aphodius (Brachiaphodius)
eccoptus Bates C Psammodius kobayashii Nomura D Chiron sp. E Copris (Copris) ochus

(Motschulsky) F Paragymnopleurus melanarius (Harold) G Gametis jucunda (Faldermann) H
Mimela splendens (Gyllenhal).
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Figure 10A—H. Habitus of the postnotum. A Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky)

B Amphicoma splendens (Yawata) C Phaeochrous emarginatus Laporte D Pleocoma dubitabilis Davis

E Glyptotrox uenoi (Nomura).
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2-3-2
Comparative study of the metanotal structures in the
phytophagous group of Scarabaeidae and some scarabaeoid
beetles (Coleoptera, Scarabaeoidea)

Introduction

The phytophagous group of Scarabaeidae has long attracted the attention of
numerous researchers, and several detailed comparative studies on various morphological
structures have been conducted (Scholtz 1990, Scholtz and Grebennikov
2016).Nevertheless, there have been relatively few comparative studies that have focused
on the metanotum in Scarabaeidae. Detailed metanotal structures in some scarabaeid
species have been examined by some literatures (Snodgrass 1909, Larsén 1966, Edmonds
1972, Albertoni et al. 2014). Moreover, the first comparative study of the metanotum
based on the multiple scarabaeoid species was conducted in subchapter (2—3—1), however
this examination was incompletely owing to lack many phytophagous group species and
other families of Scarabaeoidea. With respect to establishing phylogenetic relationships,
the value of metanotal characters has been proven in studies on other coleopteran groups
(Beutel and Komarek 2004, Friedrich and Beutel 2006, Ge et al. 2007) and the
Scarabaeinae (Philips et al. 2004, 2016, Tarasov and Solodovnikov 2011, Tarasov and
Génier 2015, subchapter, 2—3—1). In order to construct a more accurate phylogenetic
hypothesis by comparison with molecular phylogenetic analyses, which has been
frequently conducted in recent years, it is vital to find novel morphological traits to
augment the data. In this study, [ examined details of the metanotal structures of 69 genera
from 10 subfamilies belong to the phytophagous group of Scarabaeidae, two genera from
two subfamilies belong to the coprophagous group of Scarabaeidae, and 57 genera belong
to other scarabaeoid families. Although the representatives species examined are clearly
inadequate and may thus not provide a totally reliable basis on which to discuss far-
reaching phylogenetic and systematic implications, it has, nevertheless, been possible to

identify similarities among the different subfamilies.

Material and methods

Preparation of specimens

All dissections were carried out on dried specimens. In order to relax the specimens, they
were initially placed in 50% ethanol for a few minutes, after which the prothorax and
abdomen were detached from the meso- and metathorax using fine forceps. The meso-

and metathorax were placed in 5% KOH solution for 6 to 8 hours to soften and dissolve
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the internal organs. Following pretreatment, these parts were washed several times in
distilled water. Therefore, the metanotum was detached from the meso- and metathorax,
and the isolated metanotum was soaked in 99% ethanol for 10 minutes to dehydrate the
tissues.

Drawings were made with the aid of OLIMPAS SZX9 and, LEICA M165C
microscopes and a KEYENCE VHX-1000 digital microscope. Fine structures such as
hairs and punctates on the metanotal surface were excluded from the diagrams as these

tended to obscure structures required for comparative observation.

Terminology

Terminology used in this paper was developed by subchapter 2—3—1 (Fig. 1).

Specimens studied

102 genera within 11 families of superfamily Scarabaeoidea, which is Bolboceratidae,
Geotrupidae, Glaresidae, Glaphyridae, Hybosoridae, Lucanidae, Ochodaeidae,
Passalidae, Pleocomidae, Trogidae and Scarabaeidae, were examined in this study. Two
species within two genera of subfamily Bolboceratinae were selected in the family
Bolboceratidae. Six species within three genera of two subfamilies (Geotrupinae and
Lethrinae) were selected in the family Geotrupidae. One species within genus Glaresis
Erichson, 1848 was selected in the family Glaresidae. Four species within three genera
were selected in the family Glaphyridae. Three species within three genera of two
subfamilies (Ceratocanthinae and Hybosorinae) were selected in the family Hybosoridae.
11 species within 10 genera of four subfamilies (Aesalinae, Syndesinae, Lamprinae and
Lucaninae) were selected in the family Lucanidae. Three species within three genera were
selected in the family Ochodaeidae. Three species within three genera of two subfamilies
(Aulacocyclinae and Macrolinae) were selected in the family Passalidae. One species
within genus Pleocoma LeConte, 1856 was selected in the family Pleocomidae. Three
species within three genera were selected in the family Trogidae. 134 species within 101
genera of 14 subfamilies (Aegialiinae, Aphodiinae, Chironinae, Scarabaeinae, Aclopinae,
Cetoniinae, Dynamopodinae, Dynastinae, Euchirinae, Melolonthinae, Orphninae,

Rutelinae, Trichiinae and Valginae) were selected in the family Scarabaeidae (Table. 1).

Results

Scarabaeidae

Aclopinae (Figs. 2A, 7A, 11A, 15A)

In the Aclopinae (genus Pachypus) the metanotum is dome-shaped and, the length-to-
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width ratio is approximately 1:1.3. The first phragma shows trapezoidal and bilobed
phragma is present on the anterior margin. The prescutum develops and elongate shape.
The prescutal membrane is oblong and comprises a thin membranous and sclerotized
areas. The acrotergite is triangular and the anterior part is slightly protruding. The one
side of the scutum + scutellum divided by a medianlongitudinal groove is pentagonal, and
the groove is gradually expanding forward. The alacrista is recognizable on the lateral
margin of the medianlongitudinal groove, and the anterior part is connected to the
developed anterior lobe of metanotum. The anterior notal wing process is triangular with
a winding anterior margin. The posterolateral scutal area is wedge-shaped and this area is
completely fused with the scutum owing to a decrease of an oblique suture. The posterior
notal wing process is developed and sharply pointing outward. The scutoscutellar and
prescutal sutures are developed and each suture is fused at the middle portion to form an
“X” shape. The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process), which is bow-shaped (Fig. 15A). The mediophragmite and
anterior postnotal process are strongly developed, whereas the development of
laterophragmite is weak. Of these, the mediophragmite and laterophragmite are clearly

separated.

Cetoniinae (Figs. 2B—C, 7B, 11B, 15B)

In the Cetoniinae the metanotum is rhomboidal and the length-to-width ratio is typically
approximately 1:1.6—1.7, however in the genera Clinterocera (approximately 1:1.3) (Fig.
2C) and Coilodera (approximately 1:1.2) represent low aspect ratio. The first phragma is
typically trapezoidal and bilobed phragma is present on the anterior margin. The
prescutum develops and is elongate shape. The prescutal membrane is rectangular and
consists of thin membrane. The acrotergite is triangular and the anterior part is protruding
and elongated. The scutum + scutellum divided by a medianlongitudinal groove is
parallelogram and the groove expanding forward. The alacrista is recognizable on the
lateral margin of the medianlongitudinal groove, but the development is confined to the
posterior apex to the middle portion. The anterior lobe of metanotum is completely
reduced. The anterior notal wing process is triangular (Cetoniini, Cremastocheilini, and
Taenioderini) or trapezoidal (Goliathini and Diplognathini) in shape. The posterolateral
scutal area is triangular, somewhat bulging on the dorsal side and this area is completely
divided from the scutum by an oblique suture and a deep groove. The posterior notal wing
process is strongly reduced (Cetoniini) or weakly developed and pointing outward

(Goliathini, Cremastocheilini, Diplognathini, and Taenioderini). The scutoscutellar and
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prescutal sutures are developed and each suture is fused at the middle portion to form a
“X” shape. The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process), which is bow-shaped (Fig. 15B). The mediophragmite,
laterophragmite, and anterior postnotal process are strongly developed. Of these, the

mediophragmite and laterophragmite are clearly separated.

Dynamopodinae (Figs. 2D, 7C, 11C, 15C)

In the subfamily Dynamopodinae (genus Orubesa) the metanotum is dome-shaped and
the length-to-width ratio is approximately 1:1.5. The first phragma is rounded and bilobed
phragma is present on the anterior margin. The prescutum is developed and is triangular
in shape. The prescutal membrane is rounded and consists of thin membrane. The
acrotergite is rectangular and the anterior part is protruding in trapezoidal in shape. The
scutum + scutellum divided by a medianlongitudinal groove is pentagonal and the groove
gradually expanding forward. The alacrista is clearly recognizable on the lateral margin
of the medianlongitudinal groove, but the anterior lobe of metanotum is unrecognizable.
The anterior notal wing process is triangular with a slightly winding anterior margin. The
posterolateral scutal area is wedge-shaped and this area is completely fused with the
scutum owing to a decrease of an oblique suture. The posterior notal wing process is
developed and sharply pointing outward. The scutoscutellar and prescutal sutures are
developed and each suture is fused at the middle portion to form an “X” shape. The
postnotum is developed and composed of six parts (mediophragmite, laterophragmite,
median postnotum, subalar tendon, anterior postnotal process, and posterior postnotal
process) (Fig. 15C). The anterior postnotal process is strongly developed, whereas the
mediophragmite and laterophragmite are without strongly developed. These character

states are similar to the family Hybosoridae.

Dynastinae (Figs. 2E, 7D, 11D, 15D)

In the subfamily Dynastinae is dome-shaped and the length-to-width ratio is typically
approximately 1:1.2—1.3, but in the tribe Pentodontini it is approximately 1:1.5. The first
phragma is oval and bilobed phragma is present on the anterior margin. The prescutum
develops strongly and is triangular in shape. The prescutal membrane is rectangular and
comprises a thin membranous and sclerotized areas. The acrotergite is triangular and the
anterior part is protruding and elongated. The one side of the scutum + scutellum divided
by a medianlongitudinal groove is pentagonal and the groove is gradually expanding

forward. The alacrista is clearly recognizable on the lateral margin of the
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medianlongitudinal groove and the anterior part is connected to the developed anterior
lobe of metanotum. The anterior notal wing process is triangular with a winding anterior
margin. The posterolateral scutal area is typically wedge-shaped, somewhat bulging on
the dorsal side and this area is divided from the scutum by an oblique suture and a deep
groove. The posterior notal wing process is developed and sharply pointed outward. The
scutoscutellar and prescutal sutures are developed, and each suture is fused at the middle
portion to form an “X” shape. The postnotum is well-developed and composed of six
parts (mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior
postnotal process, and posterior postnotal process), which is trapezoidal in shape (Fig.
15D). The mediophragmite, laterophragmite, and anterior postnotal process are strongly
developed.

These character states are similar to the subfamily Rutelinae.

Euchirinae (Figs. 2F, 7E, 11E, 15E)

In the subfamily Euchirinae the metanotum is dome-shaped and the length-to-width ratio
is approximately 1:1.1—1.2. The first phragma is oval and bilobed phragma is present on
the anterior margin. The prescutum is strongly developed and is trapezoidal in shape. The
prescutal membrane is rectangular and consists of thin membranous and sclerotized areas.
The acrotergite is triangular and the anterior part is slightly protruding and elongated. The
one side of the scutum + scutellum divided by a medianlongitudinal groove is pentagonal,
and the groove is gradually expanding forward. The alacrista is clearly recognizable on
the lateral margin of the medianlongitudinal groove and the anterior part is connected to
the developed anterior lobe of metanotum. The anterior notal wing process is triangular
with a winding anterior margin. The posterolateral scutal area is typically wedge-shaped,
somewhat bulging on the dorsal side and this area is divided from the scutum by an
oblique suture and a deep groove. The posterior notal wing process is developed and
sharply pointing outward. The scutoscutellar and prescutal sutures are developed, and
each suture is fused at the middle portion to form an “X” shape. The postnotum is well-
developed and composed of six parts (mediophragmite, laterophragmite, median
postnotum, subalar tendon, anterior postnotal process, and posterior postnotal process),
which is slender trapezoidal in shape (Fig. 15E). The mediophragmite, laterophragmite,
and anterior postnotal process are strongly developed. Of these, the mediophragmite and
laterophragmite are clearly separated.

These character states are similar to the subfamily Dynastinae.

Melolonthinae (Figs. 2G—2H, 3A-3C, 7F—7H, 8A—8B, 11F—-11H, 12A—-12B, 15F—-15H,
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16A—16B)
In the subfamily Melolonthinae, the metanotum structure widely various across different

tribes.

Diplotaxini (Figs. 2G, 7F, 11F, 15F)

In the tribe Diplotaxini (genus Apogonia) the metanotum is dome-shaped and the length-
to-width ratio is approximately 1:1.6—1.7. The first phragma is semicircular with a
sclerotized ridge in the middle part. The weakly developed bilobed phragma is present on
the anterior margin of the first phragma. The prescutum is well-developed and is
triangular in shape. The prescutal membrane is oblong and consists of thin membrane.
The acrotergite is triangular and the anterior part is protruding and elongated. The one
side of the scutum + scutellum divided by a medianlongitudinal groove is pentagonal, and
the groove is gradually expanding forward. The alacrista is clearly recognizable on the
lateral margin of the medianlongitudinal groove and the anterior part is connected to the
developed anterior lobe of metanotum. The anterior notal wing process is triangular and
the anterior margin is almost straight. The posterolateral scutal area is wedge-shaped,
somewhat bulging on the dorsal side, and this area is divided from the scutum by an
oblique suture and a deep groove. The posterior notal wing process is developed and
sharply pointing outward. The scutoscutellar and prescutal sutures are developed, and
each suture is fused at the middle portion to form an “X” shape. The postnotum is
developed and composed of five parts (mediophragmite, median postnotum, subalar
tendon, anterior postnotal process, and posterior postnotal process), which is slender
trapezoidal in shape. The laterophragmite is completely lost and the mediophragmite is

strongly reduced.

Sericini (Figs. 2H, 7G, 11G, 15G)

In the tribe Sericini is dome-shaped and the length-to-width ratio is typically
approximately 1:1.6, however in the genera Serica and Sericania which comprise
elongated species, this ratio is approximately 1:1.3. The first phragma is oval and a
developed bilobed phragma is present on the anterior margin. The prescutum is developed
and is triangular in shaped. The prescutal membrane is oblong, with a very thin membrane.
The acrotergite is rectangular and the anterior part is weakly protruding. The one side of
the scutum + scutellum divided by a medianlongitudinal groove is pentagonal, and the
groove is gradually expanding forward. The alacrista is clearly recognizable on the lateral
margin of the medianlongitudinal groove and the anterior part is connected to the

developed anterior lobe of metanotum. The anterior notal wing process is rounded
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triangular in shape. The posterolateral scutal area is wedge-shaped and this area is
completely fused with the scutum owing to a decrease of an oblique suture. The posterior
notal wing process is developed and sharply pointing outward. The scutoscutellar and
prescutal sutures are developed and each suture is fused at the middle portion to form an
“X” shape. The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process), forming a slender trapezoidal in shape. The anterior
postnotal process is strongly developed, whereas the mediophragmite and

laterophragmite are weakly developed compared to those in other subfamilies.

Hopliini (Figs. 3A, 7H, 11H, 15H)

In the tribe Hopliini is dome-shaped and the length-to-width ratio is approximately
1:1.5—1.6. The first phragma is rectangular with a sclerotized ridge in the middle part.
The developed bilobed phragma is present on the anterior margin of the first phragma.
The prescutum is well-developed and is triangular in shape. The prescutal membrane is
rectangular and consists of thin membranous and sclerotized areas. The acrotergite is
triangular and the anterior part is protruding and elongated. The one side of the scutum +
scutellum divided by a medianlongitudinal groove is pentagonal and the groove is
gradually expanding forward. The alacrista is clearly recognizable on the lateral margin
of the medianlongitudinal groove and the anterior part is connected to the developed
anterior lobe of metanotum. The anterior notal wing process is triangular with an almost
straight or winding anterior margin. The posterolateral scutal area is flabellate-shaped
with concave on the dorsal side and this area is completely fused with the scutum owing
to a decrease of an oblique suture. The posterior notal wing process is developed and
sharply pointing outward. The scutoscutellar and prescutal sutures are developed and each
suture is fused at the middle portion to form an “X” shape. The postnotum is developed
and composed of six parts (mediophragmite, laterophragmite, median postnotum, subalar
tendon, anterior postnotal process, and posterior postnotal process), forming a slender
trapezoidal in shape. The anterior postnotal process is strongly developed, whereas the
mediophragmite and laterophragmite are strongly reduced compared to those in other

subfamilies.

Melolonthini and Rhizotrogini (Figs. 3B, 8A, 12A, 16A)

In the tribes Melolonthini and Rhizotrogini the metanotum is dome-shaped and the
length-to-width ratio is typically approximately 1:1.2—1.3. The first phragma is oval with
a V-shaped sclerotized ridge in the middle part. The weakly developed bilobed phragma
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is present on the anterior margin of the first phragma. The prescutum is well-developed
and is triangular in shape. The prescutal membrane is oblong and consists of very thin
membrane. The acrotergite is triangular and the anterior part is protruding and elongated.
The one side of the scutum + scutellum divided by a medianlongitudinal groove is
pentagonal, and the groove is gradually expanding forward. The alacrista is clearly
recognizable on the lateral margin of the medianlongitudinal groove, and the anterior part
is connected to the weakly developed anterior lobe of metanotum. The anterior notal wing
process 1is triangular with an almost straight or winding anterior margin. The
posterolateral scutal area is wedge-shaped, somewhat bulging on the dorsal side and this
area is divided from the scutum by an oblique suture and a deep groove. The posterior
notal wing process is developed and sharply pointing outward. The scutoscutellar and
prescutal sutures are developed and each suture is fused at the middle portion to form an
“X” shape. The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process), forming a trapezoidal in shape. The mediophragmite,
laterophragmite, and anterior postnotal process are strongly developed.

These character states are similar to the subfamily Rutelinae.

Tanyproctini (Figs. 3C, 8B, 12B, 16B)

In the tribe Tanyproctini (genus Tanyproctus) is dome-shaped and the length-to-width
ratio is approximately 1:1.2. The first phragma is oblong with a sclerotized ridge in the
middle part. The developed bilobed phragma is present on the anterior margin of the first
phragma. The prescutum is triangular and elongated. The prescutal membrane is oblong
and consists of thin membranous and sclerotized areas. The acrotergite is elongated
triangular and the anterior part is weakly protruding. The scutum + scutellum divided by
a medianlongitudinal groove is rectangular and the groove is gradually expanding
forward. The developed scutellum is observed at the posterior part. The alacrista is clearly
recognizable on the lateral margin of the medianlongitudinal groove but the posterior
apex does not reach the posterior margin of the metanotum. The anterior lobe of
metanotum is unrecognizable. The anterior notal wing process is triangular with a
winding anterior margin. The posterolateral scutal area is wedge-shaped, somewhat
bulging on the dorsal side and this area is divided from the scutum by an oblique suture
and a deep groove. The posterior notal wing process is weakly developed and sharply
pointing outward. The scutoscutellar and prescutal sutures are developed and each suture
is fused at the middle portion to form an “X” shape. The postnotum is well-developed

composed of six parts (mediophragmite, laterophragmite, median postnotum, subalar
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tendon, anterior postnotal process, and posterior postnotal process). The mediophragmite
and laterophragmite are strongly developed, however the development of the subalar
tendon is very weak.

These character states are similar to the family Pleocomidae.

Orphninae (Figs. 3D, 8C, 12C, 16C)

The metanotum in the Orphninae (genus Orphnus) is dome-shaped and the length-to
width-ratio is approximately 1:1.7. The first phragma is rounded with a sclerotized ridge
in the middle part. The bilobed phragma on the anterior margin of the first phragma is
completely lost. The prescutum is developed and is triangular in shape. The prescutal
membrane is oblong and consists of thin membrane. The acrotergite is rectangular and
the anterior part protrudes to form a trapezoid. The scutum + scutellum divided by a
medianlongitudinal groove is pentagonal, and the groove is gradually expanding forward.
The alacrista is clearly recognizable on the lateral margin of the medianlongitudinal
groove, however the anterior lobe of metanotum is unrecognizable. The anterior notal
wing process is triangular with a slightly winding anterior margin. The posterolateral
scutal area is wedge-shaped, and this area is completely fused with the scutum owing to
a decrease of the oblique suture. The posterior notal wing process is developed and
sharply pointing outward. The scutoscutellar and prescutal sutures are developed and each
suture is fused at the middle portion to form an “X” shape. The postnotum is developed
and composed of six parts (mediophragmite, laterophragmite, median postnotum, subalar
tendon, anterior postnotal process, and posterior postnotal process), forming a slender
trapezoidal in shape. The anterior postnotal process is strongly developed, whereas the
mediophragmite and laterophragmite are strongly developed compared to those in other

subfamilies.

Rutelinae (Figs. 3E-3G, 8D—8F, 12D—12F, 16D—16F)

In the Rutelinae the metanotum is typically dome-shaped and the length-to-width ratio is
approximately 1:1.2—1.4, however in the genus Popillia and Malaia this ratio is
approximately 1:2 (Fig. 3F). The first phragma shows various states, such as rounded or
rectangular with sclerotized ridges in the middle part in some genera (4nomala,
Phyllopertha, Chrysophora, Parastasia, Repsimus, Calloodes, Adoretus, Adorodocia,
Chaetadoretus, and Lepadoretus) (Fig. 12F). However, the presence of sclerotized ridges
is a very ambiguous characteristic between species, except in the genera of the tribe
Adoretini. A weakly developed bilobed phragma is present on the anterior margin of the

first phragma. The prescutum is strongly developed and is triangular in shape. The
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prescutal membrane is oblong and comprises a thin membranous and sclerotized areas.
The acrotergite is triangular and the anterior part is usually protruding and elongated,
however in genera Parastasia, Kibakoganea, and Dicaulocephalus the anterior part of
the acrotergite is non-protruding (Fig. 12F). The one side of the scutum + scutellum
divided by a medianlongitudinal groove is pentagonal, and the groove is gradually
expanding forward. The alacrista is clearly recognizable on the lateral margin of the
medianlongitudinal groove, and the anterior part is connected to the developed anterior
lobe of metanotum. The anterior notal wing process is triangular and the anterior margin
is almost straight or winding. The posterolateral scutal area is usually wedge-shaped,
somewhat bulging on the dorsal side and this area is divided from the scutum by an
oblique suture and a deep groove. In the genus Popillia and Malaia, this area shows is
stout with a concave dorsal side (Fig. 3F). The posterior notal wing process is developed
and sharply pointing outward. The scutoscutellar and prescutal sutures are developed and
each suture is fused at the middle portion to form an “X” shape. The postnotum is well-
developed and composed of six parts (mediophragmite, laterophragmite, median
postnotum, subalar tendon, anterior postnotal process, and posterior postnotal process),
which is trapezoidal in shape. The mediophragmite, laterophragmite, and anterior

postnotal process are strongly developed.

