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General Abstract

BEHENEEBAEYO 4 530 3 1TET DT EDERRRESZRMEZEBL LT
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F ZCARFCR ST, RO THISMII HE A S AN AR L TV 2 B E
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5. PAHOREKORHME LT, BELLRABHZEELRND, 4 HHATH
Bk 72 & OFAREEE A M NSRS mRZET 6D, 20O X 9 Al H Ol
IR SRR I, RO 22 MEA M 2 BR E | ZHEE D
EOTEROM G ERIETE HHERL LWET L THD, ZD LI RE Mz
DWAE AV, FARE O EERIR OIBE 2 R L T O ESERTTT 5 2
ET, MICHFET SHE . TR AT BT HGRELZHLNCTED
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General Abstract

Yivax

—E T, )7 B EE &2 FFOSEWEE H  (Auchenorrhyncha) % x4 & L
TR PG A 1T o 7o, HEKR. B OREFH 7 M NHERE T & 2 BEEEIZ S
W, R o EAE CES SN T o E . WNLICE S — T VR
L7 T HMOXT 5 2 GRS Tz, Lo LT nofE s, Bk
HICBE D D IE OFEM R AT ICEE S SHEEIL e STV Ry, £ 2T, kRl
SMARFROMGEE BHRE LT, EYHE 2T 2 IR TE - ~nIr e TH
ICBW T, BEERERE &2 Fr O - B2 WBEZ NN o NI 2 L RICRS AT L
2o TOER, EIBTFTEBLONT R FH T, Wb EERICHER
LBk RE 2 FF D b DD Bl 2 G S BEREAR IC 2 L T D Z & 23
WENTZ, O LG, MEABEEERE TS B oM E Tide <. &
DO TFH THNICES SN Z LRSI NTe, £, MOBRHEET TR,
TRANF O/ INREESCIN B OIS S Z OfER 2L Lz, 202 i, SEWE
HUSh D 3 #iEIZIWT H A A I i BB RE 2 8B 1S S e mT et 2 R L
T3,

BT, R OB O ORI A HEI T D ~ <L JRA
72 B IREEZ Il bR L CW D W E  (Sternorrhyncha) % x4 & L7-AfF %8 %
Tolee AHBICET 22 4 EROSH, a7 P I7IBL0F VT I TRRET
RSN 50, BHRIZED 2T E O RIZE A E T, £ ORI AAMENA
bole, T, HANSTERG L LT, IWEEE L ABEROBELZITV.,
M E & R B0 Lz, ZORER. BV B O I IBkEERRE 2 Fr 7237, Bk
WZz1To 2 BRI TR MSLICHRREERE SN L L7 2 v s v, BLE
1 H W E E EAR. REWEE B oL@ b BRI RE 2 Fi- T, fSeIRERICIT
WA Z 0K L TR 0 . BREEMEREIZMEM BN T 2 BIANZICHE(L L Tz &
fam i BT,

Vb, B—% - F_HmOMBEND, FHEOMET. oBELTTORNVE
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H & RO MG 2 B > T 22 b 00vb 577, BEFORFASLHAT DR
BN G Fa 2B DB R EOUWER VIR LEZ > TWVDH Z &0
RENT, Flo. WTHROGEEIZIBW TS RA OME/ N0 5 S BEHEE RE D J&
Bl lbicEgani enn, FHBICIE, RAMBEZFL7-0ICKEL S
N5 OEFE BRI ZFTHIE L, BIIHT LVOEERE & I 5 it 2 A1l
THHERNFET D EEZ DN, TNEEBT 2B EMNARERE LT, T
~OFFIERE D LA ATREIED — D & L CTHE Sz,