Trichinae (Figs. 3H, 8G, 12G, 16G)

In the Trichinae (except in the tribe Osmodermini) the metanotum is dome-shaped and
the length-to-width ratio is typically approximately 1:1.3—1.6. The first phragma is
trapezoidal with a sclerotized ridge in the middle part, except in the genus Lasiotrichius.
A developed bilobed phragma is present on the anterior margin of the first phragma,
however in the genera Corynotrichius and Inca the phragma lobed. The prescutum is
strongly developed and is elongated triangular in shape. The prescutal membrane is
oblong and comprises thin membranous and sclerotized areas. The acrotergite is
triangular and the anterior part is usually protruding and elongated, however in the genus
Paratrichius the anterior part of the acrotergite is non-protruding (Fig. 12G). The scutum
+ scutellum divided by a medianlongitudinal groove is pentagonal, and the groove is
gradually expanding forward. The alacrista is clearly recognizable on the lateral margin
of the medianlongitudinal groove and the anterior part is connected to the developed
anterior lobe of metanotum. The anterior notal wing process is usually triangular with a
winding anterior margin, except the genus Lasiotrichius, in which the anterior notal wing
process is trapezoidal in shape. The posterolateral scutal area is wedge-shaped and this

area is divided from the scutum by an oblique suture and a deep groove. The dorsal
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surface of the posterolateral scutal area shows various character states, such as bulging
(genera Lasiotrichius and Trichius), flat (genus [Inca), and sclerotized (genera
Corynotrichius, Epitrichius, Gnorimus, and Paratrichius). The posterior notal wing
process is developed and sharply pointing outward. The scutoscutellar and prescutal
sutures are developed, and each suture is fused at the middle portion to form an “X” shape.
The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process), which is trapezoidal in shape. The mediophragmite,
laterophragmite, and anterior postnotal process is strongly developed.

These character states are similar to the subfamily Rutelinae.

Osmodermini (Figs. 4A, 8H, 12H, 16H)

In the Osmodermini (genus Osmoderma) the metanotum is rhomboidal and the length-to-
width ratio is approximately 1:1.6. The first phragma is trapezoidal with a slightly
developed sclerotized ridge in the middle part. A developed bilobed phragma is present
on the anterior margin of the first phragma. The prescutum develops and is elongate shape.
The prescutal membrane is rectangular and consists of thin membrane. The acrotergite is
triangular and the anterior part is protruding and elongated. The one side of the scutum +
scutellum divided by a medianlongitudinal groove is parallelogram, and the groove is
greatly expanding forward. The alacrista is recognizable on the lateral margin of the
medianlongitudinal groove, but the development is confined to the posterior apex to the
middle portion. The anterior lobe of metanotum is completely reduced. The anterior notal
wing process is trapezoidal in shape. The posterolateral scutal area is triangular,
somewhat bulging on the dorsal side and this area is divided from the scutum by an
oblique suture and a deep groove. The posterior notal wing process is strongly reduced.
The scutoscutellar and prescutal sutures are developed and each suture is fused at the
middle portion to form an “X” shape. The postnotum is well-developed and composed of
six parts (mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior
postnotal process, and posterior postnotal process), which is bow-shaped. The
mediophragmite, laterophragmite, and anterior postnotal process are strongly developed.

These character states are remarkably similar to the subfamily Cetoniinae.

Valginae (Figs. 4B, 9A, 13A, 17A)
In the Valginae is rectangular and the length-to-width ratio is typically approximately 1:2.
The first phragma is oblong with a developed sclerotized ridge in the middle part. A

developed bilobed phragma is present on the anterior margin of the first phragma. The
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prescutum is elongated triangular but in the genus Microvalgus the prescutum is
completely lost. The prescutal membrane is trapezoidal and consists of thin membranous
and sclerotized areas. The acrotergite is rectangular, and the anterior part is protruding
and elongated. The scutum + scutellum divided by a medianlongitudinal groove is
quadrangular and the groove is gradually expanding forward, but in the genus
Microvalgus the width of the medianlongitudinal groove is represented remarkably wide
state. Moreover, the posterior apex of the scutum and scutellum is separated, respectively.
The alacrista and anterior lobe of metanotum are completely lost. The anterior notal wing
process typically strongly points, but the process in the genus Microvalgus forms by two
protrusions. The posterolateral scutal area is isosceles triangular, somewhat bulging on
the dorsal side and this area is divided from the scutum by an oblique suture and a deep
groove. The posterior notal wing process is strongly reduced. The scutoscutellar and
prescutal sutures are fused at the middle portion to form an “X” shape, but the
development of the prescutal suture is weak. The postnotum is well developed and
composed of six parts (mediophragmite, laterophragmite, median postnotum, subalar
tendon, anterior postnotal process, and posterior postnotal process), which is bow-shaped.
The mediophragmite, laterophragmite, and anterior postnotal process are strongly
developed. Of these, the mediophragmite and laterophragmite are clearly separated and

are strongly reduced.

Coprophagous group of Scarabaeidae

Aphodiinae (Figs. 4C, 9B, 13B, 17B)

In the Aphodiinae (genus Aphodius) the metanotum is typically rectangular and the
length-to-width ratio is usually approximately 1:2. The first phragma is semicircular and
bilobed phragma is present on the anterior margin. The prescutum develops strongly and
is triangular in shape. The prescutal membrane is oblong and consists of thin membrane.
The acrotergite is rectangular and the anterior part protrudes and points. The one side of
the scutum + scutellum divided by a medianlongitudinal groove is pentagonal, and the
groove is the widest in the middle part. The alacrista and the anterior lobe of metanotum
are almost completely lost. The anterior notal wing process is trapezoidal in shape. The
posterolateral scutal area is wedge-shaped, somewhat bulging on the dorsal side, and this
area is divided from the scutum by an oblique suture and a deep groove. The posterior
notal wing process develops and is sharply pointed outward. The scutoscutellar suture
and prescutal suture are developed, and each suture is fused at the middle portion to form
an “X” shape. The postnotum is developed and usually comprises six parts

(mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior postnotal
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process, and posterior postnotal process), which are V-shaped. The mediophragmite and
laterophragmite are strongly reduced, whereas the anterior and posterior postnotal

processes are strongly developed.

Scarabaeinae (Figs. 4D, 9C, 13C, 17C)

In the Scarabaeinae (genus Copris) the metanotum is rectangular, and the length-to-width
ratio is approximately 1:4. The first phragma is inverted trapezoidal with a developed
sclerotized ridge in the middle part. A developed bilobed phragma is present on the
anterior margin of the first phragma. The prescutum is developed and triangular in shape.
The prescutal membrane is oblong and consists of thin membrane. The acrotergite is
rectangular and the anterior part protrudes and points. The scutum + scutellum divided by
a medianlongitudinal groove is quadrangular, and the groove is the widest in the middle
part and the posterior apex is somewhat protruding. The alacrista is remarkably reduced,
and the anterior lobe of metanotum is completely lost. The anterior notal wing process is
trapezoidal with a small apophysis. The posterolateral scutal area is wedge-shaped,
somewhat bulging on the dorsal side and this area is completely divided from the scutum
by an oblique suture and a cleft. The scutoscutellar suture and prescutal suture are
developed, and each suture is fused at the middle portion to form an “X” shape. The
postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process), forming a V-shaped. The mediophragmite and

laterophragmite are strongly reduced, but the subalar tendon is strongly developed.

Bolboceratidae (Figs. 4E, 9D, 13D, 17D)

In the family Bolboceratidae the metanotum is dome-shaped and the length to width ratio
is approximately 1:1.6—1.7. The first phragma is rounded and developed sclerotized
bilobed phragma is present on the anterior margin. In the genus Bolbochromus, a
developed sclerotized ridge is present at the middle part of the first phragma. The
prescutum is reduced. The prescutal membrane is square and consists of thin membrane.
The acrotergite is rectangular and the anterior part is non-protruding. The scutum +
scutellum divided by a medianlongitudinal groove is trapezoidal, and the groove is
gradually expanding forward. The alacrista is clearly recognizable on the lateral margin
of the medianlongitudinal groove, but the anterior lobe of metanotum is unrecognizable.
The anterior notal wing process is triangular in shape. The posterolateral scutal area is
wedge-shaped and this area is completely fused with the scutum owing to a decrease of

an oblique suture. The posterior notal wing process is strongly reduced. The scutoscutellar
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and prescutal sutures are developed and each suture is fused at the middle portion to form
an “X” shape. The postnotum is well-developed and composed of six parts
(mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior postnotal
process, and posterior postnotal process). The mediophragmite and laterophragmite are

strongly developed, but the development of subalar tendon is weak.

Geotrupidae (Figs. 4F—G, 9E, 13E, 17E)

Geotrupinae (Figs. 4F, 9E, 13E, 17E)

In the family Geotrupidae the metanotum is dome-shaped, and the length-to-width ratio
is approximately 1:1.6—1.7. The first phragma is rounded with a sclerotized ridge in the
middle part. The developed sclerotized bilobed phragma is present on the anterior margin
of the first phragma. The prescutum is sclerotized and is triangular in shape. The prescutal
membrane is oblong, and consists of thin membranous and sclerotized areas. The
acrotergite is rectangular and the anterior part is slightly protruding. The one side of the
scutum + scutellum divided by a medianlongitudinal groove is pentagonal, and the groove
is gradually expanding forward. The alacrista is clearly recognizable on the lateral margin
of the medianlongitudinal groove, but the anterior lobe of metanotum is unrecognizable.
The anterior notal wing process is trapezoidal in shape. The posterolateral scutal area is
wedge-shaped, and is divided from the scutum by an oblique suture and a deep groove.
The posterior notal wing process develops and is sharply pointed outward. The
scutoscutellar and prescutal sutures are developed, and each suture is fused at the middle
portion to form an “X” shape. The postnotum well-developed and composed of six parts
(mediophragmite, laterophragmite, median postnotum, subalar tendon, anterior postnotal
process, and posterior postnotal process). Among these, the mediophragmite and
laterophragmite are strongly developed, but the development of the subalar tendon is very

weak.

Lethrinae (Fig. 4G)

Members of the subfamily Lethrinae, which show reduced hind wings, possess a
remarkably reduced metanotum. The metanotum consists only of the scutum + scutellum
and the remaining parts are reduced. The length-to-width ratio of the metanotum is
approximately 1:4. The remnant of the medianlongitudinal groove is observed at the
middle part of the scutum + scutellum, but the alacrista and anterior lobe of metanotum
are completely lost. The remnants of the anterior notal wing process and posterolateral
scutal area are observed at the lateral side. The postnotum is almost completely lost,

leaving only the anterior postnotal process.
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Glaresidae (Figs. 4H, 9F, 13F, 17F)

In the family Glaresidae is rectangular, and the length-to-width ratio is approximately 1:2.
The first phragma is semicircular and a weakly developed bilobed phragma is present on
the anterior margin. The prescutum is triangular and weakly sclerotized. The prescutal
membrane is oblong and consists of thin membrane. The acrotergite is rhomboidal and
the anterior part protrudes in a trapezoid. The one side of the scutum + scutellum divided
by a medianlongitudinal groove is pentagonal, and the groove is gradually expanding
forward with a slightly protruding posterior apex. The alacrista is clearly recognizable on
the lateral margin of the medianlongitudinal groove, but the anterior lobe of metanotum
is unrecognizable. The anterior notal wing process is triangular and the anterior margin is
almost straight. The posterolateral scutal area is flabellate and this area is completely
fused with the scutum owing to a decrease of an oblique suture. The posterior notal wing
process weakly develops and is pointed outward. The scutoscutellar and prescutal sutures
are developed and each suture is fused at the middle portion to form an “X” shape. The
postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process). The mediophragmite and laterophragmite are weakly
developed.

Glaphyridae (Figs. 5A, 9G, 13G, 17G)

In the family Glaphyridae the metanotum is dome-shaped, and the length-to-width ratio
is approximately 1 : 1.2—1.3. The first phragma is oblong with a rudimentary sclerotized
ridge in the middle part, and a developed sclerotized bilobed phragma is present on the
anterior margin. The prescutum is triangular and strongly developed. The prescutal
membrane is trapezoidal or oblong and consists of very thin membrane. The acrotergite
is rectangular with a small apophysis, and no protrusion at the anterior part. The one side
of the scutum + scutellum divided by a medianlongitudinal groove is rectangular, and the
groove is greatly expanding forward. In the genus Pygopleurus the posterior apex of the
medianlongitudinal groove protrudes. The alacrista is clearly recognizable on the lateral
margin of the medianlongitudinal groove, but the anterior lobe of metanotum is
unrecognizable. The anterior notal wing process is trapezoidal in shape. The
posterolateral scutal area is wedge-shaped, and this area is completely fused with the
scutum owing to a decrease of the oblique suture. The posterior notal wing process weakly
develops and is slightly pointed outward. The scutoscutellar and prescutal sutures are

developed and each suture is fused at the middle portion to form an “X” shape. The
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postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process). The median postnotum, mediophragmite, and anterior

postnotal process are strongly developed.

Hybosoridae (Figs. 5B, 9H, 13H, 17H)

In the family Hybosoridae the metanotum is dome-shaped, and the length-to-width ratio
is approximately 1:1.6—1.7, but in the genus Madrasostes, this ratio is approximately 1:2.
The first phragma is semicircular, and the sclerotized ridges usually develop in the middle
part, however, in the genus Madrasostes the sclerotized rides are absent. The weakly
developed bilobed phragma is present on the anterior margin of the first phragma. The
prescutum is developed and triangular in shape, but in the genus Madrasostes the
prescutum is completely lost. The prescutal membrane is oblong and comprises thin
membranous and sclerotized areas. The acrotergite is rectangular and the anterior part is
protruding in trapezoid. The one side of the scutum + scutellum divided by a
medianlongitudinal groove is pentagonal and the groove gradually expanding forward,
and the posterior apex slightly protrudes. The alacrista is clearly recognizable on the
lateral margin of the medianlongitudinal groove, but the anterior lobe of metanotum is
unrecognizable. The anterior notal wing process is triangular, with a slightly winding
anterior margin. The posterolateral scutal area is wedge-shaped, and this area is
completely fused with the scutum owing to a decrease of the oblique suture. The posterior
notal wing process is developed and sharply pointing outward. The scutoscutellar and
prescutal sutures are developed and each suture is fused at the middle portion to form an
“X” shape. The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process). However, the development of the mediophragmite and

laterophragmite is weak, whereas the anterior postnotal process is strongly developed.

Lucanidae (Figs. 5C—5F, 10A—10D, 14A—-14D, 18A—18D)

Aesalinae (Figs. 5C, 10A, 14A, 18A)

In the subfamily Aesalinae the metanotum is rectangular and the length-to-width ratio is
approximately 1:1.8 (genus Aesalus) or 1:1.4 (genus Nicagus). The first phragma in the
genus Aesalus is semicircular, while the genus Nicagus is characterized by rectangular
with a sclerotized ridge in the middle part. The developed bilobed phragma is present on
the anterior margin of the first phragma. The prescutum is well-developed and is

triangular in shape. The prescutal membrane is trapezoidal and comprises thin
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membranous and sclerotized areas. The acrotergite is rectangular and the anterior part is
protruding in trapezoid. The one side of the scutum + scutellum divided by a
medianlongitudinal groove is rhomboidal and the groove is gradually expanding forward,
but in the genus Nicagus the divided scutum + scutellum is pentagonal. The alacrista is
clearly recognizable on the lateral margin of the medianlongitudinal groove, but the
anterior lobe of metanotum is unrecognizable. The anterior notal wing process is
triangular, with an almost straight anterior margin. The posterolateral scutal area is
wedge-shaped, and this area is completely fused with the scutum owing to a decrease of
the oblique suture. The posterior notal wing process is weakly developed and pointed
outward. The scutoscutellar and prescutal sutures are well-developed, and each suture is
fused at the middle portion to form an “X” shape. The postnotum well develops and
composed to six parts (mediophragmite, laterophragmite, median postnotum, subalar
tendon, anterior postnotal process, and posterior postnotal process). The subalar tendon
and anterior postnotal process are strongly developed, but the mediophragmite is strongly

reduced compared to those in other subfamilies.

Syndesinae (Figs. 5D, 10B, 14B, 18B)

In the subfamily Syndesinae (genus Ceruchus) the metanotum is square and the length-
to-width ratio is approximately 1:1.2. The first phragma is oblong and bilobed phragma
is present on the anterior margin. The prescutum is well-developed and is triangular in
shape. The prescutal membrane is trapezoidal and comprises thin membranous and
sclerotized areas. The acrotergite is rectangular and the anterior part is non-protruding.
The one side of the scutum + scutellum divided by a medianlongitudinal groove is
rhomboidal, and the groove is gradually expanding forward with a protruding posterior
apex. The alacrista is clearly recognizable on the lateral margin of the medianlongitudinal
groove, but the anterior lobe of metanotum is unrecognizable. The anterior notal wing
process is triangular, with an almost straight anterior margin. The posterolateral scutal
area is wedge-shaped, and this area is completely fused with the scutum owing to a
decrease of the oblique suture. The posterior notal wing process is developed and pointed
outward. The scutoscutellar and prescutal sutures are developed, and each suture is fused
at the middle portion to form an “X” shape. The postnotum is well-developed and
composed to six parts (mediophragmite, laterophragmite, median postnotum, subalar
tendon, anterior postnotal process, and posterior postnotal process). Among these, the

mediophragmite, subalar tendon, and anterior postnotal process are strongly developed.

Lamprinae (Figs. 5E, 10C, 14C, 18C)
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In the subfamily Lamprinae is square and the length-to-width ratio is approximately1:1.5.
The first phragma is rounded with a slightly developed sclerotized ridge in the middle
part. The bilobed phragma is present on the anterior margin of the first phragma. The
prescutum is well-developed and is triangular in shape. The prescutal membrane is
trapezoidal and consists of thin membrane. The acrotergite is rectangular and the anterior
part is non-protruding. The scutum and scutellum divided by a medianlongitudinal groove
is rhomboidal, and the groove is gradually expanding forward. The alacrista is clearly
recognizable on the lateral margin of the medianlongitudinal groove, but the anterior lobe
of metanotum is unrecognizable. The anterior notal wing process is rounded triangular in
shape. The posterolateral scutal area is wedge-shaped, and this area is completely fused
with the scutum owing to a decrease of the oblique suture. The posterior notal wing
process is weakly developed and slightly pointed outward. The scutoscutellar and
prescutal sutures are developed and each suture is fused at the middle portion to form a
“X” shape. The postnotum is well-developed and composed to six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process). Among these, the mediophragmite and subalar tendon are

strongly developed, and the anterior postnotal and posterior postnotal processes get stout.

Lucaninae (Figs. 5F, 10D, 14D, 18D)

In the subfamily Lucaninae the metanotum is square and the length-to-width ratio is
typically approximately 1.2—1.3. The first phragma is rounded, with a developed
sclerotized ridge in the middle part, except for the genus Lucanus. The sclerotized bilobed
phragma is present on the anterior margin of the first phragma. The prescutum is well-
developed and is triangular in shape. The prescutal membrane is trapezoidal and
comprises thin membranous and sclerotized areas. The acrotergite is rectangular and the
anterior part is slightly protruding. The one side of the scutum + scutellum divided by a
medianlongitudinal groove is rhomboidal, and the groove is gradually expanding forward.
In the genera Figulus and Platycerus, the posterior apex of the medianlongitudinal groove
is slightly protruding. The alacrista is clearly recognizable on the lateral margin of the
medianlongitudinal groove, but the anterior lobe of metanotum is unrecognizable. The
anterior notal wing process is triangular with a winding anterior margin. The
posterolateral scutal area is wedge-shaped, and this area is completely fused with the
scutum owing to a decrease of the oblique suture. The posterior notal wing process is
strongly developed and sharply pointed outward. The scutoscutellar and prescutal sutures
are developed and each suture is fused at the middle portion to form an “X” shape. The

postnotum well develops and composed of six parts (mediophragmite, laterophragmite,
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median postnotum, subalar tendon, anterior postnotal process, and posterior postnotal

process). Among these, the mediophragmite and subalar tendon are strongly developed.

Ochodaeidae (Figs. 5G, 10E, 14E, 18E)

In the family Ochodaeidae the metanotum is dome-shaped and the length-to-width ratio
is typically approximately 1:1.7—1.8. The first phragma is rounded with a sclerotized
ridge in the middle part, but a bilobed phragma on the anterior margin is absent. The
prescutum is triangular but is strongly reduced. The prescutal membrane is oblong and
consists of thin membrane. The acrotergite is rectangular and the anterior part is
protruding in trapezoid. The one side of the scutum +scutellum divided by a
medianlongitudinal groove is pentagonal, and the groove is gradually expanding forward
with a slightly protruding posterior apex. The alacrista is clearly recognizable on the
lateral margin of the medianlongitudinal groove, but the anterior lobe of metanotum is
unrecognizable. The anterior notal wing process is triangular with an almost straight
anterior margin. The posterolateral scutal area is wedge-shaped, and this area is
completely fused with the scutum owing to a decrease of the oblique suture. The posterior
notal wing process is developed and sharply pointed outward. The scutoscutellar and
prescutal sutures are developed and each suture is fused at the middle portion to form an
“X” shape. The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process). Among these, the mediophragmite, laterophragmite, and

anterior postnotal process are strongly developed.

Passalidae (Figs. 5H, 10F, 14F)

In the family Passalidae the metanotum is square and very flat, with a length-to-width
ratio of approximately 11.3. The first phragma is typically strongly sclerotized and
semicircular, with a developed sclerotized lobed phragma on the anterior margin. The
prescutum and acrotergite are fused with each other to form a single plate, which
protrudes forward in a trapezoid. The prescutal membrane is square, with a very thin
membranous state. The one side of the scutum + scutellum divided by a
medianlongitudinal groove is square, and the groove is almost straight, with a protruding
posterior apex. The scutum + scutellum forms a plate-like structure by remarkably
reduced internal ridges. The alacrista is clearly recognizable on the lateral margin of the
medianlongitudinal groove, but the anterior lobe of metanotum is unrecognizable. The
anterior notal wing process is sharply pointing outward. The posterolateral scutal area is

completely fused with the scutum by reducing the oblique suture. The posterior notal
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wing process is elongated. The scutoscutellar and prescutal sutures are remarkably
reduced. The postnotum is remarkably reduced and composed of three parts (median
postnotum, subalar tendon, and anterior postnotal process). The subalar tendon is strongly
developed, while the mediophragmite, laterophragmite, and posterior postnotum process
are completely lost.

Cylindrocaulus patalis belonging to the subfamily Aulacocyclinae has reduced
hind wings and shows some different characters from other species. The length-to-width
ratio of the metanotum is approximately 1:1.6. The first phragma is completely lost. The
prescutum, acrotergite, and prescutal membrane are fused with each other to form a single
plate, which protrudes forward. The anterior notal wing process is triangular, but weakly
developed. The posterior notal wing process is completely lost. The scutoscutellar and
prescutal sutures are remarkably reduced. The postnotum is remarkably reduced and
composed of two parts (median postnotum and anterior postnotal process). The
mediophragmite, laterophragmite , subalar tendon, and posterior postnotal process are

completely lost.

Pleocomidae (Figs. 6A, 10G, 14G, 18F)

In the family Pleocomidae (genus Pleocoma) the metanotum is dome-shaped and the
length-to-width ratio is approximately 1:1.3. The first phragma is oblong in shape and
there is a weakly developed bilobed phragma on the anterior margin. The prescutum is
elongated triangular. The prescutal membrane is square with a very thin membranous state.
The acrotergite is elongated rectangular and does not protrude in the anterior part. The
one side of the scutum + scutellum divided by a medianlongitudinal groove is pentagonal
and the groove gradually expanding forward. The scutellum is developed at the posterior
part. The alacrista is clearly recognizable on the lateral margin of the medianlongitudinal
groove, but the posterior apex does not reach the posterior margin of the metanotum. The
anterior lobe of metanotum is unrecognizable. The anterior notal wing process is
triangular, and the anterior margin is almost straight. The posterolateral scutal area is
triangular, is divided from the scutum by an oblique suture and a deep groove. The weakly
protruding posterior notal wing process is recognizable on the lateral margin of the
posterolateral scutal area. The scutoscutellar and prescutal sutures are developed, and
each suture is fused at the middle portion to form an “X” shape. The postnotum is well-
developed and composed of six parts (mediophragmite, laterophragmite, median
postnotum, subalar tendon, anterior postnotal process, and posterior postnotal process).
The mediophragmite and laterophragmite are strongly developed, but the subalar tendon

is very weakly developed.
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Trogidae (Figs. 6B, 10H, 14H, 18G)

In the family Trogidae the metanotum is rectangular and the length-to-width ratio is
approximately 1:1.7-1.8. The first phragma is semicircular and the sclerotized ridges
develop in the middle part, and there is a developed bilobed phragma on the anterior
margin. The prescutum is triangular in shape. The prescutal membrane is oblong and
consists of thin membranous areas. The acrotergite is rectangular and the anterior part is
protruding in trapezoidal in shape. The one side of the scutum + scutellum divided by a
medianlongitudinal groove is pentagonal, and the groove gradually expanding forward.
The alacrista is clearly recognizable on the lateral margin of the medianlongitudinal
groove, but the anterior lobe of metanotum is unrecognizable. The anterior notal wing
process is triangular and is characterized by an almost straight anterior margin. The
posterolateral scutal area i1s wedge-shaped, and this area is completely fused with the
scutum owing to a decrease of the oblique suture. The posterior notal wing process is
recognizable on the lateral margin of the posterolateral scutal area. The scutoscutellar and
prescutal sutures are developed and each suture is fused at the middle portion to form an
“X” shape. The postnotum is well-developed and composed of six parts (mediophragmite,
laterophragmite, median postnotum, subalar tendon, anterior postnotal process, and
posterior postnotal process). Among these, the development of the mediophragmite and

laterophragmite are weak.

Discussion
Based on the examination of the metanotum in the phytophagous groups of Scarabaeidae
and its comparison with the metanotum in the coprophagous groups of Scarabaeidae and

other scarabaeoid families, I make the following inferences.

Types of metanotum in phytophagous groups of Scarabaeidae

I suggest dividing the metanotum in the phytophagous group of Scarabaeidae into five
types: melolonthine, sericine, orphnine, cetoniine, and valgine. Owing to its great
importance for flight, the metanotum is highly developed and large, accommodating the
powerful muscles for moving the hind wings (Larsén 1966). Therefore, it is considered
that the metanotal structures are commonly affected by behavioral traits. However, the
metanotum in the coprophagous groups may be divided into several types based on their
characteristics, which are not affected by behavioral traits (subchapter 2—-3—1). This also
seems to apply to the phytophagous groups. The following features are important to

distinguishing the five types: shape of the metanotum, acrotergite, medianlongitudinal
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groove, shape of the one side of the scutum + scutellum divided by a medianlongitudinal
groove, alacrista, anterior lobe of metanotum, posterolateral scutal area, and postnotum.

Members of the subfamilies Aclopinae, Dynastinae, Euchirinae, some of
Melolonthinae (tribes Diplotaxini, Hopliini, Melolonthini, Rhizotrogini, and
Tanyproctini), Rutelinae, and Trichinae belong to the melolonthine type. In these, the
metanotum is dome-shaped. The acrotergite is triangular, and the anterior part is
protruding and elongated. The medianlongitudinal groove is gradually expanding. The
one side of the scutum + scutellum is pentagonal in shape. The alacrista is present on the
lateral sides of the medianlongitudinal groove. The anterior lobe of metanotum is
developed. The posterolateral scutal area is divided from the scutum by an oblique suture
and a deep groove. The postnotum is usually well-developed.

Members of tribe Sericini belong to the sericine type. In these, the metanotum is
dome-shaped. The acrotergite is rectangular and the anterior part is protruding in a
trapezoid. The medianlongitudinal groove is gradually expanding. The one side of the
scutum + scutellum is pentagonal in shape. The alacrista is present on the lateral sides of
the medianlongitudinal groove. The anterior lobe of metanotum is developed. The
posterolateral scutal area is completely fused with the scutum owing to a decrease of the
oblique suture. The medio- and laterophragmite of the postnotum are reduced.

Members of subfamilies Dynamopodinae and Orphninae belong to the orphnine
type. This type is similar to the sericine type, however differs in the lack of the anterior
lobe of metanotum. Moreover, these character states are remarkably similar to the
characteristics of the family Hybosoridae.

Members of subfamily Cetoniinae, and tribe Osmodermini belong to the
cetoniine type. In these, the metanotum is rhomboidal in shape. The acrotergite is
triangular and the anterior part is protruding and elongated. The medianlongitudinal
groove is greatly expanding. The one side of the scutum + scutellum is parallelogram in
shape. The alacrista is recognizable on the lateral margin of the medianlongitudinal
groove, but the development is confined to the posterior apex to the middle portion. The
development of the anterior lobe of metanotum is strongly reduced. The posterolateral
scutal area is divided from the scutum by an oblique suture and a deep groove or cleft.
The postnotum is usually well-developed.

Members of subfamily Valginae belong to the valgine type. In this, the
metanotum is rectangular in shape. The acrotergite is rectangular and the anterior part is
protruding and elongated. The medianlongitudinal grove is gradually expanding, and the
posterior apex of the scutum and scutellum is separated, respectively. The alacrista is

completely lost. The anterior lobe of metanotum is unrecognizable. The posterolateral
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scutal area is divided from the scutum by an oblique suture and a deep groove. The

postnotum is usually well-developed.

Evolution of the metanotal structure and the most ancestral metanotal states in
Scarabaeoidea

As mentioned in subchapter (2-3-1), the metanotum is strongly affected by
environmental factors and behavioral traits, whereas it a reliable characteristic for
estimating the phylogenetic relationships and evolutionary trends. However, since the
examination in that subchapter mainly focused on the coprophagous group of
Scarabaeidae, only a few species in the phytophagous group of Scarabaeidae and other
families of Scarabacoidea were observed. To estimate the evolutionary trends and
phylogenetic relationships, the morphological data of the phytophagous group, member
of which show various body shapes and behaviors, as well as of multiple ancestral groups,
such as families Glaresidae, Ochodaeidae, and Pleocomidae are indispensable. Based on
the present observations and findings reported in subchapter (2-3-1), the following
characteristics are crucial for estimating evolutionary trends: shape of the metanotum,
shape of the acrotergite, presence of alacrista, presence of the anterior lobe of metanotum,
shape of the anterior notal wing process, and posterolateral scutal area.

There are four shapes of the metanotum: dome, rectangle, square, and
rhomboidal. A dome-shaped metanotum is observed in members of the families
Bolboceratidae, Geotrupidae, Glaphyridae, Hybosoridae, Ochodaeidae, and Pleocomidae,
as well as majority of the phytophagous Scarabaeidae [Aclopinae, Dynamopodinae,
Dynastinae, Euchirinae, Melolonthinae, Orphninae, Rutelinae, Trichinae (except in the
tribe Osmodermini)]. A rectangular metanotum is observed in members of the families
Glaresidae, Lucanidae (Aesalinae), and Trogidae, as well as in some subfamilies within
Scarabaeidae (Aphodiinae, Scarabaeinae, and Valginae). A square metanotum is observed
in some families such as Lucanidae (Syndesinae, Lamprinae, and Lucaninae) and
Passalidae. A thomboidal metanotum is observed only in the subfamily Cetoniinae and
tribe Osmodermini. Generally, the families Bolboceratidae, Geotrupidae, Glaresidae,
Hybosoridae, Ochodaeidae, Pleocomidae, and Trogidae are treated as the ancestral groups
in Scarabaeoidea (Crowson 1981, Lawrence and Newton 1982, Nel and Scholtz 1990).
Of these, members of families Bolboceratidae, Geotrupidae, Hybosoridae, Ochodaeidae,
and Pleocomidae have a dome-shaped metanotum, and this feature is also observed in
many derived groups of Scarabaeidae. Therefore, the dome-shaped metanotum may be
the most primitive state in the Scarabaeoidea, as observed in several different lineages. In

fact, however, a dome-shaped metanotum is considered an intermediate state, while a
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rectangular metanotum is considered the true primitive state. A rectangular metanotum is
observed in the families Glaresidae and Trogidae and the subfamily Aesalinae. Glaresidae
is considered to be the most ancestral family within Scarabaeoidea (Scholtz et al. 1994,
Browne and Scholtz 1999, Scholtz and Grebennikov 2005, Bai et al. 2013), and Aesalinae
has been proposed as the most primitive group within Lucanidae (Kim and Farrell 2015).
Furthermore, rectangular metanotum is observed in Staphylinidae (Naomi 1988), which
is placed as the sister group of Scarabacoidea (McKenna et al. 2019), and the most
ancestral polyphagan group Scirtidae (Friedrich and Beutel 2006, McKenna ef al. 2019).
In contrast, the features observed only in some groups such as a square or rhomboidal
metanotum, may be considerably derived states. Consequently, based on the shape of the
metanotum within Scarabaeoidea, rectangular is the primitive state and other remaining
characteristics are derived states. Notably, square and rhomboidal metanotum evolved
relatively late in certain lineages. A rectangular metanotum is observed in Valginae, which
is a highly divergent lineage within Scarabaeidae, however, this is considered to be
homoplasy due to convergence.

According to subchapter (2—3—1), the acrotergite are recognized following three
types: rectangular and protruding in a trapezoid, triangular and elongated, and rectangular
and non-protruding. Among these, a rectangular and non-protruding acrotergite may be
the most primitive character state. Examination of the phytophagous group of
Scarabaeidae and many other families of Scarabaeoidea also supported that a rectangular
and non-protruding acrotergite is the most primitive state. In members of the families
Glaresidae, Hybosoridae, Lucanidae (Aesalinae), Ochodaeidae, Passalidae, Trogidae, and
Scarabaeidae [Dynamopodinae, Melolonthinae (Sericini), Orphninae, Aphodiinae,
Scarabaeinae], the acrotergite is rectangular and protrudes in a trapezoid. In most species
of the phytophagous groups of Scarabaeidae [Aclopinae, Cetoniinae, Dynastinae,
Euchirinae, Melolonthinae (Diplotaxini, Hopliini, Melolonthini, Rhizotrogini, and
Tanyproctini), Rutelinae, Trichinae, and Valginae], the acrotergite is triangular and
elongated. Among these, protrusion in Aclopinae, Rutelinae (genera Parastasia,
Kibakoganea, and Dicaulocephalus), and Trichinae (genus Paratrichius) is very weak. In
members of the families Bolboceratidae, Geotrupidae, Glaphyridae, Lucanidae
(Syndesinae, Lamprinae, and Lucaninae), and Pleocomidae, the acrotergite is rectangular
and non-protruding. Since a rectangular acrotergite with a trapezoidal protrusion is
observed in many ancestral groups [Glaresidae, Lucanidae (Aesalinae), Ochodaeidae,
Passalidae, and Trogidae], this character state may be considered the most primitive state.
Families Glaresidae, Lucanidae, Passalidae, and Trogidae were placed as the basal

lineages of Scarabaeoidea in some recent phylogenetic analyses (Smith et al. 2006, Bai
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et al. 2013, Ahrens et al. 2014, Gunter et al. 2016). However, as mentioned in the
subchapter (2-3—1), the superfamilies Staphylinoidea and Scirtoidea, which are placed as
the sister group of Scarabaecoidea and the most ancestral group within Polyphaga
respectively, are represented by the non-protruding state. Therefore, I conclude that the
rectangular and non-protruding states is the most primitive. A slightly protruded state is
observed in some phytophagous groups such as Aclopinae, Rutelinae (genera Parastasia,
Kibakoganea, and Dicaulocephalus), and Trichinae (genus Paratrichius), which is
probably a further derivative of the triangular and elongated acrotergite.

The primitive and derived characteristics of the alacrista are described in
subchapter (2-3—1). The primitive state is represented by the presence of a developed
alacrista, while the derived states are represented by other unique features, such as a
partial disappearance or complete reduction. Examination based on the phytophagous
groups of Scarabaeidae and many other families of Scarabaeoidea also supported findings
reported in subchapter (2-3—1). A developed alacrista is observed in most species
belonging to Scarabacoidea, whereas unique character states are observed in only a few
groups. In members of the family Pleocomidae and tribe Tanyproctini, the alacrista is
clearly recognizable, but the posterior apex does not reach the posterior margin of the
metanotum. In members of the subfamily Cetoniinae and tribe Osmodermini,
development is limited from the posterior apex to the middle part of the scutum +
scutellum. In members of the coprophagous group of Scarabaeidae, the alacrista is
remarkably reduced. In members of subfamily Valginae, the alacrista is completely lost.
Among these, the completely lost state in Valginae is likely to be the most derived state.

The presence of the anterior lobe of the metanotum has been considered a rather
derived state observed only in the phytophagous group of Scarabaeidae, and the complete
loss of this lobe in members of the Cetoniinae is considered a secondary atrophied state
(subchapter 2-3—1). Based on the present examination of many phytophagous groups, the
presence of the anterior lobe of the metanotum is indeed a unique characteristic to these
group. However, in the subfamilies Dynamopodinae, Orphninae, and Valginae, this
structure is completely lost, as observed in Cetoniinae. Of these, the features observed in
the Valginae are considered a secondary atrophied state, similar to that in Cetoniinae. In
contrast, the loss in Dynamopodinae and Orphninae is regarded as representing the
primitive state in Scarabaeoidea. In recent phylogenetic analyses, the close relationship
between Valginae and Cetoniinae has been strongly supported, and both groups are placed
within derived lineages (Browne and Scholtz 1998, Smith et al. 2006, Ahrens et al. 2014,
Gunter et al. 2016, Sipek et al. 2016, Eberte et al. 2019). However, Orphninae has been
placed within early diverging lineages of the phytophagous group (Browne and Scholtz
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1998, Ahrens et al. 2014, Neita-Moreno et al. 2019). Moreover, Dynamopodinae and
Orphninae were previously treated as the family Hybosoridae (Balthasar 1971, Iablokoff-
Khnzorian 1977, Paulian 1984, Nikolayev 1993, Scholtz and Grevennikov 2016), which
has been placed at intermediate lineage in scarabaeoid clade. Overall, these results
indicate that an unrecognizable anterior lobe of metanotum usually indicates a primitive
character state, although it is considered to represent a highly derived state in some
coprophagous groups.

The shape of the anterior notal wing process represented various character states,
which were distinguished into four types: triangular with a straight anterior margin,
triangular with a winding anterior margin, trapezoidal, and sharply pointed. In members
of the families Bolboceratidae, Glaresidae, Lucanidae (subfamilies Aesalinae and
Syndesinae), Ochodaeidae, Pleocomidae, Trogidae, and Scarabaeidae (tribes Diplotaxini,
Hopliini, and Sericini), the anterior notal wing process is triangular shape with a straight
anterior margin. In members of the families Hybosoridae, Lucanidae (subfamilies
Lucaninae and Lamprinae), and Scarabaeidae [subfamilies Aclopinae, Dynamopodinae,
Dynastinae, Euchirinae, Melolonthinae (tribes Melolonthini, Rhizotrogini, and
Tanyproctini), Orphninae, Rutelinae, and Trichinae (except in the tribe Osmodermini and
genus Lasiotrichius)], the anterior notal wing process is triangular with a winding anterior
margin. In members of the families Geotrupidae, Glaphyridae, and Scarabaeidae
[subfamilies Cetoniinae, Trichinae (tribe Osmodermini and genus Lasiotrichius),
Aphodiinae, and Scarabaeinae], the anterior notal wing process is trapezoidal. In
members of the families Passalidae and Scarabaeidae (Valginae), the anterior notal wing
process is sharply pointed. Among these, a triangular anterior notal wing process with a
straight anterior margin is considered to be the most primitive state. Most families that
are characterized by a triangular anterior notal wing process with a straight anterior
margin, including families Bolboceratidae, Glaresidae, Hybosoridae, Lucanidae,
Ochodaeidae, Pleocomidae, and Trogidae, have traditionally been considered primitive
group (Crowson 1981, Lawrence and Newton 1982, Nel and Scholtz 1990, Scholtz 1990),
and they have been placed as the basal lineages within Scarabaeoidea in recent
phylogenetic analyses (Smith et al. 2006, Ahrens et al. 2014, Gunter et al. 2016,
McKenna et al. 2015, 2019). In particular, the family Glaresidae has been treated as the
most ancestral group within Scarabaeoidea (Scholtz et al. 1994, Browne and Scholtz 1999,
Scholtz and Grebennikov 2005, Bai et al. 2013). Furthermore, Staphylinoidea and
Scirtoidea are characterized by a simple triangular anterior notal wing process. As
mentioned above, a triangular process with a straight anterior margin is the most primitive
character state.
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According to subchapter (2-3—1), the posterolateral scutal area can be roughly
divided into three types (undivided, divided by an oblique suture and a deep groove, and
divided by an oblique suture and a cleft). The undivided state observed in families
Glaphyridae, Hybosoridae, and Trogidae is considered to be the most primitive state.
Examination based on the phytophagous group and many other families of Scarabacoidea
also supported that an undivided posterolateral scutal area represents the most primitive
state, and the posterolateral scutal area divided by an oblique suture and a deep groove or
a cleft represent the most recent derived state. The undivided state is observed in families
Bolboceratidae, Glaresidae, Glaphyridae, Hybosoridae, Lucanidae, Ochodaeidae,
Passalidae, and Trogidae as well as in some groups within Scarabaeidae [Aclopinae,
Dynamopodinae, Melolonthinae (tribes Sericini and Hopliini), and Orphninae]. The
posterolateral scutal area divided by an oblique suture and a deep groove is observed in
families Geotrupidae and Pleocomidae as well as in many groups within Scarabaeidae
[Cetoniinae, Dynastinae, Euchirinae, Melolonthinae (tribes Diplotaxini, Melolonthini,
Rhizotrogini, and Tanyproctini), Rutelinae, Trichinae, Valginae, and Aphodiinae]. The
divided state characterized by an oblique suture and a cleft is observed only in the
subfamily Scarabaeinae. Since the families Bolboceratidae, Glaresidae, Lucanidae,
Passalidae, and Trogidae diverged early as per recent phylogenetic analyses, the
undivided posterolateral scutal area represents a plesiomorphic state. Together, these
results suggest that the most ancestral scarabaeoid species exhibit the following
characteristics: the metanotum is rectangular in shape, the acrotergite is rectangular and
non-protruding, the alacrista is developed, the anterior lobe of metanotum is
unrecognizable, the anterior notal wing process is triangular with a straight anterior
margin, and the posterolateral scutal area is completely fused with the scutum by reducing

the oblique suture.

Phytophagous and coprophagous groups of Scarabaeidae

According to subchapter (2-3-1), the phytophagous and coprophagous groups of
Scarabaeidae can be distinguished based on the characteristics of the acrotergite, alacrista,
anterior lobe of metanotum, and medianlongitudinal groove. The phytophagous groups
are characterized by the following features: acrotergite is triangular and protrudes in an
elongated, alacrista is typically strongly developed, anterior lobe of metanotum is well-
developed, and medianlongitudinal groove is gradually expanding forward. Conversely,
the coprophagous groups are characterized by the following features: acrotergite is
rectangular and protrudes in a trapezoid or triangle, alacrista is usually strongly reduced,

anterior lobe of metanotum is unrecognizable, medianlongitudinal groove is the widest at
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the middle part (subchapter 2—3—1). However, in some phytophagous groups, exceptional
character states of the acrotergite, alacrista, and anterior lobe of the metanotum were
found.

Usually, the acrotergite in the phytophagous groups is triangular and protrudes
in an elongated. However, in the subfamilies Dynamopodinae and Orphninae and tribe
Sericini, the acrotergite is rectangular and is protruding in a trapezoid. Of these,
Orphninae and Sericini represent the early diverging lineage of the phytophagous groups,
and the phytophagous group was derived from the family Hybosoridae (Ahrens et al.
2014, Mckenna et al. 2019), members of which also have a rectangular acrotergite.
Therefore, a triangular acrotergite with an elongated protrusion is characteristic to
recently derived phytophagous taxa.

A remarkably reduced alacrista was considered to be unique to the coprophagous
group (subchapter 2-3—1), however, a similar characteristic, that is complete loss, was
found in the subfamily Valginae (Fig. 4B). Despite the similarity in such characteristics,
close relationships among these groups have never been indicated in previous studies,
although a close relationship between the subfamilies Cetoniinae and Valginae has been
strongly supported (Browne and Scholtz 1998, Smith et al. 2006, Ahrens et al. 2014,
Mckenna et al. 2015, Gunter et al. 2016). Consequently, completely loss of alacrista in
Valginae is a derived characteristic from Cetoniinae, in which the alacrista development
is limited from the posterior apex to the middle part of the medianlongitudinal groove,
and the similarity between the coprophagous group and Valginae is due to convergence.

These results, albeit with some exceptions, generally corroborate findings
reported in subchapter (2-3—1), suggesting that the phytophagous and coprophagous
groups of Scarabaeidae can be divided based on differences in the acrotergite, alacrista,

anterior lobe of the metanotum, and medianlongitudinal groove.

Families Bolboceratidae and Geotrupidae

The family Bolboceratidae had been treated as a subfamily of family Geotrupidae in early
studies. However, since the study of Scholtz and Browne (1996), it has been considered
as an independent family. In other recent studies, the relationship between Bolboceratidae
and Geotrupidae is not supported and a molecular phylogenetic analysis conducted by
Ahrens et al. (2014) shows the monophyly of the Bolboceratidae. The metanotal
characteristics observed in this examination also indicates different features between the
Bolboceratidae and Geotrupidae. The Bolboceratidae is characterized by a triangular
anterior notal wing process and the undivided posterolateral scutal area, whereas the

Geotrupidae is characterized by the trapezoidal anterior notal wing process and divided
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posterolateral scutal area. Usually, these characteristics are not caused remarkably
difference among groups included in single family. This result may indicate that
Bolboceratidae and Geotrupidae are positioned in different clade, similar to the
hypothesis of Ahrens et al. (2014).

Family Glaresidae

The family Glaresidae has been treated as the most ancestral extant scarabaeoid taxon
(Scholtz et al. 1994) and has been considered to be a sister group of the remaining
Scarabaeoidea (Scholtz ef al. 1994, Browne and Scholtz 1999, Scholtz and Grebennikov
2005, Bai et al. 2013). However, a morphological study based on the adult head structure
(Anton and Beutel 2012) and a recent phylogenetic analysis (Smith et al. 2006) have
indicated that the families Glaresidae and Trogidae are sister groups. Meanwhile, in a
previous phylogenetic analysis, Ahrens et al. (2014) proposed a close relationship
between Glaresidae and Lucanidae. The metanotal structures observed in the present
examination indicated that Glaresidae, Trogidae, and Lucanidae (subfamily Aesalinae)
shared the following characteristics: the metanotum is rectangular, the acrotergite is
rectangular and is protruding in a trapezoid, the alacrista is developed, the anterior lobe
of metanotum is unrecognizable, the anterior notal wing process is triangular with a
straight anterior margin, and the posterolateral scutal area is completely fused with the
scutum. All characteristics, except acrotergite shape, are plesiomorphic. Thus, it was
difficult to define the close relationships among groups based on these characteristics.
However, Glaresidae, Trogidae, and Lucanidae (Aesalinae) are placed as basal
divergence lineages within Scarabaeoidea.