Z 2 CH BT, P~ ORMBERE DL KRB LN & LT, W,
&V DT HIEADEREEEICER U CRRFERINIEZ1T o 7o, hERE IS,
TREUFIC 4 B OMEFERITHES L, 2 oM E L TR oG TH 5,
ORI, A 2 S ERTREICIE A < BTV DN, T OFEMZRE L
FIZOWTIEHFHRITHRFI EN TR o T, T TARETIE, FHEIZBIT S
EAERE S ORI 2 RETT D720, PHUE O LR DHBEE (Fx ¥ T LY
) OWERAEEORBA MR Uiz, T oK, BB IFFHE & I3MLITH
BAEHEE 215 L T ERH O o7, UL EHEOARETH D4
ME (THFI v~ R, B SHOBMOBEERERET D L, B
e ERTIE T, EhEno BIZob L To BIRNAICEEEE D ER S
T ENIRBEENT, EHIZ, T X T LY  THIUvTITZENZENOMNL
T2 —EhEAEEE N ES SN TV oIkt L, 8E CIXEWER ., AV
H. Z L CEBFEE+HHYIEE OZNEN THEDEWDRD b, HiHE
DMNLIZEBEE L L W 2 E B3R SN, £, Z2<OHREITE N T,
BREERERB I SN » TR E N (L L TW e Z ERmB a2 Lnn, Bk
R EE & S E OELICIZBEMEN S D EE X bie, Lo L., BRiE#eE
ZROLRNOMEFEELZ RS 2TV T I0XIRblbH D2 LG, WES
WEDOERIIHMOUEZEB LIcME—DERK L ETIEE2 T, toBEDH
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RAEORRKOKHMIZ. 2EZEDO 4 530 3 IZET DIEEOERMNLES
HETH D, BN DX D 22 b a2 E8 LRI, BUEE TEM PRI
DOEBEDOHITH D felT TE 7z, —MRANIZ, BEiE - BB Z &5 0RLR 78 a7 TR
DIEIX, W) O 2 BiEh 3 % K & 7¢ )58 /) CT& % (Hall and Olson, 2003),
BRTH, LMD AT — P2 far | TS LT 2 &, BREINEHRILZ I L
TRRKOERNTHD EBEZ LTS (Grimardi and Engel, 2005), $F 2 OEE
X, AL DO RWEBEIZREE L, BRIROMIGHIICKE R EE 5
ZT-EEZ BN TWD (Brodsky, 1994; Misof et al., 2014a), F7=. ik L 7-Rij#
DEES i+ B " L 7 572 & (Linzetal., 2016), WA U 7= 7= 7o ke &
DI L D Z RO L VR LD,

ADOHELIEYL, hoRLFa v, A7 AV EREL TCHa0n5 koI,
A CTEHATBEIC LY . ZNENOER D L ITRAENRADTEREIT Sk
fEL T3 (cf. Reed et al., 2011), F£7-. FEERCHEEIC L, Y IR Fo~Y v 7

NS

NV RIRO O, MERED R L7 R BT &L Bx O IR T RESORERE O it
{ERNF B TED  BEATHIZED D 5T % (Yoshizawa et al., 2014; Biisse et
al, 2017) ., —F4. W& DMEE LD &, 1ZE A EDRBPBITH & WA
IO RKES 2 5H SN TR D, ZOEAEECEAEITZRICZ LY, L
L. Z2EMER720 DHRRERY R ZARMEIZZ LW DO E W ) fRld, 2T E Tice
KRINTZeholz, TORMICEZ 21X, WEEENZHELL TV D
BHRAMEHZ, 2 bR OBEE L Z R L. Mo Z b2 1517 TV S
FIDMI N BT DB N B D, & 2 TARPAGRICTIL, MEiEs e
IREAFMEDRS RO 2 B A O NEERE. & 0 DT BkEERERICTER LT,

BrEERSEE IS, B RRICB WA A DN A EEEEETH Y | HRENDL D
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EIRE - S - REFARTOBEREZEICAE I TH D LB X LTV D (Alexander, 1995;
Burrows, 2003), EHIZHBWTH, EHE, #@H#AH - HEHH - H#E - RHA -
(R - BOARE - HlE - AR - AR & o T2tV PR 2 b ST
BO., A RRMTHEVDIRLELTELZEEZ BN TWS (Furth and Suzuki,
1992; Picker et al., 2011), BkPEIZIX. ZO= XA F—2ELHT 72O DOE KB
WD LETH D, LinL, MEOFEFEORNL, T 2 £ 2 3 TR A
T EDBHILTEY (Snodgrass, 1935; Brodsky, 1994; Chapman, 2013). fth o isE
WL T DRIV E B BN D, EBRIS, BEREZIT O BHROIZL A LI
Ny ZITREFESND K H 1, MEINROMEE, S>F 0 BRREZ2 &< RE RE
S, BRI & LTk LTV % (Snodgrass, 1935), = DAL, TRAAGIC TH
L TBHRRREZ I TE 5 L VI JICBDTERE R DO TH L, £
TOMITBKEZ O L O DRI L AADEE L 5 2 (Burrows and Sutton,
2008), FACKROEREETH HBITICH L THEREN O D LHBHAbND,
—J7. MOBEFRIbZ D7 WO BEEREAE & LT iR P oD sis i 451 7% 4 Bk e