Family Hybosoridae, and subfamilies Dynamopodinae and Orphninae

The mesonotal structure in the subfamilies Dynamopodinae and Orphninae presents the
same features as that in the family Hybosoridae. Specifically, the metanotum is dome-
shaped, the acrotergite is rectangular and is protruding in a trapezoid, the alacrista is
developed, the anterior lobe of metanotum is unrecognizable, and the posterolateral scutal
area is undivided. Some hypotheses regarding the phylogeny of the subfamily
Dynamopodinae have been put forth. According to Fairmaire (1897) placed
Dynamopodinae within the subfamily Dynastinae, whereas Balthasar (1971) and
Nikolayev (1993) treated it as the family Hybosoridae. Li et al. (2019) suggested a close
relationship between Dynamopodinae and Pleocomidae. The subfamily Orphninae has
been associated with Hybosoridae based on prominent mandibles and labrum (Iablokoff-
Khnzorian 1977, Paulian 1984, Scholtz and Grevennikov 2016). The results of the present
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examination based on the metanotal structure support a close relationship between the

family Hybosoridae and subfamilies Dynamopodinae and Orphninae.

Relationship between the subfamilies Rutelinae and Dynastinae

The close relationships between the subfamilies Rutelinae and Dynastinae have been
suggested by morphological (Browne and Scholtz 1998) and molecular phylogenetic
analyses (Smith et al. 2006, Ahrens et al. 2014, Gunter et al. 2016, Eberle et al. 2019).
Indeed, the members of Rutelinae and Dynastinae are shared the melolonthine typed
mesonotum, however in the tribes Anomalini (genera Popillia and Malaia) and Rutelini
(genera Parastasia, Kibakoganea, and Dicaulocephalus) some of unique character states
are observed.

In the genera Popillia and Malaia, the length-to-width ratio of the metanotum is
approximately 1:2, and the posterolateral scutal area is stout with a concave dorsal side.
These genera have been considered as belonging to the tribe Anomalini (Smith 2006,
Bouchard et al. 2011, Krajcik 2012, Bezd¢k et al. 2016, Scholtz and Grebennikov 2016),
however in the Scholtz (1990) who examined the karyotype, Popillia had different states
from other species of the Anomalini. The metanotal structures also suggested the
specificity of the Popillia and Malaia.

In the genera Parastasia, Kibakoganea, and Dicaulocephalus, the acrotergite is
triangular but the anterior part is non-protruding. These genera have been considered as
belonging to the subfamily Rutelinae (Smith 2006, Bouchard et al. 2011, Krajcik 2012,
Bezd¢k et al. 2016, Scholtz and Grebennikov 2016), but Smith ez al. (2006) and Wada
(2015) suggested that the genus Parastasia is firmly placed in the subfamily Dynastinae.
These observational results show that the above genera have some little different features
from other members of the tribe Rutelini and may need to be moved to another group.
However, the close relationship between genus Parastasia and subfamily Dynastinae

were not well supported.

Relationships between the subfamilies Cetoniinae, Trichinae, and Valginae

The subfamilies Cetoniinae, Trichinae, and Valginae are often treated as a single
subfamily Cetoniinae (Ahrens et al. 2014, Bezdék 2016, Sipek et al. 2016). However, the
characteristics of the metanotum were observed remarkably differences among
subfamilies (Figs. 2B, 3H, 4B). Consequently, my observational results in the metanotum
conclude that Cetoniinae, Trichinae, and Valginae should be treated as independent
subfamilies. Moreover, unique characteristics were observed in tribe Osmodermini within

subfamily Trichinae.
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The tribe Osmodermini has been regarded as one of the tribes in subfamily
Trichinae (Krikken 1984, Krajcik 2012). However, many recent phylogenetic studies
have indicated a close relationship between subfamily Cetoniinae (Micé et al. 2008, Sipek
et al. 2009, Sipek et al. 2011, Sipek et al. 2016), since Browne and Scholtz (1998)
suggested that the tribe Osmodermini is the sister group of Cetoniinae. The metanotal

structures are also support the close relationships to the Cetoniinae.

Subfamily Melolonthinae

The subfamily Melolonthinae is poorly defined, and several groups have been included
and excluded at various stages by different authors. For example, tribe Hopliini is treated
as the scarabaeid subfamily Hoplinae in Nel and De Villiers (1988), d’Hotman and
Scholtz (1990b), Nel and Scholtz (1990) and Pretorius and Scholtz (2001), and the
Sericini is considered as the scarabaeid subfamily Sericinae in Ritcher (1969a) and Coca-
Abia (2007). Moreover, phylogenetic analyses have shown that Melolonthinae is
polyphyletic (Browne and Scholtz 1998, Ahrens 2005, Smith et al. 2006, Ahrens et al.
2014, Gunter et al. 2016, Sipek etal. 2016, Eberte ef al. 2019). Thus, remarkable variation
in the metanotum has been observed. These variations are loosely categorized into two
types as melolonthine and sericine types, and there were some groups within the
melolonthine type showed unique characteristics. In the members of the tribes
Melolonthini and Rhizotrogini, the first phragma is characterized by a V-shaped
sclerotized ridge in the middle part. In the members of the tribe Tanyproctini, the posterior
apex of the alacrista does not reach the posterior margin of metanotum, which is similar

to the characteristic in the family Pleocomidae.

Subfamily Aclopinae
The systematic position of the subfamily Aclopinae remains largely unknown. Erichson
(1845-1847) treated it as the family Glaphyridae, while Lacordaire (1856) suggested that
Aclopinae should be moved to Melolonthinae based on the position of the spiracles.
According to Scholtz and Grebennikov (2016), Aclopinae resembles Hybosoridae based
on prominent mandibles and labrum.

The metanotal structures of Aclopinae are belong to the melolonthine type. The
presence of a developed anterior lobe of the metanotum is an autapomorphic character
observed only in the phytophagous groups of Scarabaeidae. Consequently, it is considered

that Aclopinae is closely related to the phytophagous groups.

Systematic position of the subfamily Euchirinae
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The systematic position of Euchirinae is established various hypotheses by some
literatures. Young (1989) conducted the most detailed recent study of the subfamily,
treating it as one of scarabaeid subfamily. Ahrens (2005) suggested a slight the
relationship with subfamily Dynastinae (genus Oryctes). Sipek et al. (2009) mentioned
that the subfamily is positioned as a sister group of pleurostict scarabs (Rutelinae,
Dynastinae, Melolonthinae, and Cetoniinae), however in Sipek et al. (2011) Euchirinae
is placed on a sister group of the clade Rutelinae + Dynastinae + Melolonthinae. Ahrens
et al. (2014) indicated that Euchirinae is related to the tribes Hopliini and Macrodactylini.

The metanotal structure of Euchirinae is similar to characteristics of the
melolonthine typed metanotum, which including subfamilies Dynastinae and Rutelinae.

This similarity is may indicate to closely relation of those groups.
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Table 1. Examined species of Scarabaeoidea.

Family

Subfamily

Tribe

Species

Bolboceratidae

Bolboceratinae

Bolbelasmini

Bolbelasmus (Kolbeus) minutus Liet Masumoto, 2008

Bolbochromini

Bolbocerodema nigroplagiatum (Waterhouse, 1875)

Bolbochromus ryukyuensis Masumoto, 1984

Geotrupidae

Geotrupinae

Chromogeotrupini

Enoplotrupes sharpi Rothschild & Jordan, 1893

Enoplotrupini

Phelotrupes (Chromogeotrupes) auratus auratus (Motschulsky, 1858)

Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky, 1866)

Lethrinae

Lethrus (Mesolethrus) microbuccis Ballion, 1870

Lethrus (Ceratodirus) karelini_Gebler, 1845

Lethrus (Paralethrus) bituberculatus Ballion, 1870

Glaresidae

Glaresis beckeri Solsky, 1870

Glaphyridae

Amphicominae

Amphicoma pectinata (Lewis, 1895)

Amphicoma splendens (Yawata, 1942)

Eulasia (Trichopleurus) vittata (Fabricius, 1775)

Pygopleurus vulpes (Fabricius, 1781)

Hybosoridae

Ceratocanthinae

Ceratocanthini

Madrasostes hisamatsui Ochi, 1990

Hybosorinae

Phaeochrous emarginatus emarginatus Laporte, 1840

Phaeochroops sp.

Lucanidae

Aesalinae

Aesalini

Aesalus asiaticus asiaticus Lewis, 1883

Nicagini

Nicagus japonicus Nagel, 1928

Syndesinae

Ceruchus lignarius lignarius Lewis, 1883

Lampriminae

Lamprima adolphinae (Gestro, 1875)

Lucaninae

Lucanini

Dorcus rectus rectus (Motschulsky, 1858)

Figulus binodulus Waterhouse, 1873

Figulus punctatus Waterhouse, 1873

Lucanus maculifemoratus maculifemoratus Motschulsky, 1861

Prismognathus dauricus (Motschulsky, 1860)

Prosopocoilus inclinatus inclinatus (Motschulsky, 1858)

Platycerini

Platycerus acuticollis Y. Kurosawa, 1969

Ochodaeidae

Ochodaeinae

Ochodaeini

Codocera ferruginea (Eschscholtz, 1818)

Notochodaeus maculatus maculatus (Waterhouse, 1875)

Ochodaeus chrysomeloides (Schrank, 1781)

Passalidae

Aulacocyclinae

Ceracupini

Ceracupes chingkini Okano, 1988

Cylindrocaulus patalis (Lewis, 1883)

Macrolininae

Macrolinus sikkimensis Stoliczka, 1873

Pleocomidae

Pleocoma dubitabilis dubitabilis Davis, 1935

Trogidae

Troginae

Glyptotrox uenoi uenoi (Nomura, 1961)

Omorgus (Afromorgus) chinensis (Boheman, 1858)

Trox (Niditrox) niponensis Lewis, 1895
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Table 1. Examined species of Scarabaeoidea.

Family Subfamily Tribe Species
Scarabaeidae Aclopinae Pachypus candidae (Petagna, 1787)
Cetoniinae Cetoniini Cetonia (Eucetonia) roelofsi roelofsi Harold, 1880

Gametis forticula forticula (Janson, 1881)

Gametis jucunda (Faldermann, 1835)

Glycyphana (Glycyphana) fulvistemma Motschulsky, 1860

Protaetia (Liocola) brevitarsis brevitarsis (Lewis, 1879)

Protaetia (Calopotosia) orientalis submarmorea (Burmeister, 1842)

Cremastocheilini Clinterocera jucunda (Westwood, 1874)
Diplognathini Anthracophora rusticola Burmeister, 1842
Goliathini Cosmiomorpha (Microcosmiomorpha) similis nigra Niijima & Kinoshita, 1927

Dicronocephalus wallichi Hope, 1831

Pseudotorynorrhina japonica (Hope, 1841)

Rhomborhina (Rhomborhina) polita Waterhouse, 1875

Rhomborhina (Rhomborhina) unicolor unicolor Motschulsky, 1861

Taenioderini Coilodera pseudoalveata (Miksic, 1971)
Dynamopodinae Orubesa ata Semenov & Medvedev, 1929
Dynastinae Dynastini Dynastes tityus (Linnaeus, 1763)

Trypoxylus dichotomus septentrionalis Kono, 1931

Xylotrupes gideon (Linnaeus, 1767)

Oryctini Oryctes rhinoceros (Linnaeus, 1758)
Pentodontini Alissonotum pauperum (Burmeister, 1847)
Phileurini Eophileurus chinensis (Faldermann, 1835)
Euchirinae Euchirini Cheirotonus peracanus Kriesche, 1919
Euchirus longimanus Linnaeus, 1758
Melolonthinae Diplotaxini Apogonia bicarinata Lewis, 1896

Apogonia ishiharai Sawada, 1940

Apogonia kamiyai Sawada, 1940

Hoplini Ectinohoplia obducta (Motschulsky, 1857)

Hoplia communis Waterhouse, 1875

Pachycnema sp.

Melolonthini Melolontha (Melolontha) frater frater Arrow, 1913

Melolontha (Melolontha) japonica Burmeister, 1855

Polyphylla (Granida) albolineata (Motschulsky, 1861)

Polyphylla (Gynexophylla) laticollis laticollis Lewis, 1887

Rhizotrogini Nigrotrichia kiotoensis (Brenske, 1894)

Pollaplonyx flavidus Waterhouse, 1875

Pedinotrichia picea (Waterhouse, 1875)

Sophrops konishii konishii Nomura, 1970

Sericini Maladera (Omaladera) orientalis (Motschulsky, 1860)

Maladera (Aserica) secreta secreta (Brenske, 1897)

Serica boops Waterhouse, 1875

Sericania hidana Niijima & Kinoshita, 1923

Tanyproctini Tanyproctus sp.

Orphninae Orphnini Orphnus sp.
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Table 1. Examined species of Scarabaeoidea.

Family

Subfamily

Tribe

Species

Scarabaeidae

Rutelinae

Adoretini

Adoretus falciungulatus Nomura, 1965

Adorodocia vittaticollis Fairmaire, 1883

Chaetadoretus formosanus sakishimanus Kobayashi, 1982

Lepadoretus sinicus (Burmeister, 1855) Burmeister, 1855

Lepadoretus tenuimaculatus (Waterhouse, 1875)

Anastatini

Spodochlamys cupreola Bates, 1888

Anoimalini

Anomala albopilosa albopilosa (Hope, 1839)

Anomala edentula yaeyamana (Nomura, 1965)

Anomala octiescostata (Burmeister, 1844)

Exomala conspurcata (Harold, 1878)

Exomala orientalis (Waterhouse, 1875)

Malaia nigrita (Boisduval, 1835)

Mimela confucius ishigakiensis Sawada, 1950

Mimela splendens (Gyllenhal, 1817)

Mimela testaceipes (Motschulsky, 1860)

Popillia japonica Newman, 1838

Popillia lewisi Arrow, 1913

Popillia mutans Newman, 1838

Phyllopertha diversa Waterhouse, 1875

Phyllopertha intermixta (Arrow, 1913)

Spilopopillia sexguttata (Fairmaire, 1887)

Anoplognathini

Anoplognathus brunnipennis (Gyllenhal, 1817)

Anoplognathus prasinus (Castelnau, 1840)

Calloodes rayneri Mac Leay, 1864

Repsimus manicatus manicatus (Swartz, 1817)

Rutelini

Chrysophora chrysochlora (Latreille, 1812)

Dicaulocephalus feae Gestro, 1888

Kibakoganea tamdaoensis Miyake & Muramoto, 1992

Parastasia ferrieri ferrieri Nonfried, 1895

Parastasia sp.1 Westwood, 1841

Pelidnota prasina Burmeister, 1844

Pelidnota punctate (Linnaeus, 1758)

Trichinae

Osmodermini

Osmoderma opicum Lewis, 1887

Trichini

Corynotrichius bicolor Kolbe, 1892

Epitrichius elegans Kano, 1931

Gnorimus subopacus Motschulsky, 1860

Lasiotrichius succinctus succinctus (Pallas, 1781)

Paratrichius doenitzi (Harold, 1879)

Trichius fasciatus (Linnaeus, 1758)

Trichius japonicus Janson, 1885

Incaini

Inca bonplandi (Gyllenhal, 1817)

Valginae

Valgini

Dasyvalgus tuberculatus (Lewis, 1887)

Neovalgus fumosus (Lewis, 1887)

Nipponovalgus angusticollis angusticollis (Waterhouse, 1875)

Nipponovalgus yonakuniensis Sawada, 1941

Microvalgini

Microvalgus sp.

Aphodiinae

Aphodiini

Aphodius (Brachiaphodius) eccoptus Bates, 1889

Scarabaeinae

Coprini

Copris (Copris) ochus (Motschulsky, 1860)

193



Al Mg

Figure 1. The position of the metanotum in Scarabacoidea A Copris ochus (Motschulsky) B
Melolontha frater frater Arrow C—F Schematics diagram of metanotum: C Dorsal D Ventral E Frontal
F Postnotum. Abbreviations: acrotergite (Acr); alacrista (Al); anterior lobe of metanotum (Alm);
anterior muscle disc (Am); anterior notal wing process (Awp); anterior postnotal process (Ap);
axillary cord (Ac); elytral base (Elb); elytron (El); first phragma (Fp); internal ridge (Ir);
laterophragmite (Lap); median longitudinal groove (MIg); median postnotum (Mpm);
mediophragmite (Mep); mesonotum (Ms); metanotum (Me); oblique suture (Os); posterior notal wing
process (Pwp); postmedian notal process (Pnp); posterolateral scutal area (PIs); prescutal membrane
(Pm); prescutum (Pr); proximal median plate (Pmp); posterior postnotal process (Pop); scutellum
(Sct); scutum (Sc); subalar tendon (Sb); second axillary sclerite (2Ax); third axillary screlite (3AXx).
The membranous parts are painted gray, and the fixed parts between the mesonotum and elytron are

showed by arrow.
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Figure 2A—H. Dorsal habitus of the metanotum. A Pachypus candidae (Petagna), B Gametis jucunda
(Faldermann), C Clinterocera jucunda (Westwood), D Orubesa ata Semenov & Medvedev, E
Trypoxylus dichotomus septentrionalis Kono, F Euchirus longimanus Linnaeus, G Apogonia

bicarinata Lewis, H Maladera (Omaladera) orientalis (Motschulsky).
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Figure 3A—H. Dorsal habitus of the metanotum. A Hoplia communis Waterhouse, B Melolontha
(Melolontha) japonica Burmeister, C Tanyproctus sp., D Orphnus sp., E Mimela splendens

(Gyllenhal), F Popillia japonica Newman, G Parastasia ferrieri Nonfried, H Paratrichius doenitzi
(Harold).
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Figure 4A—H. Dorsal habitus of the metanotum. A Osmoderma opicum Lewis, B Nipponovalgus
angusticollis (Waterhouse), C Aphodius (Brachiaphodius) eccoptus Bates, D Copris (Copris) ochus
(Motschulsky), E Bolbocerodema nigroplagiatum (Waterhouse), F Phelotrupes (Eogeotrupes)
laevistriatus (Motschulsky), G Lethrus (Paralethrus) bituberculatus Ballion, H Glaresis beckeri
Solsky.
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postnotum

Figure SA—H. Dorsal habitus of the metanotum. A Amphicoma splendens (Yawata), B Phaeochrous
emarginatus Laporte, C Nicagus japonicus Nagel, D Ceruchus lignarius Lewis, E Lamprima
adolphinae (Gestro), F Lucanus maculifemoratus Motschulsky, G Notochodaeus maculatus

(Waterhouse), H Macrolinus sikkimensis Stoliczka.
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Figure 6A—B. Dorsal habitus of the metanotum. A Pleocoma dubitabilis Davis, B Glyptotrox uenoi

(Nomura).
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Figure 7A—H. Ventral habitus of the metanotum. A Pachypus candidae (Petagna, 1787), B Gametis
jucunda (Faldermann), C Orubesa ata Semenov & Medvedev, D Trypoxylus dichotomus Kono, E
Euchirus longimanus Linnaeus, F Apogonia bicarinata Lewis, G Maladera (Omaladera) orientalis

(Motschulsky), H Hoplia communis Waterhouse.
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Figure 8A—H. Ventral habitus of the metanotum. A Melolontha (Melolontha) japonica Burmeister, B
Tanyproctus sp., C Orphnus sp., D Mimela splendens (Gyllenhal), E Popillia japonica Newman, F

Parastasia ferrieri Nonfried, G Paratrichius doenitzi (Harold), H Osmoderma opicum Lewis.
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Figure 9A—H. Ventral habitus of the metanotum. A Nipponovalgus angusticollis (Waterhouse), B
Aphodius (Brachiaphodius) eccoptus Bates, C Copris (Copris) ochus (Motschulsky), D
Bolbocerodema nigroplagiatum (Waterhouse), E Phelotrupes (Eogeotrupes) laevistriatus
(Motschulsky), F Glaresis beckeri Solsky, G Amphicoma splendens (Yawata), H Phaeochrous

emarginatus Laporte.

202



Figure 10A—H. Ventral habitus of the metanotum. A Nicagus japonicus Nagel, B Ceruchus lignarius
Lewis, C Lamprima adolphinae (Gestro), D Lucanus maculifemoratus Motschulsky, E Notochodaeus
maculatus (Waterhouse), F Macrolinus sikkimensis Stoliczka, G Pleocoma dubitabilis Davis, H

Glyptotrox uenoi (Nomura).
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Figure 11A—H. Frontal habitus of the metanotum. A Pachypus candidae (Petagna), B Gametis
jucunda (Faldermann), C Orubesa ata Semenov & Medvedev, D Trypoxylus dichotomus Kono, E
Euchirus longimanus Linnaeus, F Apogonia bicarinata Lewis, G Maladera (Omaladera) orientalis

(Motschulsky), H Hoplia communis Waterhouse.
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Figure 12A—H. Frontal habitus of the metanotum. A Melolontha (Melolontha) japonica Burmeister,
B Tanyproctus sp., C Orphnus sp., D Mimela splendens (Gyllenhal), E Popillia japonica Newman, F

Parastasia ferrieri Nonfried, G Paratrichius doenitzi (Harold), H Osmoderma opicum Lewis.
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Figure 13A—H. Frontal habitus of the metanotum. A Nipponovalgus angusticollis (Waterhouse), B
Aphodius (Brachiaphodius) eccoptus Bates, C Copris (Copris) ochus (Motschulsky), D
Bolbocerodema nigroplagiatum (Waterhouse), E Phelotrupes (Eogeotrupes) laevistriatus
(Motschulsky), F Glaresis beckeri Solsky, G Amphicoma splendens (Yawata), H Phaeochrous

emarginatus Laporte.
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Figure 14A—H. Frontal habitus of the metanotum. A Nicagus japonicus Nagel, B Ceruchus lignarius
Lewis, C Lamprima adolphinae (Gestro), D Lucanus maculifemoratus Motschulsky, E Notochodaeus
maculatus (Waterhouse), F Macrolinus sikkimensis Stoliczka, G Pleocoma dubitabilis Davis, H

Glyptotrox uenoi (Nomura).
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Figure 15A—H. Habitus of the postnotum. A Pachypus candidae (Petagna, 1787), B Gametis jucunda
(Faldermann), C Orubesa ata Semenov & Medvedev, D Trypoxylus dichotomus Kono, E Euchirus
longimanus Linnaeus, F Apogonia bicarinata Lewis, G Maladera (Omaladera) orientalis

(Motschulsky), H Hoplia communis Waterhouse.
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Figure 16A—H. Habitus of the postnotum. A Melolontha (Melolontha) japonica Burmeister, B
Tanyproctus sp., C Orphnus sp., D Mimela splendens (Gyllenhal), E Popillia japonica Newman, F

Parastasia ferrieri Nonfried, G Paratrichius doenitzi (Harold), H Osmoderma opicum Lewis.
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Figure 17A—H. Habitus of the postnotum. A Nipponovalgus angusticollis (Waterhouse), B Aphodius
(Brachiaphodius) eccoptus Bates, C Copris (Copris) ochus (Motschulsky), D Bolbocerodema
nigroplagiatum (Waterhouse), E Phelotrupes (Eogeotrupes) laevistriatus (Motschulsky), F Glaresis
beckeri Solsky, G Amphicoma splendens (Yawata), H Phaeochrous emarginatus Laporte.
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Figure 18A—H. Habitus of the postnotum. A Nicagus japonicus Nagel, B Ceruchus lignarius Lewis,
C Lamprima adolphinae (Gestro), D Lucanus maculifemoratus Motschulsky, E Notochodaeus

maculatus (Waterhouse), F Pleocoma dubitabilis Davis, G Glyptotrox uenoi (Nomura).
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ALy ERHIE S 20 CDMAEDOFICL o TIIERTTONTE 22 dH D,
SR Db RO R TH 2 apfHdfthoayFa v HEEKL T, X<
HEATIRREICH B & 5 2D (Scholtzand Grebennikov 2016). % D7=®, IHEIIFE - J& - Bl &
Vo T EREE O RAEBIR 2 RBA L, BB (TS BABESHEICITONS X O IC o TR
T\ %, Browne and Scholtz (1995)C 351> T % CTIEREIEE % £ 1 RN 23T b I T LAR,
£ 0 FEM 72 R AR GR D EBH ~ A1 T 72 W92 23T 4L C & T Y (Browne and Scholtz 1998, 1999,
Ahrens 2005, Bai et al. 2013), %I Tl DNA 7 £ D517 — X & I RFMNTAT 5 50 7%
ST 3% < 17T % (Smith et al. 2006, Hunt et al. 2007, Ahrens et al. 2014, McKenna
et al. 2015, 2019, Neita-Moren et al. 2019). T35 DRFFEIC & - T, FEF ICFEM 72 R EAfR 23
o E 7o TE T3, L D TOMTEL 2 ZMIGAIRR S N3 e, 518
HERE RGO 5 & TN DA TRMENTIT B NTH, HEE T L ICRR SR
DR EINDZ R Y, FimMERECCTETWB, BREEL TN 25 X N 2 2k
(REL DRI IR DTEE T — X I AT, ¥z RFHICEREEZ N HET — X
EEDTIENBRLETH Y, B 20 FRFIRGAIR I W56, B0 KV ER
PO E R 0 % HIWT 3 5 722010 b TEREIEE I X 25HHBBEARRTH L. £ T
ARETIE, SHBIEI N 3ODBEEE [l v 8 A4A), [Hhtik], (k]
oL NE T — 2 2B, BFO 5T RHE & ik - GRS 5 2 & T, Z DRMK
MOBEMEOMEE, x5 CICH 72 2 R BIROWER 21T - 72,

kL FTiE

F2ED [2 - 1%#IF Y H A hind wing folding pattern |, [ 2 — 2 H i K
mesonotum ], % L T [ 2 — 3BMEFIR metanotum] IZ W THEOLN-TBREENEKREL L
22 LC, Bl iR 2O T B IEREDEIE 2 {To 72, 2L T, ThHLDBET—4%¢&
DT T — X ERIBICHEE S NGO R L 2 i - G125 2 & T, BIE S n- R
B O RHIE RO, X UNRE LS T RGO ERIEOKEEZ T2 D, #Hi7z
72 R BAR DRBE 21T o 72, E L - BRETICIE Ahrens ef al. (2014)IC X > TR I L7z
DR A SHZ IR L7227 7 F 77 4 (Fig. 1) W28, Bix 2 2K AR~ T
TR T 2581360 E TEEZ{To72. 72, Ahrensetal (2014) ICF
WTHRbN TR WAEREIC O W TIE, ZothoTEiES X U FRFEIGLOE#RE WV %
LT, RMERRBROEZERZ 217w, FEll AR HIERAHIH L T v aBRficow T,
27K nERGESBoN R — v OMEICT 2FRIITOT, MHMOBEERE Ba
T 252 & TELRE{To/. 75 Ahrens et al. (2014)D RAFMGEE I, 272 o> RV KT
ZEEIN—TDELBEEINTVWEILITMA, 42D0KFBXURI 2 FU 7 DNA
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(18S ribosomal DNA (188), 2364 bp; 28S ribosomal DNA (28S), 941 bp; 16S ribosomal DNA (16S),
484 bp; cytochrome oxidase subunit 1 (CO1), 826 bp) &l 4615 HEEXT base pairs % & I fifthT % 17
2TV I LA, FHEDOHVRRERCTH L LEL LN TS

R LUEZE

LAT J1% v F 2 5 2 F} Bolboceratidae

LA T Sy FaFFRHIE RIS 508 621 AN O3 0 CcH 5. HLldky
FaFFRHcE TN D —D DR & E 2 b TW 72238, Scholtzand Browne (1996) L[, %
M ORE L CTifibit T3 (Scholtzand Grebennikov 2016). % 7z, HRMIANK & %K
JEH % FR e L ITONL BRSO RICE WX, 72k v F a7k L Otk
BERAfR SR X T\ 3 (Browne 1991, Browne and Scholtz 1995, 1999, Scholtz and Browne
1996) %3, % ®D—J7C, Ahrensetal. (2014)(Fig. 1)D 53 TR B\ WTIE, o ERE &

DIFEFREFRINTEL T, AROACTHAMBLIEN T 5 2 LRBINTVE, 44T
ﬁ%/%:ﬁzﬂ@ﬁnm@%iﬁﬁéﬁﬁkqu,%@%%k%@%&ﬂcﬁgné
—HOJREE (Browne and Scholtz 1994, 1995,1997,1998) & IEEA M, &M, ShHjEiEs
R X LT\ % (Scholtz and Grebennikov 2016). 7272 L, Neita-Moren et al. (2019)® \% %
BRI IC BT, 7YY LR L AiRERERIC H 2 HRB I N T 5, SRIEIZ X
723 DODEH L IZLL T OEIRIEIC X o TRHED T b L7z,

(&2 v E’&ﬁ_ﬁ.} (Fig. subchapter 2—-1-2: 2)
Fba & Faa ® R (3EH Fba >> Faa (£ 14-2:1) &7 % ; Dp 2 =AM ClimmEKIL S &
Aa THERE N5 5 An (ZPUATE 5 1d 13 FATH  Wd IR BT T, Fba sEI O )00 %
fi® 25 S IERAE.

(497 H] (Figs. subchapter 2-2-2: SE, 11E)
First phragma (3 K% < F&# L, HIRMITE ZHTT 1m0 > TZRIHT % ;5 prescutum 13584
ICIHK T % 5 scutum tscutellum (35 U Y B 5 scutellar process (3f{L L 724k <, a3 %
axillary code 1XFEH 1 WK 5 internal ridge (horizontal plate & vertical plate) 13 F&#E L T
mesonotal pouch ZJEK 3 5.

[ HR) (Figs. subchapter 2-3-2: 4E, 9D, 13D, 17D)
HH DO Bz HAL 7 20K1E F— 2 5 acrotergite [3FEAC, Ri/FICH 2> TREL %

V> 5 alacrista (ZHAMEIC #6135 ;5 anterior lobe of metanotum (3 7&:# L 72 \» ; anterior notal wing
process (I = AR THI#IZFIH & 72 B ;5 posterolateral scutal area (3777 X 4172 \> 5 postnotum
13 & < 6 L, FFIC mediophragmite & laterophragmite |358 < F&# 3 5. L 2> L, subalar tendon
DFEEIL T,
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+ v F 2 HAFl Geotrupidae
v F a3 BN MBI 34 |8 460 FEAYH] & 41 5 43 JHEEC B % (Schoolmeesters 2020).

L OO L CORZRMEELRLFFIN T2 08ECH Y, BEFEOmD O I,
C 8T HE L AL IC [ OFB A B 3% & T4, Ahrens ef al. (2014)IC BT [EEEIC
ABHIHRRAMBELTER T 522 e R EINTWS, Lo L, URICITD I 0 F RN

(McKenna et al. 2015, Neita-Moren et al. 2019) 1ZB W T3 E 7 3 2RI REINTE D,
McKenna et al. (2015)ICHE W Tida 7R Y a4k & O 7R X 1, Neita-Moren et al.
QRO TITHZFFEIMEND DD, 7T H X LR MR ZTER T 2 2 ERBRINT S,
SEBEINT 3 ODOFED LT T OREIRIEIC X o TRED T b Lz,

[T b B 4#K&k] (Fig. subchapter 2-1-2: 4)
Fba & Faa D3 (% Fba >> Faa () 1.4-2: 1) : DP 23 =fJE Coulaiil L S o & CHEK S
% 5 An [ ZUATE 5 1d 13T Wd IZHR WETZIR T, Fba IO 0% 59 % 5 STk
i,

[ H9EMR] (Figs. subchapter 2-2-2: 5G, 11G)
First phragma (3 K% < F&E L, HRMAITE EATT ICm 2> o TRIT % ;5 prescutum 13584
1B S, scutum +scutellum @ Fi#RIC % O ZIRAEE CTE 2 5 scutum +scutellum (35T ;
scutellar process (ZHH{L L 7z#4k <, fIBET % axillary code 1ZFEH IR § internal ridge

(horizontal plate & vertical plate) (¥¥£7E L C mesonotal pouch % JEK 3 5.

[#H975H] (Figs. subchapter 2-3-2: 4F, 9E, 13E, 17E)
HH DO Bz HAL 7 2 K1E F— 28 5 acrotergite [3FEAC, HiJFiICH 2> TREL %
V> 5 alacrista (ZHATEICFE1E 3% ;5 anterior lobe of metanotum (3 F&:% L 72 \» ; anterior notal wing
process (I HRTEIR & 72 % 5 posterolateral scutal area (% oblique suture & FEWEIC X - THlTE L
% ;5 postnotum (¥ & < F&E L, FFIC mediophragmite & laterophragmite (358 < F&iE T 5. L »»
L, subalar tendon DO ¥ 13551,

= a7 XY a i A*F Glaresidae

—ka72RVakFFFHE, A—A TV T e 2 -V =TV FEBRL MR 4)E 93 fl
DEEING, N ARNEHTH D, HRICET 20712 2018 FFE THEZR I N TWind o
7273, Ochietal. (2019)IC X > THID CTEINIC S AT 2 Z RO & o 72, ARNZ, &
fEEcarzrvaARNCEENE DD L L Tilb LT 7223, Scholtz (1986) DT
R OFERL S, a7xvarafle olEErs " T HAREPEEZAE L Chinl &
B2 L 7D, Scholtz ef al. (1994)ICHB T, FRY O 244 4> ERFE kBRI ICH 5
HBARONERCTH B LR EANTS, =k a TRV aFARBa# 4 L ERIoHEER I
(B3 2 HRFHECH 5 Z &1L, UREDIZRENTE (Baietal.2013) 75 b XFFI LTV 5 —
77T, EFE DT RN DFER D 51357 2 RHEBAR AR ST 5. Smith et al. (2006),

215



McKenna et al. (2019), Neita-Moren et al. (2019)D#5ER 1%, = 7 22 a7 3} & GlikEE % K
TH5ILEHRLTEY, X HIC Smith et al. (2006) & McKenna et al. (2019)(Z 27 7 77 2 L v £}
E=ka 7 AV a AR+ a7 AV anARREBERE LY, —DODRBEIEEZIEKT 5
ELTW3, ZD—}T, Ahrensetal. 2014)DIE/R L 72 R ICH W Tld, =ka 7Ry
AHARE 2T AR LR OEBRESTRB I N, 2T AV al A RHITE I R 2 R
ICET 2 2RI NTWE, SRBEINZ 3 ODOBE LU TOREREIC X 5
THEo T 57z,

(#3347 » B 48] (Fig. subchapter 2-1-2: 5)
Fba & Faa DH* (3 Fba = Faa (9 1-1.1:1-1.1) ; Dp 2SPUMAIE CoehmfElgI: S1, S2, Aal,
Aa2 THEALE N5 5 An (ZFATE T Pr2 fIE M TRES 2 5 1d 13478 5 Wd 13 Fba fEI DA
Pk, EOUINIALEZGET S 18 (S1 & S2) & Aa (Aal & Aa2) E~7MEBR T
% ; WAl 72 Additional fold 28 Oa & S2 ICE L, S21E Dp 226U 3.

[fEFHR] (Figs. subchapter 2-2-2: 51, 111)
Firstphragma [3FE T 2 2%, B2 1313 & A LR TE T, AEHEXATHICHKBAL TW»
% ; prescutum 13584 1CRB{E2F, scutum + scutellum D HI#FKIC Z DHIRDEHLE TE % 5 scutum
+scutellum 135 U D M ;5 scutellar process (&L L 7 #{K T, f1hE3 3 axillary code 13FFH I

78 W LR 5 horizontal plate 13 %652 L, mesonotal pouch % JZRK 32 23, vertical plate 13584212 1H

%ﬁ" 5.

[#H975H] (Figs. subchapter 2-3-2: 4H, 9F, 13F, 17F)
D b Bz HAR L 7 2 TRITHTE A rectangle 5 acrotergite 3R -C, HiFICH 2> TH
JEAR I 22 3~ % s alacrista |3 BAME IC &% 3 5 ;5 anterior lobe of metanotum |3 E3% L 72\ > 5 anterior
notal wing process (% = AR TR X FHH & 72 2 5 posterolateral scutal area |Z 77 BT 4175 1> 5
postnotum 13 & < ¥:% 3 % 2%, mediophragmite & laterophragmite D F&iE 1355\,

e 7+ ~F L2 U Fl Glaphyridae

77 b nF L7 ) RHI AL & H Ik 13 8 230 FEAS AT S L%, HRBI/IN & 7o oy
T»H % (Schoolmeesters 2020). AELD RFWALIE IC DO W T H & 2 OiEms T TE D,
amr Ly ERHCE N2 o hC TN intermediate] 73R CH 2 L EZ LN
2 fEm 2358y (Nel and Scholtz 1990, Scholtz 1990, d’Hotman and Scholtz 1990a). Zunino (1988)
I TIT b L MR RRARTERE D LI 22 & 1%, a A A Lo FHCEEN D Z L RBI N
TWizh, DRICiTbiiz% { OFRENTSE (d Hotman and Scholtz 1990a, b, Scholtz 1990) @
R, AR LB EDIRES NV —TIEDRETERVELTWS, TREEZ LN

5RO W T S EB DI FFE L, RAEEE OTE G % H IR S 7 Rtk
i1 (Browne and Scholtz 1995) TiE, 2 7RV a AR+ L4 T7hvFamxkl+7a%
VI a B ARRMEE ORI IC S 725 Z EARKBINTEY, Z0ROLKAVEIVE %
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& 72f#HT (Browne and Scholtz 1999) ICEW T, a7 AV aH AR+ 42Tt Fa
HARRGRE L MR A2 TE T 2 & LT3, $72, TR Ahrens et al. (2014) Tl
2 K A L B IERT pleurosticti & DOHIREFRILR 23R 4T 51t, McKenna et al. (2015)&
Neita-Moren et al. (201)ICE W TIFIEFICHTH VAR O S T AKX 7w v F a4kl L 0k
ERRBINTWE, SRBIEI N3 OOFE D O I TOEIREIC X - TR T
LTz,

(#3347 b B 48] (Fig. subchapter 2-1-2: 6)
Fba & Faa OH (L Fba>Faa (£71.2-1.3: 1) 5 Dp 28 =M Coulmmifls S o A T S
% 5 An (ZPUAIE 5 1d ZBBITIA D> TR D & 72 % 5 Wd I3 Foa D02 Hid 5 5 S
I~ MEERT 5.

[fEF ] (Figs. subchapter 2-2-2: 6A, 12A)
First phragma (I K& < F&E L, FliMI7TE83 1XATT ICm 22> TZEH T 5 5 prescutum (X584

ICIHR S % 5 scutum+ scutellum (& —EH = TEAL | scutellar process & axillary cord [3fE{l L

TREBIEET 5 2 & TR DEE LTV T 5 23, axillary cord ICXf)G3 512 TTHRAE D
FIE (59> ;5 internal ridge (horizontal plate & vertical plate) (%% L <C mesonotal pouch % JZ
K 5.

[#BE ] (Figs. subchapter 2-3-2: 5A, 9G, 13G, 17G)
HH DO BzHAL 7 20K1E F— 28 5 acrotergite [3FERC, HiJFICH 2> TREL %

> 5 alacrista (ZHAMEIC 612 3% ;5 anterior lobe of metanotum (3 7&:% L 72 \> ;5 anterior notal wing
process (I HRTEIR & 72 % ;5 posterolateral scutal area |3 73 W7 X 4172\ 5 postnotum 13 X < FEiE
F#1C median postnotum, mediophragmite, anterior postnotal process 23K & < ¥iE 3 5.

7 ¥ 3 77 %%} Hybosoridae

7V o8 a 77 A RHIFEEAR N BT I pantropical ICJA K AR L, #EGTX CIERN %
FRtEZR S e Ao N pHEETH Y, BHEL TICH 101 J& 700 A SN T3

(Schoolmeesters 2020). F LT hA~X TtV FaFARe OEFEPRBEINT VS
2% (Scholtz 1988, Ocampo and Hawks 2006), Ahrens et al. (2014)IC 5\ TlE, fho 7FEEE & 4fi
BREEBfRIC R 2 2 L 372K, TYNa Ao CHAMMZIZKT 2 2 LRI hTw
%. % D—7 T, Neita-Moren et al. (2019) DfENTFERICE W TIX, Z DOXXFRRIIFH DD,
AHTALEOREREITTHEBZTH LI LBREINTWDE, SHEBEIN-3ODFE

SIXLAT OTFEIREEIC X o TR D 1T b 7z,

(#3297 v B 48] (Fig. subchapter 2-1-2: 7)
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Fba & Faa D H|Z Fba = Faa ({J 1-1.1 : 1-1.1) ; Dp A=A Tl A S & Aa T
SN2 5 An 1ZPUATE 5 1d 1ZERERICH 2o T D & 72 2 5 Wd 1d Fba IO KI5 & 4
D35S AIRTFEIILERS.

(& HR] (Figs. subchapter 2-2-2: 6B, 12B)
First phragma D K133 2 28, M I FEE L, FiJTiCm2 > TRIT 5 5 prescutum 1E
TEAICIHA T 5 5 scutum + scutellum (3 =5 = AJEA | scutellar process & axillary cord (35
L CREIEAET 5 2 & TRANIRDOEEZIEKT % 23, axillary cord ICXF)G3 5 47752
EDFEIEITF9\> 5 horizontal plate (3% L T mesonotal pouch Z K L, vertical plate D KH}
57 1% horizontal plate I[ZHEA L T\ 5,

[#H97#] (Figs. subchapter 2-3-2: 5B, 9H, 13H, 17H)
MO BzHAR L 7 2T0KI1E F— 2 5 acrotergite [3FZAC, HiJFICH 2> THFIRIC
e 3 % ; alacrista (ZBAMEICFE2 3 5 ;5 anterior lobe of metanotum (%65 L 72\ ; anterior notal
wing process I3 = AR CHIFR X FT D 5 posterolateral scutal area 373 Hf X 4172\ 5 postnotum
X X < F&E L, FFIC anterior postnotal process 25K & { ¥ F 5. LA L, mediophragmite &
laterophragmite O F& 1355 .

27 H & LBl Lucanidae
77 7R LRHIATFICH) 136 J& 1700 AT b5, 2774 LY ERIOD TRE 72
DHRED—DTH % (Schoolmeesters 2020). # < 17 BV ¥ L Bl L DU RE X LT
W7z 23 (Howden 1982), % O D HRLEIAELIE OTLEERFE 2> © Diphyllostomatidae £} &
XOIEBTH BRI, 7 a Y A R ECOYIAERS Tl L, 2z il
DR E 2 L o7 L E 2 BN T3 (Browne and Scholtz 1995). % ®—/C, Kimand
Farrell (2015)IC CITb N7 TRFINTIC X 2 &, 27 & L2 FlE Diphyllostomatidae £}
CEIT R, a ALy ERNTARTFRECEEI NS 2 L2 b, KIC
Diphyllostomatidae ﬂ’i’ﬁl DRV GG, BUHED 7 747 2 Lo RHIS RHREL 72 2 F e f5tH
LTwWE3. £/, Zofhos \%%ﬁ‘/uﬁinﬁ BT, =k 7xYaH Ak (Ahrens et al.
2014) kv FaH AR (Neita-Morenetal.2019) & OUTHFMEITRB I LT 5. S HIBIE
TNz 3 ODED LT T OIFEIREIC X > TRED T b7,

(#3847 b B AK&] (Figs. subchapter 2-1-2: 9,10)
Fba & Faa O3 (% Fba>Faa (9 1.2-1.3:1) ; Dp =AM CluimfEiz S £7/41X S & AaT
WAL 4L 5 5 An 13T C Pr2 IS TBES 2 5 1d I3k IC 2> THEMI D L 72 5 5 Wd I
Fba SEIK DK% H0 2 1S £7213 S & Aa IZ—RIVICHEIRIC 22 o CTHMIY & 72 2.
[H9EH] (Figs. subchapter 2-2-2: 6E-6G, 12E-12G)
First phragma (3K % < F&E L, AEDTE ZFTT ICm 2> > TZRIHF 5 5 prescutum (3584
ICIHKT % 5 scutum +scutellum [FEHE R U Y BIZZ23, =X 7 77 7 ZHiEl Aesalinae &V ¥
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NZ 77 H 2 HE Syndesinae 13 " ZFN = AR % IR 3 5 scutellar process 1EAEAL L 72 1R T,
IR M s o T2 L, {3 % axillary code (ZFEHE ICHEIOELR 5 internal ridge 137
7 L, mesonotal pouch ZJE 3 %25, ~X 7 7V A2k Y Y& 277 77 ZdiR % BRruvC
horizontal plate ® FFULERAH KT 5 Z & T, mesonotal pouch (ZHT/TICH <.

[%M9%HK] (Figs. subchapter 2-3-2: 5C, 5F, 10A, 10D, 14A, 14D, 18A, 18D)
B2 o R72HARE 7 2TRITIETT TR square 7228, ~ & 7 27 747 ZHRO AHEMH %R
3 5 acrotergite |IFTER CEARMICEH LW, ~&X T 7 7 4 X HEEO RETHG I D > T
BIGIRICZH 5 ; alacrista [XPAMEICFEIE T 5 5 anterior lobe of metanotum (ZFE1E L 720>
anterior notal wing process |3 = IR CIEEFIF IZIEIT 08, ~&X 7 7 7 H ikl v ¥
X777 2 HEHC B W TIEHH L 72 % 5 posterolateral scutal area 157 W7 X 2172 > 5 postnotum
It X < ¥ L, FFIC mediophragmite, subalar tendon, anterior postnotal process 23K & < F&iE
5.

T h<X % YF 2% Ochodaeidae

Th=eXFvFahafli, A—X b7V T7l=oa—v =7 v FERISMHAICK 21
B 147 BRI oD, NS Bt Tch 2. H<IEa A LU FD Aclopinae HERI DT 7
N—TEEZ LN TW=A (Tablokoff-Khnzorian 1977), Crowson (1981)iC X > CTHISH TT Y
NaFaRte v Fa ke Okt R % X, Lawrence and Newton (1982)3 X O
Browne and Scholtz (1995, 1999)iC X > T 7 Y S a 4kl Ot sm A Enz X o
o Te. T RARATIC X 2 I RIAIE IR R ZE E o TR\ 23, Ahrens eral. (2014) &
Neita-Moren et al. (2019)IC B\ THERE X Nz RifkE X, €7 7 P F L7 ) BLL ok
AL TR EIPR LTS, SRBIEI N3 DODBE2 O IZLUTOBERIEIC X > T
o &7z,

(#3247 » B 48] (Fig. subchapter 2-1-2: 15)
Fba & Faa DI Fba < Faa ({1 :1.2-1.3) 5 Dp 28 =M CHURHEITIL S & Aa THERK X
55 An (ZAATET Pr2 BT RES % 5 1d I3 IC A2 > THEM D & 72 % 5 Wd I3 Fba H
WoKIEn 2 o5 S £7213 S & Aa lFeiiiCIad - THMIY & 75 5 i L 7 additional
fold 2% Cu, Wd, Oa IC42 U % : Aa, Pa, and Prl 1 (X O A K 7% additional fold 234 U 5.