& U CHESE D MmN Bk RE S — O R iz st Tngd, L, i
WU L D RN G RO ) T 7 A/ Il BICRAKEZ K-
T=57HERE (Burrows, 2009a, 2011) <P, FRFH & I MERAR 2R ATIIC £ DFERE 2 FFO H
(P UFAALE - /IS T Y U8H; Ogawa, 2017, unpubl. data; Yoshida,
2018, pers. comm.) 7 & AL & O TR ARERITE Z & 22 R T TR
FENEGESNTVD LONRZ, F—MZPICI W TR & HAr L 7 B
REZRFHOERIT, FHARAUANATIIRRA, BARO I LML TE
59, BISZREETH D &5 2% (Furth and Suzuki, 1992),

LorUBE IR, FELTRAG 2 RFF L2225, 72B00 4 #H 2T THE
IR BEIEMRE 2 S NICER L TV D R Tl TRER 7 LVL—TTh %
(Burrows, 2013; Chapman, 2013), Z ® X 5 72 Y- H ORGERIC & S35 Fekibi

6



General Introduction

B B OBERERY 2R ZARMEMER W RIR & | BRI 2Rk A2 & 72 b3 E K O
WHEBRECE DR EO LWET AV TH D, ZDOX D RS AF >R % 1
VN BREEEERE DS RIR O E 2 i L T2 OES 2 HEtd 2 2 L T M
FAET DRI & COFIKIEZFTBIHTERONGT 2\ LN TE LS9, £
DI=OITiE. BREERE O 2 HEE L. £ ORI T 2 TBRE NS
K DAL L FRET DMEN D DH, £z, HIKOMIEZ FEBR LIZRE0H 5
JFREIZOWTHFRFICHRAT o0& ThoH LB BND,

B—ETIE, MO TWDHIRYICEB W TR 1o T ik o Bk R
(Burrows, 2009b) % &F->SAWIHE H (Auchenorrhyncha) % %f5: & L 7= FE B2 A
FeaAT o7z, Tk, FBA OREHRMEBNIERE TH DBEEIC DWW TiE, A
Aodb@fle TGS NI LT D e ., WK T N—TPEE LI LT 5
DXILT D 2 AR SN TV, LA L, BiE I bA OOVE RS AR A IR
HUZL72bDOTH Y, BB ITEEWERE DM 2 X5 & L7252 W CRIRIY
(R SNTZbDTHD Z LD WG FEMREREEI 2RI IS R TIE
BNEWIEAER D o7, T, ERASAGROMRGEEZ BV E LT, Y
HHZWRTH2EIRTE - "FrERTEZRENICEZENDLTNTO EF
ARG L U, BREHERE 2 F5ORE « FRo R W BED IS AR 2 /A L 7,

5 _E T, A OMEOMIEERE (770 R T V) 2HENT 5~
VB O T b RG22 T E 2R FF L TV 2 @Y B (Sternorrhyncha) %
MR E LT, WU BREBEHRMZEZTo7c, YHERIZT 77463 ¥V 7
IV AATT Ly aFTTI0 4 ERPLRDIEATH D, HTH, 4D
"jumping plant lice"25 /"8 . ¥ 27 JITBKEITEIZ " T 2 L TR BT
WD, MORHTOBERIZEE T 2 MW R e liEIlc s EE o T, filx
(I, AWFEDOIEMRE 2 2 T RS P ANBRR ITEN I 7 X 27U T 10065
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Chapter 1

Chapter 1

Thoracic musculature associated with jumping in Auchenorrhyncha

Note: This chapter includes a version of an article published in Organisms Diversity &
Evolution: Ogawa, N. and Yoshizawa, K. 2017. Morphological dissection of behaviour:
thoracic musculature clarifies independent development of jumping mechanisms
between sister groups, planthoppers and leafhoppers (Insecta: Hemiptera:

Auchenorrhyncha). Organisms Diversity & Evolution 17(3): 521-530.