[H9FEH] (Figs. subchapter 2-2-2: 7B, 13B)
First phragma 13 7&:% L, A28 T ICfaA L T % sprescutum 13584 1T HK T 5 sscutum
+scutellum (£% U Y B ; scutellar process 138E{E L 72K T, fHhfi3 % axillary code (2R iC
¥ W JELR 5 internal ridge (3¥65% L, mesonotal pouch % JEEK 3 % 23, % horizontal plate O H
HEAE K5 Z L C, mesonotal pouch 1XHT A ICH <.

[ HR) (Figs. subchapter 2-3-2: 5G, 10E, 14E, 18E)
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DO W23 L 7 2T20K1% F— 28 5 acrotergite [3FEAC, HiJ7ICH 2> THIFIRIC
223 % ; alacrista (ZBAMEICFEE 3 5 ;5 anterior lobe of metanotum %652 L 72 > ; anterior notal
wing process & = A TZIR CHII# (X FHH & 72 % ;5 posterolateral scutal area 1X57WF & L7\ 3

postnotum ( X < F&# L, FFIC mediophragmite, laterophragmite, anterior postnotal process (%

RESFHET 5.

7 v ¥ Ll Passalidae

7wy L RHIPLEVE U IC i L, BIE S CIck) 72 )8 840 ARk s, =
HA Ly ERIOH TS IR & 0Bt Ccd 5. ARNIZ  OEFIREIZEIC X - T
BOTONINEHETH LI b, HRFEMLE LTR) L IBEL TRVIERVWEE X
LbNTEY, FEFICISFL o THD LI TS (Browne and Scholtz 1995,
1997, 1999, Grebennikov and Scholtz 2004, Boucher 2006, Scholtz and Grebennikov 2016). Boucher
(2006) 13 A=W HhBE2E & AERED % KM b a2 7 2 3 74 B & Chironidae £} (Chironinae Hif})
LIRREEBIGRICH B L FE X e —TT T, DT RMFIENR 26 13825 AErGFonTE Y,
Smith et al. (2006) & McKenna ef al. 2015)TlE LA T Ak v FahtxfsL 72k v 52
AR DN R X 4, Ahrens et al. 2014)IZ 24T 1k v Fa A BB LRI TR
v ahakte, Neita-Moren et al. Q01X LA T kv F aHAR DK & DML RE L
T3, SEBIEI N3 DOEH» L IEU T OIEIREIC X - TREO T bk,

(&7 b B 48] (Fig. subchapter 2-1-2: 16)
Fba & Faa OH# (L Fba>>Faa (#7 1.4-2: 1) 5 Dp 28 = AR CHebmiEslix S @ A TRERK &
55 An IZPUATE 5 1d IZERICH 2> THEM D & 72 2 5 Wd IZHlRVETRIRT, Fba HE D
W% LD 5 5 S IIRGE.

[ H9FH] (Figs. subchapter 2-2-2: 7C, 13C)
First phragma (358 < (L. L CTHET 2 23, HHiH» 5 3B CTEF, FifgkPIuI T IchAL
T3 ;5 prescutum (F584ICIHAT 5 5 scutum +scutellum (Z/0fEEY cordate T, IR 5
mesopostnotum D ¥ DMERE T X 5 ;5 scutellar process (ZHE(L L 724k <, FEEHE 3 FMENC 7] 2>
> TR L, T3 % axillary code (ZFEH 1C7# W BLR s internal ridge 1335 L < 3B{k L, mesonotal
pouch IF5E4xICH <.

[ HR) (Figs. subchapter 2-3-2: 5H, 10F, 14F)
HH D O Bz AL 7 2 TRIZIES TR § acrotergite [3FEAC, HiJ/FICH 2> THFIRIC
Z¢Hi 9% ; alacrista [ZBAMEICFEE T 2 ;5 anterior lobe of metanotum (783 L 724> ; anterior notal
wing process |38t { & 233 ; posterolateral scutal area 777 X #1172\ ; postnotum 133 L < B
{ft L, median postnotum, subalar tendon, anterior postnotal process D & TR X 115, Z DN,
subalar tendon 23K & < F6iET 5.
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7 2% v F 2 A%} Pleocomidae

7 2% v F aH A FHIFTALIX neoarctic & FE7 [X neotropical IC D A4 B MERR T AT
5, akx Ly ERomTOlRO NI OB THY, BEETICIER2EBMEI N
T2, fidlidevFassrrhicdEns pHito—o¢ L Tifibh T 2® (Paulian
1941), Crowson (1981)%° Lawrence (1982), Lawrence and Newton (1982)IC X > CTHiaI 23T
Ni-ER, Mokl LTI RETH L L INTWS (Hovore 2002, Scholtz and
Grebennikov 2016). Browne and Scholtz (1995, 1999) & Scholtz and Browne (1996)(C 35> CTfTH
N7 BT DR H1F, 2 AT v Fanafle oimBENRBINTNWS, F7-,
McKenna et al. (2015)D 53 T RAFMRHTOFERICE VT D, FLERL AT He vy Fa stk
& DRFERR SRR I T3, SRIBIEREI N 3 DDIFE D L IZU T OFEIKEEIC X
> CTRHY ST bz,

(&34 b B 4#K&k] (Fig. subchapter 2-1-2: 17)
Fba & Faa DL Fba>Faa ($71.2-1.3:1) 5 Dp 28 = AR CHEImfERIE S D A TR &
3 5 An (ZPUATE 5 1d 13FATRL ; Wd (3 Fba fEIK D0 2150 % 5 S 135k IC A2 > Tl
o Eixs,

[H9EH] (Figs. subchapter 2-2-2: 7D, 13D)
First phragma 13K & < FE L, RiRITEMMK L 72 % 5 prescutum (ZTERICIHAT 5 5 scutum
+scutellum (35 5 scutellar process (3f#{b L 724Kk <, {13 % axillary code 1ZFEH 1CH# W
JESIR 5 internal ridge (horizontal plate & vertical plate) 13 ¥65% L C mesonotal pouch Z K3 %.

[ K9 #R] (Figs. subchapter 2-3-2: 6A, 10G, 14G, 18F)
HH DO Bz HAL 7 2 K1E F— 28 5 acrotergite [3FEAC, HiJFiICH 2> TREL %
W 5 alacrista (ZEHMEICTIE T 5 28, LU IHEAKICE L 72\ 5 anterior lobe of metanotum (3 785
L 72> ; anterior notal wing process (& = AR TR X & 72 % 5 posterolateral scutal area
I oblique suture & ZEWEIC X o THHF X 415 ;postnotum (3 & < FE:E L, FFIC mediophragmite
& laterophragmite 23K % < ¥i# 3 %. L AL, subalartendon O FEE 13E L5\,

a 7R Y a i A F} Trogidae

a7 Ay akARHIEMRICK) 9 )8 300 FEARER S 1L, HI/NS i ch 5. K
BloBRFMEIES  DIRETFEIC L > TXCEZ SN TEH Y (Scholtz 1986, 1990, Scholtz and
Peck 1990, Browne et al. 1993), Ahrens et al. (2014) D53 1AM DFER 2 5 b Z DH R
R R I T w3, RENMEIC O W TIIIGEE &I B 2 JENTEAE L, Crowson
(1967, 1981)*%° Scholtz (1986)13 = 7 4 L & ERNC BT 2 & b IR 0 BiED— & LT 7z
23, Browne and Scholtz (1995)IC TiTb L7z, HIMEIET OIBE 7 — X & B L 7= RELfENT ©
FER»OIE, 7 7 AF L7 IVRRGHE AT hHe vy Falrfi+ 72wy Fans
BLRFHEoRMICAIE T % L LT\, 72, Howden (1982) I3 D IRETE O FFEHED H,
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7F b TN R E O RE L T 5 A, Ahrens ef al. (2014)1Z L4 T Sk v
FaH AR DIECITRNEZ R L, Neita-Moren ef al. (2019) DfF#FTHE R 2> & 13 HFR A355 1
DDOD, =ka 7 AT aNFEE OEBEITIN TS,

[#@97 v B A#8&=] (Fig. subchapter 2-1-2: 18)
Fba & Faa Dt (% Fba > Faa (#J1.2-1.3 : 1) ; Dp 28 = AR CTHEdmaEIK L S D A THERK
N5 5 An (ZFATE T Pr2 SEMTRES 2 5 1d 13 IC IR o THE D & 72 5 5 Wd 1d Fba
I ORI %2 Y, ROURLALZE T2 5 SI3kimE~m2 > THRMY L7k 5.

[ HgEH] (Figs. subchapter 2-2-2: 7E, 13E)
First phragma (I K& < F&EL, AR TITICHA L TV 3 5 prescutum (X568 ICTHA T
% ; scutum +scutellum 13 U Y Y ; scutellar process 13 H#{t L 72 #4K <, 1l 3 % axillary code
FIEHICE O ELR ; internal ridge (horizontal plate & vertical plate) (Z¥£3% L C mesonotal pouch
IS 5.

[#H975MR] (Figs. subchapter 2-3-2: 6B, 10H, 14H, 18G)
D O W7z HAR L 7 2T2RITHTEA 5 acrotergite (ZHTERL-C, RiF I > THIBIRICZE
H3 2 5 alacrista |XBAMEICFEE T 2 ;5 anterior lobe of metanotum |3 ¥63% L 72\ 5 anterior notal
wing process (& =TI TR (X T-3H L 72 % ; posterolateral scutal area (Z77 W X 117z ;
postnotum (¥ X < F&#EF 2 2%, mediophragmite & laterophragmite D F&#E 355>,

2 4 % LT F} Scarabaeidae

3974 & T RHE AU K] 1600 J& 27000 KN 4L 5 2 74 L ERHRR D 5ElECH
D, WD TEHRAEERLIVENIEET e, TR RSB LE L C 14 BN T
b T3, KRR RBEES &L PIRICBIZR S 282 { DIREZE (Browne
and Scholtz 1995,1999) IC X > TXF I TE Y, Il Gunteretal. (2016)%° McKenna et al.
(2015, 2019) 75 & Dor T RN OFER DD D XFFI N T B 2 & h b, BED a4 Ly
BRI XL Lo R HRAKONHERTH B L IS ML RoTWw3. LA L, —HoD
DTN OFERIE, B2 RALRMERLCEY, BfToalr o fix4aran
A MR+~ 27 a B3 HERGHE (BER) L a7 X a3 llifl+ 2 a F AR+ A 7 b
LY HR N L 7)) HELREEEE (BER) 0 —o0 s/ v— 7 RKilEh, &L ARERIT
TYNaRARR e T T bANFLTIVE, TASE T FadAFHGEKZR TH S LB
NENBMEAICH B (Hunt et al. 2007, Ahrens et al. 2014, Neita-Moren et al. 2019). Z 5 L 7=
b, SElafr L FHC B W TR I N2 TR IR icb 72 b, iR 72 13—
DR L ICHA O E IR BIZ S, BlafEo 0 s HiELRREREZREST 5 2 L i
WEtCTH o7, D70 ZTlE, IBFOHTRMANNE I TIRODRE LREL &5
TWw5, B coprophagous group & BHERE phytophagous group 2 HAME IC ¥ 7 2 0 SR CH
5 L xAHT B IPE IR 2 RO BB 2 (T o 2.
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[#&27 b B ARRK]
BERE (Fig. subchapter2-1-2:21) : Dp 23PUM TR CHedmaEs 1L S1 & S2 F 72 1% S1, 82, Aal,
Aa2 CTHERLEI 115 5 Wd 1E Fba DFI=5rD—% i, BHEIAHEZ additional fold 23R 3
5.
BIERE (Figs. subchapter 2-1-2: 31,41,42) : Dp 28 = AR it IZ S £7213 S & Aa T
BRI 2 s Wd 12l Fba OFES %2 i, ~F L7 VHFHCEWTORN =00 "% b
b5,

(R H]
BHEHE (Figs. subchapter 2-2-2: 11C, 11D) : scutellar process 13 i#{t L 7z #i— %k <, fFhEd
% axillary cord 1ML L 72 f8E £ 72 1ZIER ITHWEERZ RS, 4 a7 a1 HEo
scutellar process 13 =MATE D 7L — MRICHEZE L, posterior inflection of mesonotal pouch & D&
BRI AT ICTERE T X 5.
BZERE (Figs. subchapter 2-2-2:9G,9H,91) : —#B D FREICE £ 55 (Orphninae Hfl & &
o v K a4 & Sericini) % PR &, scutellar process & axillary cord (Zf{L L TR ICHEAT 5
e TR DREEZKT 5. axillary cord ICH)GT 2275 EIIRE CFZEL, IR
DIEZR TS 5.

(B HR]
B (Figs. subchapter 2-3-2: 4C, 4D, 13B, 13C) : 2 & B2 HAK & 7 2RI AEA
acrotergite (ZFTEALC, HIFICH D> CTHPIRICEH T 5 ; alacrista 1335 L <JHA L 72 4KHE
%789 ; anterior lobe of metanotum (3 ¥&3& L 72 \» 5 anterior notal wing process [ BTk E 72 % 3
posterolateral scutal area 1% oblique suture & PR\ #IC X o THrH X 41, Scarabaeinae IC 35Tl
BAfifE 72 240 H 2312 C ¥ % medianlongitudinal groove (3 RERT TR DAL 72 5.
BEERE (Figs. subchapter 2-3-2: 2B, 2D, 3E, 4B, 11C, 12D) : ~F L7 VHifl e v T 2 ~F 217
VERZRE, T O RAERE 2 5T 03 F— L8 5 acrotergite ZEARMIC = ATEA CHI
JiCmg o CTHIR C 2T 228, —E o3 JE#E (Dynamopodinae Hifl, Orphninae #if}, ©
0y FafAik) CIRIEREC, Ji7icms o CTEIRICEH T % | alacrista (8 IARE I
J¢i#3 % ; anterior lobe of metanotum B FIE T 2 23, —H oM (~F L 7Y HiEL
Dynamopodinae Hif}, Orphninae Fifl, & 7 2 F 4 7Y Hif}) T3 L < 49 % ; anterior
notal wing process (I~F L7 VHiRLE —FD P I AF L7V HEZROCTEABIKE RS S
posterolateral scutal area (33# 7 oblique suture & FFEWFIC X > Tl X 523, —HonFEH

(Aclopinae Hif}, Dynamopodinae Hif}, Orphninae Hif}, v v v Fal 4k, T FHah
A J& Hopliini) Tl357H7 & 4172 \» ; medianlongitudinal groove (3% 75 2> b HI /7 IC[A1 22 > THE R
DICTIRL 72 5.
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L3 T e vF aHh2F Bolboceratidae, 7 2V ¥ L Fl Passalidae, = 72 Y a 2%
Trogidae IZ D\ T

AR DT RMFIFRORE R, o ORI D0 b Tk RBERICH 2 2 223
REINTEY, FFiCaAxT7hevyFanarte 7oy v oo FHIBE L CRUHRERIMR I
B»5Z LD, Ahrens et al. (2014) (Fig. 1) < Neita-Moren et al. (2019) (Fig. 2) DT % ik
MICX o TRENTW S,

SRBIZE I N 3 2DOBEFEICE T, BROLAFIBEE B X CIRETVE % fif sl
5 2 k0, LR 3RO AR FHEO T 2 EIRAETVE ZBIFE I T, 20b 0k
Hamd o bidhdofz, LHLAEDXD, WKHBERICH 2L SN LATHe VY F It
Bte zayy v fhcsnecid, [#difh v 8 A8K] Fba>> Faa (7 1.4-2: 1), Wd 3l
WEEIK, LI RRAEIRENBHEZE I N T Y, AR OERM OB IEZ R L <
VB ATREMEA R I T, 72 ZoYh, [1RAT © B A8] Fba>> Faa () 1.4-2: 1) DFF
Bz, evFalsBlicsnThBEINTEY, cnFTTCICLArAThe Y FakzrElL 7
oYY LUEL kv T a AR OB ICB T 5 F IR S kvl SEPID T
D DMEREDILAR & 7 B A[BEME D RIB & Tz,

+ v ¥ 2 7 2%} Geotrupidae iC D\ T

4 DG, vV FaAARHIMIZOERMIF M T 5 2 L ARKBRINT LS H

(Ahrens etal. 2014) (Fig. 1), —#O3FHRMKEICH T, ZOXRHRFE b oD,

BLRMBPIRENTEY, 27 HEZ LR (Neita-Moren et al. 2019) (Fig. 2) & Dt A
REINTW 3,

SRR I N RFENICEE L ZEZ N2 BEREON, 1ZIETXTOHHICEWTE
RBEIREERRLCTWa 2 PRI N, BHERERLE LT, [l Y E2ERK]
Fba : Faa O, Wd DR, An Ok E S2 IO, 1d IR, SSimiEEK oK,

[ HgEEH] prescutum D, scutum + scutellum D IR, mesonotal pouch DL, [#Miiy
#X] posterolateral scutal area DFFH, 7x MO TH K DEBEPHER I N TS, Eidon T
FRREIC BT 2 B OXFHED L TRV Z &b, vvFahxfltarzxya
HARB LN T H 2 LRl T5EEITAVTHL EHFEZLND.

=k a7 XY aH AF Glaresidae, 7 7 H Z L%} Lucanidae, 2 7 XY a2
Trogidae, 7 7~ % 7% ¥ F 24 2% Ochodaeidae I\ T

NS DFERED RPN ITIITR A ARG FET 2 b 0D, EFEAKRINTVS
DR DOL K T, =k a 7RV a1k e a7 2 a5+ F(Neita-Moren et al. 2019),
(Fig. 2) BXU=2a 7RI aHARt 3 TRTaHARE 7797 % L B QIR
(Smith et al. 2006, McKenna et al. 2015,2019) (Fig.3) 2RI N 2MHRICH 5.

R OER, —ka 72y anafl, as7xvan sk, 774 &L FloEgEr
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i3 2D CEELVE D [BAOH W BHERX] IKHFEET 2L PHL» o7, &
No DOIFERRT An fEIA HAIKZ R L, 2N TPREALEL 2 & v FisEH
LTWwb. ORI, 274 sy BRofr ) BARAICE VT, o CTRERBPEIRET
HoHLEZLNDL LD, Lil3FloEE» M XFFE 7z (Fig.d4). $7=, RFEEUL
Th=Z 72y FaFlxRFHcBnTdBEINTWE I LrD, ka7 RV a4 k], a
TR anARl, 2 THELIEL, Th~E T v FadrRom&iaBfRicd 3 LIk,

An DFHHIC KL o T BNDE—DDRMM RN T 2 FEZOND, 7ZL, Th~<wXF
v FanARHI—MNIC, 77 b oyF L7 ) FL (Ahrens et al. 2014, Neita-Moren et al. 2019)
27V oNak 4k (Lawrence and Newton 1982, Browne and Scholtz 1995, 1999) & DTz H: 23
IRENTWD Z EIThlA, Ahrens e al. (2014)D R4 (Fig. 1) ICBWTIE, ZDOLFE
BEWb DD, a7 2Yarsxflii=ka 7 R a AR s VT L LRI I3RS %
MICMET 2 LREINT WD, ZD7D5%IT, SHOBRICL > THONLFET — &
LRATT LM EIC L o TRONTWEBET — 2 2 b TEITT 2 L EXH 55
Ltz

7Y 32 54 F} Hybosoridae & £ 77+ ~F L 7 ) FHT DT
TYyoNaiARe e s 7 ot L7 ) RO RIEEICBI L Td, bl 7Y, kR4
TG PRE I T B 23, FT4EIE Ahrens ef al. (2014)%° Neita-Moren et al. (2019) D S&ifitfik
MTRINTWS LI, WMoEite bicah s sy ERoRREIRICOLE S 2 28R
T LT BRI IC ﬁofwé(E@Lﬁ.itﬁ%@%ﬁﬁﬁf I, —HLTTVY
RNaRARte e T T EAF L7 )RHI a4 L ORIEERL LIcBER AR TH L &
ZRLTHEY, ZoHRBUTO A4 L RIS RFHODREIEL L Tifibh s,
SEBEZTo72320HICEWTD, Ty Nafxfle s 7 bt L7 ) RaE
B LARTH D LB R TRBEABISR I N Z LTz, MRS ISR & 72 5 ATHE
PRI N, WHET 2R L L. [l ) E45X] Dp B2=MIF, An 230U
¥, 1d 135EMI Y & 722, Wd X Foa IO 0% b 2, [HHgEN] prescutum (3584
ISR 5, scutum+ scutellum 13 —55HH =AY, scutellar process & axillary cord I3 =57l
FREZTEKT 55, BITREDOIELTHT AT D D L7 b, mesonotal pouch IFEH L
%, [#MEH] 2RI F— 28, acrotergite 135 /57, alacrista (37633 %, anterior lobe
of metanotum |3 7&E L 72>, posterolateral scutal area |3 5C 2 ICHE T 5, postnotum ZFEET
5, BEIToNE., ZNoDBEIREON, [HlEHk] B2 A7 ek k2
e & ZEF I = AR O scutum + scutellum Ciﬁ$4@i’iﬁ‘lﬁi72m‘§_$%ﬁéﬁ%fﬂ’6% o7z, Hi#E
Bl T ilﬁﬂ ICORBIEINZILAIREVE CH 5 LI, a7 LV RIBERORA
TR IKGEDRIIFETH 2 L EZONE 2L hb, ZORHIZe T 7T F T L
7 ﬂ-ﬁ- TN ah AR BEEREE TG E 35 R4 (Ahrens et al. 2014, Neita-Moren et
al.2019) % ZFFFsd Doz (Fig.5). LaL, b oRMFKHOFCTIEFIC
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FILERRBEINT WD, ThAEZ 7 vFaZrxfleesr 7 s ~F 427 Blokit%
XFFT A IPEIRRE IR T 5 Z L3k A o 72,

JakyvFaFirRhconT

ARHIER D@ Y, BSOS TR ORI, LAT A v Faiaklein
BEBMRICH 2 T LHRBINT VB0, SEBIEINE3ODED L 1L, WaEFO
Wt R TREE RT3 cE o7z LA, [HFHEIK] scutum+ scutellum
DIET, [%M9E5HK] posterolateral scutal area 2° oblique suture & ZFE\WEIC X - Tl &
5, LOORHEEET A LD, vvFa AR Th I AREEESEVWEE LR
5. LaL, Z0b0FHEbIRACBHIHCBIE I N LFGIIREPEcH L Lh b, B
fife 72 AR BAR DI I35 70 2 MGT A EECTH 5.

2 4 3 LT F} Scarabaeidae BIEFE phytophagous group & RZE#E coprophagous group 12D
WT

Lo ROy, BEHF L BIEMHOMICIZIZ K DIFEBNERSHERINZZ L2 b, Z
NEZNHIHMEIC R 7 2 R ER T 2 2 L BARME D2 D bR E sz, £7z, Ahrens et al.
(2014)%° Neita-Moren et al. (2019)D 73 - RiFREIC B WT, BIEHL TV N a AR/ £ 7212
77 b F L7 )RR OUEgESRE E T 28, i [HRIEK] Bl s,
fi{t L 7= scutellar process & axillary cord 2> b 7 % 63 L 72 43I ZSHE D FFENC X - CHR X
NaZeBHLNE R, BEMZHBEICRHEOT 2IHIKED —DIC KECFEL 2
T ER OB b, Ty Nahtrkte e s T b F LY R X
AR 72 BEERE (Dynamopodinae Hifl) 12k \\WT, ZOHIEMOEREEEZEZ NS, 1
TR ZDBEEEIBEINTN S, LD pIKERITa A Ly R W TRE
HeTyNarakl e 7 b AF LY FHCO ABIE I N L MO CREANAIRETRE
ThH2ZLhb, KEHIC K o TR OIEHMELR FFE N7 (Fig.5). —HoRLE
# (vu v F a7 A&% Orphninae Hif}) 1IC35 W\ TH—ZZHE D scutellar process 23 BEE X L5
23, FELODEREN BRI L 1R 5 R L L CTibn2mi5efliTE % c 7z <, JEHE
BLUDTRHTOMRRL LD, CNOE2ED TRIERL L TRS RE TH LML
TR ENTWw3 (Browne and Scholtz 1998, Hunt et al. 2007, Ahrens ef al. 2014, McKenna et al.
2015,2019, Neita-Moren et al. 2019). ZD T L 256, € v v Fa B4 E Orphninae HiRH#]
BINLH—-RED scutellar process 1&, 7Y NahZxfee s 7 F L7 Y EL
Dynamopodinae HERHZB{EE X 11 5 e a7 Z oI geiE ic4: U 2 T E ZA L o WIHHELRS I 35
T, ZRXNWIGRELLCTELZD D THDE EEZ LS.