Chapter 1

ABSTRACT

Morphological and behavioural characters are frequently examined for comparative
studies. Unlike morphology, a single behavioural trait is difficult to subdivide as
multiple characters, even when achieved by many evolutionary changes. Therefore,
when similar behavioural traits evolved independently among closely retaled taxa, their
distinction is difficult. AImost all members of the suborder Auchenorrhyncha (Insecta:
Hemiptera) possess a jumping ability that uses metathoracic muscles, and this
behavioural trait has been regarded as a synapomorphy. In this study, the anatomical
observations of metathoracic muscles revealed that highly elaborated jumping ability
was gained independently within the suborder, although the evolution of jJumping ability
might have been initiated at their common ancestor. My results provide an example of
identifying a true evolutionary pathway by dissecting a behavioural character into

mechanical elements.

Key words functional morphology ¢ behavior ¢ character evolution * evolutionary

novelty
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INTRODUCTION

For morphology-based phylogenetic analyses and/or studies of morphological
evolution, a single structure is usually subdivided into several smaller elements. For
example, the insect mandible is composed of a single sclerite, but molar, incisor, and
anterior and posterior articulations, among others, are recognized as mandibular
elements and coded separately for phylogenetic and/or evolutionary analyses. By
contrast, such a subdivision is usually difficult for behavioural characters. Therefore,
when a behavioural trait is the subject of phylogenetic comparative analyses, the trait is
generally treated as a single character (eg. “eusociality” in Carpenter, 1982; “paratisism”
in Johnson et al., 2004; “maternal child care” in Tsai et al., 2015), although a single
behavioural change almost always involves multiple morphological, physiological,
and/or neural changes.

"Jumping ability" is such an example, and when this trait has been the focus of
study, it is treated as a single character (Hennig, 1981). However, this ability was
actually achieved by a combination of many structural modifications, including those of
muscles, muscle attachments, and associated sclerites and those for energy storage and
the locking system, among others (Gorb, 2004). Therefore, the jJumping behaviour can
be separated into many functional elements morphologically that can clarify the
evolutionary pathway of jumping ability. In some simple cases, the independent origins
of these functional elements are obvious. For example, locusts jump using muscles in
their hind femur, whereas fleas use extrinsic leg muscles (Bennet-Clark and Lucey,
1967; Brown, 1967), and the independent origins are easily recognizable. By contrast,
both locusts and jumping cockroaches use hind femur muscles for jumping (Picker et al.,

2011); however, distant phylogenetic affinity indicates independent origins of jumping
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ability. When similar mechanisms evolved independently in closely related taxa,
however, their distinction is far more difficult.

The suborder Auchenorrhyncha (Insecta: Hemiptera) is composed of
planthoppers (infraorder Fulgoromorpha) and leafhoppers, treehoppers, froghoppers (or
spittle bugs) and cicadas (infraorder Cicadomorpha). Monophyly of Auchenorrhyncha
was once debated (Bourgoin and Campbell, 2002; Forero, 2008), but subsequent
morphological (Yoshizawa and Saigusa, 2001) and molecular (Cryan and Urban, 2012;
Misof et al., 2014a) analyses converged to support its monophyly. The suborder is well
known for jumping ability, with the exception of cicadas. The jumping is very fast and
strong, and the suborder includes champions among all jumping insects with take-off
velocities that reach up to 5.5 m s™ and 719g in kicking force (Fulgoroidea: Issidae)
(Burrows, 2009b). All auchenorrhynchous insects use the metathoracic muscles for
jumping. Therefore, by focusing only on this behavioural character, the most
parsimonious interpretation for the evolution of their jumping ability is that it evolved
once in their common ancestor and then the ability was lost secondarily in cicadas (Fig.
C1-1A), as generally assumed (Kristensen, 1975; Hennig, 1981; Shcherbakov and Popov,
1997). However, the condition of the principal jumping muscle (i.e., trochanter
depressor muscle) is different between Cicadomorpha and Fulgoromorpha (Burrows and
Bréaunig, 2010). In addition, froghoppers (Cicadomorpha: Cercopoidea) have protrusions
on the hind coxa and femur that are engaged when the hindleg is cocked for jumping
preparation (Burrows, 2009b), whereas the femoral protrusion is completely reduced in
planthoppers (Fulgoromorpha) (Burrows, 2009b). Because of these morphological and
mechanical differences, jumping ability might have evolved independently in these sister
infraorders, which is a less parsimonious interpretation based on the behavioural trait