PEoz &hro, RIFEFBRIIBTO AL LR 2L RO CcH b e L, BHER
CEIERIIERICE L 3 RAMEETH B L $ 5 Ahrens ef al. (2014)%° Neita-Moren et al. (2019)
DI HRFREZ R ST b D Lok,
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a 4 A L U FHEEERE phytophagous group D% k(L & ER{LICBDH 2TEREE IC DWW T

AHF L EROPTY a A L OREERIT, Do &b EHRL T, RREER
ELTHONZFEORPIZZORERICEENS. FRICEKRARFERLE LT, AYanytrip}
Rutelinae IZJ& 3 % A 2 4 448 Anomalini (Anomala J&=° Popillia J&) “°, =27 ¥ 277 x1i
Bl Melolonthinae IC& 4% 37 ¥ 2 /7 4% Melolonthini (Melolontha &) & 7 v 277 2+ %
Rhizotrogini (Phyllophaga J&) DFEHHFIIC D ZFR X LT3 (Scholtz and Grebennikov
2016). T o DfEAEFERE LCifbh d E2RRICIE, JERNICRIRAET 2HHMRDH 5 &
EDIT, MRAGBRBEICERL CBIET 2 L2 T 2EVWHEHICEN BB T LN S

(Ritcher 1966, Eberhard 1993, Yeates et al. 1999). L 2> L, 4 0lf7T o 7=HiERZRE @ L5
fidR, %95 LizmWEIEREN T2 C, MBI aEe ) 2 S L 2 2 e nFER Lo —> 0D
REBERL 2o T2 A[REMEDIR I Nz, BEMRLZREO T 2 IR ICEELIZHIKE L
LT, [HHgisH] @5 & 15 F&E L 72 scutellar process & axillary cord (Z 43I ZE#E) D17
EDH 5 (Fig. 5). @, aA4 Loy ERIHRICBRI NS D IZHE— DL L 72 scutellar
process & FE AL L 7z axillarycord TH Y, T DN, HIHE D HRIBEMEID acrotergite 12 ke
INd LT, MHEEET 5 FITREE) OB levering device & 72 D, T IXHARLET
DEVEER I EREE L TWwa, Lo LEERICE VLTI, scutellar process 23 M Hi 1 ke X
3 &I, axillary cord 1SR4 3 2 F5E L 212 7 2RO BT Ic H T b b T & T,
HADORFHRICZOMEZHET 2HEZRZL b EZLNS. HHOEHIZRAN
Rric eI 2 LI, RO PITZRO AT vH—L LTHEEL TH Y, —Hofist
Z R ERAMTENC B 2 M CHEERKZE ZIH -T2 (Sitoruseral.2010). BIEFHCE
NAEIIFREL - B ERAES L -2 & T, RURFICHBAOAELHEST 2 2 &80
REL 7y, mOREIEZER LA LZEAbNE, 72, ERRICERE LTfkbiLs
bk 7 —7IcEENAMEIE, RUTISHEL A DEEEEZHRAEL CT0wb 2 s
EIfER I N T WS,

Loz b, aimr Lo RIBERBSRILLZZ iz, £ oFHEAEEN
ZERE LT, ahp LV EPARED L2 EWEIERE T <, HlEIRIcHE
L7z B geie 2 g L= 2 bic kv, MAIdEgE 1 23m B L, JAHIPA~OBEnAS &
72072 EBESEWD TORB I Nz, AT CIIARANREICBI T 25l = R 21T > T
Tz, ZiboERIENOEEH v, SBREREHWEFERICK2T—2%%
T2k, WMEICEL2ILRTE S5, /-, AIPERNFHEAEICER
LR & 7 2856, Sk, #HirzaEREOBHHKIC, ZofMoERLE L CoEBEZE
KOEROAD» LB LEEHAT 2RI LS Ickhsd e Bbns.
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Figure 1. A molecular phylogenetic hypothesis of Ahrens ef al. (2014), partly modified.
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Figure 2. A molecular phylogenetic hypothesis of Neita-Moren ef al. (2019), partly modified.
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Figure 3. A molecular phylogenetic hypothesis of McKenna et al. (2015), partly modified.

229



Glaresidae |
Trogidae

Lucanidae _
Geotrupidae

Hybosoridae
Oohodaadae]

Glaphyridae
Passalidae
Coprophagous
Phytophagous

Figure 4. Mapping of characteristics of the hind wing folding pattern on the molecular phylogenetic
tree of McKenna et al. (2015).
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Figure 5. Mapping of characteristics of the mesonotum on a molecular phylogenetic tree of Ahrens

etal. (2014).
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Summary

The superfamily Scarabaeoidea is a large group of Coleoptera including many
agricultural and forest pests. This group has long attracted the attention of numerous
researchers, and several detailed comparative studies on various morphological structures
have been conducted. In this study, I examined in detail three novel characters (hind wing
folding pattern, mesonotum, and metanotum) of 132 genera from 11 families of
Scarabaeoidea (Bolboceratidae, Geotrupidae, Glaresidae, Glaphyridae, Hybosoridae,
Lucanidae, Ochodaeidae, Passalidae, Pleocomidae, Trogidae, and Scarabacidae).
Moreover, I verified the credibility of the phylogenetic hypotheses presented in recent
years and searched new phylogenetic relationships by using the morphological data

(synapomorphy) obtained in this research.

Chapter 2—1. Hind wing folding pattern: Many functional and comparative
morphological studies concerning hindwing shape and venation have been conducted in
Coleoptera. However, there are few researches on hind wing folding pattern, and it is
poorly understood in the scarabaeoid species. As a result of this examination, the hind
wing folding patterns were similar within each family or subfamily independently from
body size or habitats and behavioral traits. These results suggest that hind wing folding
patterns are one of the steady characters limited by phylogenetic constraint within each
family or subfamily and may become a key characteristic that can help to identify higher
taxa.

Chapter 2—2. Mesonotum: In Coleoptera, the mesonotum is located beneath the
pronotum and lies between elytral bases, and has the primarily function as a fixing device
of elytra. Thus, it is regarded to be affected to a lesser extent by environmental factors
and behavioral traits. In the primitive Scarabaeoidea, many character states observed were
plesiomorphic state. Whereas, in the intermediate and higher groups such as
phytophagous group of Scarabaeidae, many observed character states were apomorphic
state. A particularly important feature was observed in the scutellar process and axillary
cord, which are considered to play a role in adjusting the angle of the elytra in flight time.
In the phytophagous group, the scutellar process and axillary cord greatly develop to form
dichotomous branching process, and it was revealed as a unique character state to
distinguish this group.

Chapter 2—3. Metanotum: Since the metanotum is one of the largest attachments
point of the muscles relating to flight, it was considered that there are remarkably
differences between higher taxa. However, the observed character states represented a

stable state with the fewest mutations among the characters observed in this research.
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Most of the observed character states were considered to be plesiomorphic, and were not
useful as a feature characterizing particular family or subfamily, except in the derived
group such as Scarabaeinae and Cetoniinae. However, the acrotergite, alacrista, anterior
lobe of metanotum, and posterolateral scutal area were useful features for considering the
phylogenetic relationships and evolutionary tendencies of families and subfamilies.
Chapter 3. Based on the aforementioned results, it was concluded that the
characteristics observed in the hind wing folding pattern, mesonotum and metanotum are
useful for characterizing the families and subfamilies of the superfamily Scarabaeoidea,
and are also important features for considering their evolutionary tendencies and
phylogenetic relationships. Furthermore, many morphological data obtained in this study
strongly supports some existing molecular phylogenetic hypothesis, and in some groups
such as the family Scarabaeidae, it is possible to complement hypotheses that have not

been supported from the viewpoint of morphology for the first time.

234



References

Ahrens D (2005) The phylogeny of Sericini and their position within the Scarabaeidae
based on morphological characters (Coleoptera: Scarabaeidae). Systematic
Entomology, 31: 113—144.

Ahrens D, Schwarzer J, Vogler P (2014) The evolution of scarab beetles tracks the
sequential rise of angiosperms and mammals. Proceedings of the Royal Society B,
281:20141470.

Ahrens D, Vogler AP (2008) Towards the phylogeny of chafers (Sericini): analysis of
alignment-variable sequences and the evolution of segment numbers in the antennal
club. Molecular Phylogenetics and Evolution, 47: 783—798.

Albertoni FF, Fuhrmann J, Ide S (2014) Lagochile emarginata (Gyllenhal): morphology
of immature and imago, and biological records (Coleoptera, Scarabaeidae,
Rutelinae). Revista Brasileira de Entomologia, 58 (1): 32—46.

Anton E, Beutel RG (2012) The adult head morphology of Dascillus (L.) (Dascilloidea:
Dascillidae) and Glaresis Erichson (Scarabaeoidea: Glaresidae) and its phylogenetic
implications. Arthropod Systematics & Phylogeny, 70: 3—42.

Areekul S (1957) The comparative internal larval anatomy of several genera of
Scarabaeidae (Coleoptera). Annals of the Entomological Society of America, 50:
5625-717.

Arrow GJ (1904) Sound-production in Lamellicorn beetles. Transactions of the
Entomological Society of London, 1904: 709-750.

Bai M, Beutel RG, Shih C-K, Ren D, Yang X-K (2013) Septiventeridae, a new and
ancestral fossil family of Scarabaeoidea (Insecta: Coleoptera) from the Late Jurassic
to Early Cretaceous Yixian Formation. Journal of Systematic Palaeontology, 11:
1-16.

Balthasar, V. 1971. Eine neue Dynamopus-Art (138. Beitrag zur Kenntnis der
Scarabaeoidea, Coleoptera). Opuscula Zoologica (Muenchen), 121, 1-3.

Berwaerts K, Dyck HV, Aerts P (2002) Does flight morphology relate to flight
performance? An experimental test with the butterfly Pararge aegeria. Functional
Ecology, London, 16: 484—491.

Betts CR, Wootton RJ (1988) Wing shape and flight behavior in butterflies (Lepidoptera:
Papilionoidea and Hesperioidea): a preliminary analysis. Journal of Experimental
Biology, Cambridge, 138: 271-288.

Beutel RG, Komarek A (2004) Comparative study of thoracic structures of adults of
Hydrophiloidea and Histeroidea with phylogenetic implications (Coleoptera,

235



Polyphaga). Organisms, Diversity & Evolution, 4: 1-34.

Bezd¢k A, Dellacasa M, Dellacasa G, Kral D, Rakovi¢ M, Ziani S, Ahrens D, Branco T,
Zorn C, Krell F-T (2016) Scarabaeidae. Pp. 97-412. In Lobl I, Lobl D (eds.),
Catalogue of Palaearctic Coleoptera, 3. xxviii + 983 pp. Brill, Leiden.

Bohacz C, Harrison JG, Ahrens D (2020) Comparative morphology of antennal surface
structures in pleurostict scarab beetles (Coleoptera). Zoomorphology, 139: 327-346.

Boucher S (2006) Evolution et phylogénie des Coléoptéres Passalidae (Scarabacoidea).
Annales de la Société Entomologique de France, 41(3—4) [2005]: 239—-604.

Bouchard P, Bousquet Y, Davies AE, Alonso-Zarazaga MA, Lawrence JF, Lyal CHC,
Newton AF, Reid CAM, Schmitt M, Slipinski SA, Smith ABT (2011) Family-group
names in Coleoptera (Insecta). Zookeys, 88: 1-972.

Boving AG, Craighead FC (1931) An illustrated synopsis of the principal larval forms of
the order Coleoptera. Entomological Americana (N. S.), 54: 1-351.

Boving AG (1929) On the classification of beetles according to larval characters. Bulletin
of the Brooklyn Entomological Society, 24: 55-80.

Browne J, Scholtz CH (1994) The morphology and terminology of the hind wings
articulation and wing base of the Coleoptera, with special reference to the
Scarabacoidea. Systematic Entomology, 19: 133—143.

Browne J, Scholtz CH (1995) Phylogeny of the families of Scarabacoidea (Coleoptera)
based on characters of the hindwing articulation, hindwing base and wing venation.
Systematic Entomology, 20: 145—-173.

Browne J, Scholtz CH (1997) The morphology of the hind wings articulation and wing
base of the Scarabaeoidea (Coleoptera) with notes of phylogenetic trends. Bonner
Zoologische Monographien, 40: 1-200.

Browne J, Scholtz CH (1998) Evolution of the scarab hindwing articulation and wing
base: a contribution toward the phylogeny of the Scarabaeidae (Scarabaeoidea:
Coleoptera). Systematic Entomology, 23: 307-326.

Browne J, Scholtz CH (1999) A phylogeny of the families of Scarabaeoidea (Coleoptera).
Systematic Entomology, 24: 51-84.

Browne J, Scholtz CH, Kukalova-Peck J (1993) Phylogenetic significance of wing
characters in the Trogidae (Coleoptera: Scarabaeoidea). African Entomology 1:
195-206.

Browne J (1991) Wing structure of the genus Fucanthus Westwood; confirmation of the
primitive nature of the genus (Scarabaeoidea: Geotrupidae: Bolboceratidae). Journal
of the Entomological Society of Southern Africa, 54: 221-230.

Browne J (1993) Phylogenetic significance of the hind wing basal articulation of the

236



Scarabaeoidea (Coleoptera). PhD thesis, University of Pretoria, South Africa.

Carpaneto GM, Piattella E (1995) Coleoptera Polyphaga V (Lucanoidea, Scarabaeoidea).
In: Minelli A, Ruffo S, La Posta S (eds.): Check list delle specie della fauna italiana,
50: 1-18, Calderini, Bologna.

Caveney S, Mcintyre P (1981) Design of graded-index lenses in the superposition eyes of
scarab beetles. Philosophical Transactions of the Royal Society B, 294: 584—632.

Caveney S, Scholtz CH (1993) Evolution of ommatidium structure in the Trogidae
(Coleoptera). Systematic Entomology, 18: 1-10.

Caveney S (1986) The phylogenetic significance of ommatidium structure in the
compound eyes of Polyphagan beetles. Xanadian Journal of Zoology, 64: 1787—
1819.

Chazot N, Panara S, Zilbermann N, Blandin P, Poul YL, Cornette R, Elias E, Debat V
(2016) Morpho morphometrics: shared ancestry and selection drive the evolution of
wing size and shape in Morpho butterflies. Evolution, Saint Louis, 70: 181—194.

Coca-Abia MM (2008) Phylogenetic relationships of the subfamily Melolonthinae
(Coleoptera, Scarabaeidae). Insect Systematics & Evolution, 38: 447—472.

Costa C, Vanin SA, Casari-Chen SA (1988) Larvas de Coleoptera do Brasil. 282 pp. +
165 pls. Museu de Zoologia, Universidade de Sao Paulo.

Crampton GC (1918) The thoracic sclerites of the grasshopper Dissosteira carolina.
Annals of the Entomological Society of America, 11, 347-366.

Crowson RA (1967) Natural classification of the families of coleoptera. Classey,
Hampton, UK, 187 pp.

Crowson RA (1938) The metendosternite of Coleoptera: a comparative study. Transaction
of the Royal entomological Society London, 87: 397-416.

Crowson RA (1981) The Biology of Coleoptera. xii + 802 pp. Academic Press, London.

Dempster JP (1991) Fragmentation, isolation and mobility of insect populations. Pp.
143—153. In Collins NM, Thomas JA (eds.), The Conservation of Insects and their
Habitats. Symposium of the Royal Entomological Society of London. 468 pp.
Academic Press, London.

Dhawan S (1991) Bird flight. Sadhand, Paris, 16: 275-352.

d’Hotman D, Scholtz C (1990a) Phylogenetic significance of the structure of the external
male genitalia in Scarabaeoidea. Entomology Memoirs, 77: 1-51.

d’Hotman D, Scholtz C (1990b) Comparative morphology of the male genitalia of
derived groups of Scarabaeoidea (Coleoptera). Elytron, (4): 3—-39.

Doyen TJ (1966) The skeletal anatomy of Tenebrio molitor (Coleoptera: Tenebrionidae).
Entomological Society of America, 5: 103—150.

237



Dudley R (2000) The Biomechanics of Insect Flight: Form, Function, Evolution. 476 pp.
Princeton University Press, New Jersey.

Eberhard WG (1993) Copulatory courtship and morphology of genitalic coupling in seven
Phyllophaga species (Coleoptera: Melolonthidae). Journal of Natural History, 27:
683-717.

Eberle J, Sabatinelli G, Cillo D, Bazzato E, §ipek P, Sehnal R, Bezd¢k A, Kral D, Ahrens
D (2019) A molecular phylogeny of chafers revisits the polyphyly of Tanyproctini
(Scarabaeidae, Melolonthinae). Zoologica Scripta, 48:349-358.

Edmonds WD (1972) Comparative skeletal morphology, systematics and evolution of the
phanaeine dung beetles (Coleoptera: Scarabaeidae). The University of Kansas
Science Bulletin, 49: 731-874.

El-Kifl AH (1953) Morphology of the adult 7ribolium confusum Duv. and its
differentiation from Tribolium (Stene) castaneum Herbst. (Coleoptera:
Tenebrionidae). Herbst. Bull. Soc. Fouad 1er Entomol., 37: 73-249.

Erichson WF (1845-1847) Natureschichte der insecten deutschlands. Erste Abtheilung,
Coleoptera. Vol. 3. Berlin: Verlag der Nicolaischen Buchhandlung, 1-800.

Fairmaire, L (1897) Coleopteres nouveaux de 1’ Afrique intertropicale et australe. Annales
de la Societ e entomologique de France, 66, 109-155.

Fedorenko DN (2009) Evolution of the Beetle Hind Wing with Special Reference to
Folding (Insecta, Coleoptera). A. N. Severtzov Institute of Ecology and Evolution,
Russian Academy of Sciences, 336 pp. Pensoft Publishers, Sofia.

Forbes WTM (1924) How a beetle folds its wings. Psyche, 31: 254—258.

Forbes WTM (1926a) The wing folding patterns of the Coleoptera. Journal of the New
York Entomological Society, New York, 34: 42—68.

Forbes WTM (1926b) The wing folding patterns of the Coleoptera (continued). Journal
of the New York Entomological Society, New York, 34: 91-139.

Friedrich F, Beutel RG (2006) The pterothoracic skeltomuscular system of Scirtoidea
(Coleoptera: Polyphaga) and its implications for the high-level phylogeny of beetles.
Journal of Zoological Systematics and Evolutionary Research, 44 (4): 290-315.

Frings J, Lago PK, Ahrens D (2019) Morphology of mouthparts poorly resolves the
phylogeny of Sericini chafers (Coleoptera: Scarabaeidae). Zoologischer Anzeiger,
284: 53-65.

Galante E, Stebnicka Z, Verdu JR (2003) The Aphodiinae and Rhyparinae (Coleoptera:
Scarabaeidae) in southern states of Mexico (Chiapas, Oaxaca, Puebla and Veracruz).
Acta zoologica cracoviensia, 46: 283—312.

Galbreath RA (1976) Spiracle structure and function in Costelytra zealandica larvae

238



(Coleoptera: Scarabaeidae). New Zealand Journal of Zoology, 3: 333-337.

Ge S, Beutel RG, Yang X (2007) Thoracic morphology of adults of Derodontidae and
Nosodendridae and its phylogenetic implications (Coleoptera). Systematic
Entomology, 32: 635—667.Gibb H, Retter B, Cunningham SA, Barton P (2016) Does
wing morphology affect recolonization of restored farmland by ground-dwelling
beetles? Restoration Ecology, Washington, District of Columbia, 25: 234—242.

Gokan N, Meyer-Rochow VB (2000) Morphological comparisons of compound eyes in
Scarabaeoidea (Coleoptera) related to the beetles’ daily activity maxima and
phylogenetic position. Journal of Agricultural Science, 45: 15-61.

Gokan N, Meyer-Rochow VB, Nakazawa AB (1998) Compound eye ultrastructure in six
species of ecologically diverse stag-beetles (Coleoptera: Scarabaeoidea: Lucanidae).
Applied Entomology and Ecology, 33: 157-169.

Gordon R, Cartwright O (1988) North American representatives of the tribe Aegialiini
(Coleoptera: Scarabaeidae: Aphodiinae). Smithsonian Contributions to Zoology,
(461): 1-37.

Grebennikov VV and Scholtz CH (2004) The basal phylogeny of Scarabacoidea (Insecta:
Coleoptera) inferred from larval morphology. Invertebrate Systematics, 18: 321-348.

Gunter NL, Weir TA, Slipinski A, Bocak L, Cameron SL (2016) If dung beetles
(Scarabaeidae; Scarabaeinae) arose in association with dinosaurs, did they also
suffer a mass co-extinction at the K-Pg boundary? PLoS ONE, 11(5): €0153570. doi:
10.1371/journal.pone.0153570.

Haas F, Beutel RG (2001) Wing folding and the functional morphology of the wing base
in Coleoptera. Zoology, Amsterdam, 104: 123—141.

Hanski I, Cambefort Y (1991) Dung Beetle Ecology. Princeton University Press, New
Jersey, 479 pp.

Hass F, Wootton R (1996) Two basic mechanisms in insect wing folding. Proceedings of
the Royal Society B, 263(1377): 1651—1658.

Hassall C (2015) Strong geographical variation in wing aspect ratio of a damselfly,
Calopteryx maculata (Odonata: Zygoptera). Peer.J, San Diego & London, 3: €1219;
DOI10.7717/peerj.1219.

Hinton HE (1967) Structure and ecdysial process of the larval spiracles of the
Scarabaeoidea, with special reference to those of Lepidoderma. Australian Journal
of Zoology, 15: 947-953.

Hirschberger P (2001) Stridulation in Aphodius dung beetles: behavioral context and
intraspecific variability of song patterns in Aphodius ater (Scarabaeidae). Journal of
Insect Behavior, 14: 69—88.

239



Holloway BA (1972) The systematic position of the genus Diphyllostoma Fall
(Coleoptera: Scarabaeoidea). New Zealand Journal of Science, 15: 31-38.

Howden (1982) Larval and adult characters of Frickius Germain, its relationship to the
Geotrupini, and a phylogeny of some major taxa in the Scarabaeoidea (Insecta:
Coleoptera). Canadian Journal of Zoology 60: 2713—-2724.

Hovore FT (2002) 28. Pleocomidae LeConte 1861. Pp. 20—22. In: Arnett RH, Thomas
MC, Skelley PE, Frank JH (eds.), American Beetles, Polyphaga: Scarabaeoidea
through Curculionoidea. 861 pp. CRC Press.

Huchet J-B (2000) Scission du genre Chiron Mac Leay, 1819 et description de deux
nouveaux genres de Chironidae (Coleoptera: Scarabacoidea). Annales Societe
Entomologique de France, 36: 3—28.

Huchet J-B, Lumaret J-P (2002) The larva of Chiron senegalensis and comments on its
relationships with other Scarabaeoidea (Coleoptera: Chironidae). European Journal
of Entomology, 99: 363—372.

Huchet J-B (2002) Révision du genre Amphiceratodon Huchet, 2000 (Coleoptera:
Scarabaeoidea : Chironidae). Bulletin de la Société entomologique de France, 107:
61-78.

Huchet J-B (2003) Insecta Coleoptera Chironidae. Faune de Madagascar, 90: 1-91.

Huchet J-B (2004) Révision du genre Theotimius Huchet, 2000 (Coleoptera :
Scarabacoidea : Chironidae). Annales Societe Entomologique de France, 40: 3—21.

Huchet J-B (2019) Quatre nouvelles especes du genre Chiron MacLeay, 1819 de la région
afrotropicale (Coleoptera: Scarabacoidea: Chironidae). Coléopteres, 25: 157—178.

Hunt T, Bergsten J, Levkanicova Z, Papadopoulou A, John OS, Wild R, Hammond PM,
Ahrens D, Balke M, Caterino MS, Gémez-Zurita J, Ribera I, Barraclough TG,
Bocakova M, Bocak L, Voglerl AP (2007) A comprehensive phylogeny of beetles
reveals the evolutionary origins of a superradiation. Science, 318: 1913—1916.

Iablokoft-Khnzorian SM (1977) Uber die phylogenie Lamellicornia. Entomologische
Abhandlungen Staatliches Museum fiir Tierkunde in Dresden, 41: 135-200.

Johansson F, S6derquist M, Bokma F (2009) Insect wing shape evolution: independent
effects of migratory and mate guarding flight on dragonfly wings. Biological Journal
of the Linnean Society, London, 97: 362-372.

Kaneko N, Kojima H (2017) Comparative morphology of the hindwing folding pattern
of herbivorous scarab beetles. Sayabane (n. ser.), Tokyo, 26: 16-24. (In Japanese
with English title and abstract.)

Kaneko N, Shigetoh H (2019a) [Three scarabaeid beetles form the Yoron Island.]
Sayabane (n. ser.), 36: 66—68.

240



Kaneko N, Shigetoh H (2019b) Distributional records of scarabaeid beetles (Coleoptera,
Scarabaeidae) from Tonaki-jima Is., the Okinawa Isls., Southwestern Japan. Elytra
(n. ser.), 9: 47-53.

Kaneko N, Taru S (2020) Distributional records of the Scarabaeoidea (Coleoptera) from
Iheya-jima, Noho-jima and Izena-jima Islands, the Iheya-Izena Islands in the
Ryukyus, Southwestern Japan. Elytra (n. ser.), 10: 173—184.

Kaneko N, Tanaka K (2021) The relationship between body size and hind wing folding
patterns in Rutelinae and Cetoniinae (Coleoptera: Scarabaeidae). Elytra (n. ser.), (in
prep.)

Kaneko N, Nomura S (2021) Comparison of mesonotal morphology in beetles of the
coprophagous group of Scarabaeidae and other scarabaeoid taxa (Coleoptera,
Scarabaeoidea). Zootaxa, (in prep.)

Kazantsev SV (2003—2004) Morphology of Lycidae with some considerations on
evolution of the Coleoptera. Elytron, 17—18: 73—-248.

Kim S, Farrell BD (2015) Phylogeny of world stag beetles (Coleoptera: Lucanidae)
reveals a Gondwanan origin of Darwin’s stag beetle. Molecular Phylogenetics and
Evolution, 86: 35—48.

Krajcik M (2012) Checklist of the world Scarabaeoidea. Animma.x—supplement 5, pp.
278. Plzen.

Krikken J (1984) A new key to the supprageneric taxa in the beetle family Cetoniidae,
with annotated lists of the known genera. Zoologische Verhandelingen, 210: 1-75.

Kukalova-Peck J, Lawrence JF (1993) Evolution of the hind wing in Coleoptera. The
Canadian Entomologist 125: 181-258.

Lacordaire JT (1856) Histoire Naturelle des Insectes. Genera des Coléoptéres, vol.3.
Paris: Librairie Encyclopedique de Roret, 1-594.

Larsén O (1966) On the morphology and function of the locomotor organs of the
Gyrinidae and other Coleoptera. Opuscula Entomologica (Supplementum), 30: 1—
241.

Lawrence JF, Newton AF (1982) Evolution and classification of beetles. Annual Review
of Ecology and Systematics, 13: 261-290.

Lawrence JF, Slipir'lski A, Seago AE, Thayer MK, Newton AF, Marvaldi AE (2011)
Phylogeny of the Coleoptera based on morphological characters of adults and larvae.
Annales Zoologici 61: 1-217.

Le TQ, Truong TV, Park SH, Quang Truong T, Ko JH, Park HC, Byun D (2013)
Improvement of the aerodynamic performance by wing flexibility and elytra-hind

wing interaction of a beetle during forward flight. Journal of the Royal Society

241



Interface 10: 20130312.

Li S, LuY, Wang B, LiJ, Yang X, Bai M. (2018) fElectrorubesopsinae, a new subfamily
from Cretaceous Burmese amber, as the possible sister group of Dynamopodinae
(Coleoptera: Scarabaeidae). Journal of Systematic Palaeontology, 17: 347-355.

Lopez-Guerrero Y, Halffter G (2000) Evolution of the spermatica in the Scarabaeoidea
(Coleoptera). Fragmenta Entomologica, 32: 225-285.

Lotz G (1962) Vergleichend morphologische und histologische Untersuchungen an der
Stigmen der Lamellicornier-Larven mit Beitragen zur Entwicklungsgeschichte.
Zeitzchrift fiir Morphologie und Okologie der Tiere, 50: 726-784.

Matsuda R (1970) Morphology and evolution of the insect thorax. Memoirs of the
Entomological Society of Canada, (76): 1-431.

Mckenna DD, Farrell BD, Caterino MS, Farnum CW, Hawks DC, Maddison DR, Seago
AE, Short AEZ, Newton AF, Thayer MK (2015) Phylogeny and evolution of
Staphyliniformia and Scarabaeiformia: forest litter as a stepping stone for
diversification of nonphytophagous beetles. Systematic Entomology, 40: 35—60.

McKenna DD, Shin S, Ahrens D, Balke M, Beza-Beza C, Clarke DJ, Donath A, Escalona
HE, Friedrich F, Letsch H, Liu S, Maddison D, Mayer C, Misof B, Murin PJ, Niehuis
O, Peters RS, Podsiadlowski L, Pohl H, Scully ED, Yan EV, Zhou X, Slipiﬁski A,
and Beutel RG (2019) The evolution and genomic basis of beetle diversity. PNAS
116 (49): 24729-24737.

Meinecke C-C (1975) Riechsensillen und Systematik der Lamellicornia (Insecta:
Colleoptera). Zoomorphologie, 82: 1-42.

Mencl L, Rakovi¢ M (2013) A treatise on a group of seven species of the genus Rhyparus
Westwood, 1845 (Coleoptera, Aphodiidae, Rhyparinae, Rhyparini) from the Western
Hemisphere. Taxonomical Series 9: 141—156.

Micé E, Morén MA, Sipek P, Galante E (2008) Larval morphology enhances
phylogenetic reconstruction in Cetoniidae (Coleoptera: Scarabaeoidea) and allows
the interpretation of the evolution of larval feeding habits. Systematic Entomology,
33: 128-144.

Mlambo S, Sole CL, Scholtz CH (2015) A molecular phylogeny of the African
Scarabaeinae (Coleoptera: Scarabaeidae). Arthropod systematics & Phylogeny 73:
303-321.

Monaghan MT, Inward DJG, Hunt T, Vogler AP (2007) A molecular phylogenetic analysis
of the Scarabaeinae (dung beetles). Molecular Phylogenetics and Evolution 45:
674—692.

Naomi S (1988) Comparative morphology of the Staphylinidae and the allied groups

242



(Coleoptera, Staphylinoidea). Kontyu, Tokyo, 56: 728-738.

Navarro FT, Rodriguez MA, Lavandero B, Fuentes-Contreras E (2015) Body mass and
wing geometric morphology of the codling moth (Lepidoptera: Tortricidae)
according to sex, location and host plant in the region of Maule, Chile. Ciencia e
Investigacion Agraria, Santiago, 42: 397-406.

Neita-Moreno JC, Agrain FA, Eberle J, Ahrens D, Pereyra V (2019) On the phylogenetic
position and systematics of extant and fossil Aclopinae (Coleoptera: Scarabaeidae).
Systematic Entomology, 44: 709—727.

Nel A, Scholtz CH (1990) Comparative morphology of the mouthparts of adult
Scarabaeoidea. Entomology Memoirs, 80: 1-84.

Nel A, Villiers WMD (1988) Mouthpart structure in adult scarab beetles (Coleoptera:
Scarabaeoidea). Entomologia Generalis, 13: 95-114.

Nikolayev GV (1993) The taxonomic placement in the subfamily Aphodiinae (Coleoptera,
Scarabaeidae) of the new genus of Lower Cretaceous scarab beetles from
Transbaykal. Paleontological Journal, 27, 1-8.

Nomura S (2015) A supplemental notes to Nomura (2014): Alacrista as a locking device
of the fore wings in horned beetle, Trypoxylus dichotomus (Linnaeus, 1771)
(Scarabaeidae). Sayabane New Series, (18): 30—32.

Norberg UM, Rayner JM (1987) Ecological morphology and flight in bats (Mammalia;
Chiroptera): wing adaptations, flight performance, foraging strategy and
echolocation. Philosophical Transactions of the Royal Society of London. Series B,
Biological Sciences, London, 316: 335-427.

Ocampo FC and Hawks DC (2006) Phylogenetic Analysis of the Scarab Family
Hybosoridae and Monographic Revision of the New World Subfamily Anaidinae
(Coleoptera: Scarabaeoidea). 2. Molecular phylogenetics and systematic placement
of the family Hybosoridae (Coleoptera: Scarabaeoidea). Bulletin of the University of
Nebraska State Museum, 19: 7—12.

Ochi T, Araya K, Masahiro K (2012) General remarks of Scarabaeoidea. In: Okajima S,
Araya K (Eds) The Standard of Scarabaeoid Beetles in Japan. Gakken, Tokyo,
108—119.

Ochi T, Masumoto K, Kakizoe S, Yanagi T (2019) A new species of the family Glaresidae
— the first species from Japan (Coleoptera, Scarabaeoidea). Kogane, 22: 55—58.
Ospina-Garcés SM, Escobar F, Baena ML, Davis ALV, Scholtz CH (2018) Do dung
beetles show interrelated evolutionary trends in wing morphology, flight

biomechanics and habitat preference? Evolutionary Ecology, Berlin, 32: 663—682.

Paulian R, Baraud J (1982) Faune des Coléopteres de France, II. Lucanoidea et

243



Scarabaeoidea. Lechevalier éditeur, pp. 473., Paris.

Paulian R (1984) Les Orphnidae Américains (Coléopteres, Scarabaeoidea). Annales de la
Société entomologique de France (N.S.), 20: 65-92.

Philips TK, Pretorius E, Scholtz CH (2004) A phylogenetic analysis of dung beetles
(Scarabaeidae: Scarabaeinae): unrolling an evolutionary history. Invertebrate
Systematics, 18: 53—88. doi: 10.1071/1S03030.

Philips TK (2011) The evolutionary history and diversification of dung beetles. In:
Simmons LW, Ridsdill-Smith TJ (Eds), Ecology and Evolution of Dung Beetles.
Wiley-Blackwell, New Jersey, 21-46.

Philips TK (2016) Phylogeny of the Oniticellini and Onthophagini dung beetles
(Scarabaeidae, Scarabaeinae) from morphological evidence. Zoo Keys, 579: 9-57.

Pittino R (2006) Two new genera and species of Asian Rhyparinae (Coleoptera,
Aphodiidae). Fragmenta entomologica, 38: 83—107.

Pretorius E, Philips TK, Scholtz CH (2001) Geometric morphometries, the
metendosternite and its use in phylogenetics of the Scarabaeinae (Coleoptera).
Elytron, 14: 125-148.

Pretorius E, Scholtz CH (2001) Geometric morphometrics and the analysis of higher taxa:
a case study based on the metendosternite of the Scarabaeoidea. Biological Journal
of the Linnean Society, 74: 35—50.

Pretorius E (1998) Phylogenetic and morphometric studies of major internal organ
systems on the Scarabacoidea (Coleoptera). 353 pp. PhD thesis, University of
Pretoria.

Rasband WS Image]J. U. S. National Institutes of Health, Bethesda, Maryland, USA,
http://rsb.info.nih.gov/ij/, 1997-2012.

Ritcher PO, Baker CW (1974) Ovariole numbers in Scarabaeoidea (Coleoptera:
Lucanidae, Passalidae, Scarabaeidae). Proceedings of the Entomological Society of
Washington, 76: 480—494.

Ritcher PO (1966) White grubs and their allies, a study of North American Scarabaeoid
Larvae. Oregon State University Monograph Series, 4: 1-219.

Ritcher PO (1969) Spiracles of adult Scarabaeoidea (Coleoptera) and their phylogenetic
significance. 1. The abdominal spiracles. Annals of the Entomolocical Society of
America, 62: 869—880.

Ritcher PO (1969) Spiracles of adult Scarabaeoidea (Coleoptera) and their significance.
I1. Thoracic spiracles and adjacent sclerites. Annals of the Entomolocical Society of
America, 62: 1388—1398.

Saito K, Nomura S, Yamamoto S, Niiyama R, Okabe Y (2017) Investigation of hindwing

244



folding in ladybird beetles by artificial elytron transplantation and microcomputed
tomography. Proceedings of the National Academy of Sciences, Washington, District
of Columbia, 114: 5624—5628.

Saito K, Yamamoto S, Maruyama M, Okabe Y (2014) Asymmetric hindwing foldings in
rove beetles. Proceedings of the National Academy of Sciences, Washington, District
of Columbia, 46: 16349—16352.

Sane SP (2003) The aerodynamics of insect flight. Journal of Experimental Biology,
Cambridge, 206: 4191-4208.

Schneider VP (1978) Die Flug- und Faltungstypen der Kéfer (Coleoptera). Zoologische
Jahrbiicher. Abteilung fiir Anatomie und Ontogenie der Tiere Abteilung fiir Anatomie
und Ontogenie der Tiere, 99: 177-210.

Scholtz CH, Browne J (1996) Polyphyly in the Geotrupidae (Coleoptera: Scarabaeoidea):
a case for a new family. Journal of Natural History, 30: 597-614.

Scholtz CH, d’Hotman D, Nel A (1987) Glaresidae, a new family of Scarabaeoidea
(Coleoptera) to accommodate the genus Glaresis Erichson. Systematic Entomology,
12: 345-354.

Scholtz CH, Grebennikov VV (2005) Scrabaeiformia, pp 345-365. Handbook of zoology,
Vol. 1V, Arthropoda, part II, Insecta (edited by N.P. Kristensen and R.G. Beutel),
Coleoptera, Vol. 1: Morphology and systematics (Archostemata, Adephaga,
Myxophaga, Polyphaga partim) (edited by R.G. Beutel and R.A.B. Leschen). Walter
De Gruyter, Berlin

Scholtz CH, Grebennikov VV (2016) Scarabaeoidea Latreille, 1802. In: Beutel RG,
Leschen RAB (Eds.), Handbook of Zoology. Arthropoda: Insecta, Coleoptera,
Beetles, Vol. 1: Morphology and Systematics (Archostemata, Adephaga,
Myxophaga, Polyphaga partim). Walter de Gruyter, Berlin / Boston, pp. 443-525.

Scholtz CH, Peck SB (1990) Description of a Polynoncus Burmeister larva, with
implication for phylogeny of the Trogidae (Coleoptera: Scarabaeoidea). Systematic
Entomology, 15: 383—3809.

Scholtz CH (1986) Phylogeny and systematics of Trogidae (Coleoptera: Scarabaeoidea).
Systematic Entomology, 11: 355—363.

Scholtz CH (1988) Biology of Sparrmannia flava Arrow (Scarabaeidae: Melolonthinae).
The Coleopterists Bulletin, 42: 57-62.

Scholtz CH (1990) Phylogenetic trends in the Scarabaeoidea (Coleoptera). Journal of
Natural History, 24: 1027-1066.

Schoolmeesters P (2020) Scarabs: World Scarabaeidae Database (version 2020-10-06).
In: Roskov Y, Ower G, Orrell T, Nicolson D, Bailly N, Kirk PM, Bourgoin T, DeWalt

245



RE, Decock W, van Nieukerken EJ, Penev L (eds.). Species 2000 & ITIS Catalogue
of Life, 2020-12-01. Digital resource at www.catalogueoflife.org. Species 2000:
Naturalis, Leiden, the Netherlands. ISSN 2405-8858.

Schunk C, Swartz SM, Breuer KS (2017) The influence of aspect ratio and stroke pattern
on force generation of a bat-inspired membrane wing. Interface Focus, London, 7.
20160083.

Shibuya S, Kiritani K, Fukuda K (2017) Biology of Synuchus cycloderus (Coleoptera:
Carabidae) — The seasonal activity, reproductive phenology and flight ability of
adult populations. Kontyii (n. ser.), Tokyo, 20: 19-31. (In Japanese with English title
and abstract.)

Sipek P, Gill BD, Grebennikov VV (2009) Afromontane Coelocorynus (Coleoptera:
Scarabaeidae: Cetoniinae): Larval descriptions, biological notes and phylogenetic
placement. European Journal of Entomology, 106: 95-106.

Sipek P, Jansta P, Kral D (2011) Immature stages of Euchirinae (Coleoptera:
Scarabaeoidea): genera Cheirotonus and Propomacrus with comments on their
phylogeny based on larval and adult characters. Invertebrate Systematics, 25: 282—
302.

Sipek P, Fabrizi S, Eberle J, Ahrens D (2016) A molecular phylogeny of rose chafers
(Coleoptera: Scarabaeidae: Cetoniinae) reveals a complex and concerted
morphological evolution related to their flight mode. Molecular Phylogenetics and
Evolution, 101: 163—175.

Sitorus PE, Park HC, Byun D, Goo NS, Han CH (2010) The role of elytra in beetle flight:
I. Generation of quasi-static aerodynamic forces. Journal of Bionic Engineering, 7:
354-363.

Smith ABT, Hawks DC, Heraty JM (2006) An overview of the classification and
evolution of the major scarab beetle clades (Coleoptera: Scarabaeoidea) based on
preliminary molecular analysis. Coleopterists Society Monograph, 5: 35-46.

Smith ABT (2006) A review of the family-group names for the superfamily Scarabaeoidea
(Coleoptera) with corrections to nomenclature and a current classification.
Coleopterists Society Monograph, 5: 144—204.

Smith SG, Virkki N (1978) Animal Cytogenetics, Vol. 3. Insecta 5. 366 pp. Gebriider
Borntriger, Berlin.

Snodgrass RE (1909) The thorax of insects and the articulation of the wings. U. S.
National Museum. Proceedings. Washington, 36: 511-595.

Snodgrass RE (1935) Principles of Insect Morphology. Cornell University, pp. 667.

Sreedevi K, Tyagi S, Ramamurthy VV (2015) Egg morphology of twelve species of

246



Melolonthinae and Rutelinae (Coleoptera: Scarabaeidae). The Coleopterists Bulletin,
69: 426-434.

Stebnicka ZT, Dellacasa M, Skelley PE (2003) Review of New World Aegialiini
(Coleoptera: Scarabaeidae: Aphodiinae), with descriptions of two new genera from
South America. Insecta Mundi, 17: 73—83.

Stebnicka Z (1977) A revision of the world species of the tribe Aegialiini (Coleoptera,
Scarabaeidae, Aphodiinae). Acta Zoologica Cracoviensia, 22: 397-506 + XXIII.

Suarez-Tovar CM, Sarmiento CE (2016) Beyond the wing planform: morphological
differentiation between migratory and nonmigratory dragonfly species. Journal of
Evolutionary Biology, Nueremberg, 29: 690-703.

Sugimoto M, Ogawa N, Yoshizawa K (2018) Morphology of the elytral base sclerites.
Arthropod Structure & Development, 47: 423—429.

Tanner VM (1927) The female genitalia of Coleoptera. Transactions of the American
Entomological Society, 53: 3-50.

Tarasov SI, Solodovnikov AY (2011) Phylogenetic analyses reveal reliable
morphologicalmarkers to classify mega-diversity in Onthophagini dung beetles
(Coleoptera, Scarabaeidae, Scarabaeinae). Cladistics, 27: 490—528.

Tarasov S, Génier F (2015) Innovative bayesian and parsimony phylogeny of dung beetles
(Coleoptera, Scarabaeidae, Scarabaeinae) enhanced by ontology-based partitioning
of  morphological  characters. PLoS ONE 10: e0116671. doi:
10.1371/journal.pone.0116671.

Tarasov S, Dimitrov D (2016) Multigene phylogenetic analysis redefines dung beetles
relationships and classification (Coleoptera, Scarabaeidae, Scarabaeinae). BMC
Evolution Biology, 16: 257.

Tarasov S (2017) A cybertaxonomic revision of the new dung beetle tribe Parachoriini
and its phylogenetic assessment using molecular and morphological date. Zootaxa,
4329: 101-149.

Taylor PD, Merriam G (1995) Wing morphology of a forest damselfly is related to
landscape structure. Oikos, Lund, 73: 43—48.

Tocco C, Dacke M, Byrne M (2019) Eye and wing structure closely reflects the visual
ecology of dung beetles. Journal of Comparative Physiology A, Berlin, 205:
211-221.

Torres F, Rodriguez MA, Lavandero B, Fuentes-Contreras E (2015) Body mass and wing
geometric morphology of the codling moth (Lepidoptera: Tortricidae) according to
sex, location and host plant in the region of Maule, Chile. Ciencia e Investigacion
Agraria, Santiago, 42: 397-406.

247



Truong Q-T, Argyoganendro BW, Park HC (2014) Design and demonstration of insect
mimicking foldable artificial wing using four-bar linkage systems. Journal of bionic
engineering, 11: 449—458.

Wada K (2015) Systematic study of the genus Parastasia Westwood, 1842 (Coleoptera,
Scarabaeidae). PhD thesis, Kyushu University Institutional Repository.

Weir TA, Lawrence JF, Lemann C, Gunter NL (2019) Scarabaeidae: Aphodiinae Leach,
1815. In: Slipinski A, Lawrence JF (Eds), Australian Beetles. Archostemata,
Myxophaga, Adephaga, Polyphaga (part). CSIRO, Victoria, 431-442.

Yadav JS, Pillai RK (1979) Evolution of karyotypes and phylogenetic relationships in
Scarabaeidae (Coleoptera). Zoologischer Anzeiger, 202: 105—108.

Yadav JS, Pillai RK, Karamjeet (1979) Chromosome numbers of Scarabaeidae
(Polyphaga: Coleoptera). The Coleopterists Bulletin, 33: 309-318.

Yeates DK, Logan DP, Lambkin C (1999) Immature stages of the bee fly Ligyra satyrus
(F.) (Diptera: Bombyliidae): A hyperparasitoid of canegrubs (Coleoptera:
Scarabaeidae). Australian Journal of Entomology, 38: 300-304.

Young, R. M. (1989) Euchirinae (Coleoptera: Scarabaeidae) of the World: Distribution
and Taxonomy. The Coleopterists Bulletin, 43: 205-236.

248