(Fig. C1-1B). Furthermore, when | accept the independent origins of jumping ability,
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then independent origins of jumping ability within Cicadomorpha (Fig. C1-1C) or a
more complicated evolutionary scenario (Fig. C1-1D) also become equally parsimonious
interpretations. To solve this question, detailed morphological observations throughout
the auchenorrhynchans and phylogenetic reconstruction of character evolution are
required.

In this chapter, | verify these four alternative hypotheses by morphological
dissection and observation of auchenorrhynchan jumping muscules. Our examination
provides an example assessing the more likely evolutionary pathway by dissecting a
behavioural character into mechanical elements. The results also provide useful
information for understanding the ancestral traits of morphology and behaviour in

Hemiptera.

MATERIALS AND METHODS

Taxa examined

| selected Ricaniidae and Fulgoridae (Fulgoromorpha), Cicadellidae and
Membracidae (Membracoidea), Cercopidae, Machaerotidae, Clastopteridae and
Aphrophoridae (Cercopoidea) and Cicadidae and Tettigarctidae (Cicadoidea) for
examinations. Stenopsocus nigricellus (Psocodea: "Psocoptera™) was selected as a close
outgroup, and the tree was rooted with Zorotypidae (Friedrich and Beutel, 2008).
Jumping behavior does not occur in the selected outgroups. The taxa examined are listed

in Table C1-1.

Specimen preparation and observation

Specimens fixed in FAA solution (formalin:dehydrated ethanol:acetic acid =

13



Chapter 1

6:16:1) (Ogawa and Miura, 2013) and stored in 80% ethanol were used. A specimen of
Tettigarctidae (Cicadoidea) that had originally been dried and later soaked was also
examined as a supplemental specimen. Specimens were dissected with a FH-20 razor
blade (Feather Safety Razor Co., Ltd., Osaka, Japan) and forceps. Some specimens were
macerated in 10% KOH solution to facilitate observations of the skeletons. SZ61 and
SZX16 binocular microscopes (Olympus Corporation, Tokyo, Japan) and a Zeiss
Axiophoto light microscope (Carl Zeiss, Oberkochen, Germany) were used for
observations. The illustrations were drawn using a Cintiq 13HD graphics tablet (Wacom
Co., Ltd., Saitama, Japan) and Clip Studio Paint Pro (Celsys, Inc., Tokyo, Japan) and
modified in Adobe Photoshop CC and Adobe Illustrator CC. The investigated muscles
were homologized based on their origin/insertion points and their positional relation to

the circumjacent muscles.

Terminologies of Muscles

Terminologies of individual muscles followed Friedrich and Beutel (2008)
because of their systematic nomenclature. The thoracic segments were indicated by
roman numerals prefixed to the muscle name (e.g., Illdvm1: metathoracic dvm1).
Correspondence to the traditional nomenclature, abbreviations and their origin and

insertion is given in Table C1-2.

Target muscles for observation

| focused on metathoracic indirect flight muscles and trochanter depressor
muscles. Meso- and metathoraces of neopteran insects are usually filled with large
indirect flight muscles (Fig. C1-2). Whereas some muscles are bifunctional and provide

power for flight and walking, the principal indirect flight muscles are usually
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monofunctional (Brodsky 1994). They attach to robust sclerites, i.e., tergum, sternum
and phragma, and they generate principle flight power (Brodsky, 1994). The indirect
flight muscles were classified into three categories: dorsal longitudinal indirect flight
muscle (DLM), dorsoventral flight muscle (DVM) and oblique dorsal flight muscle
(ODM) (Crossley, 1978; Brodsky, 1994) (Fig. C1-2). DLM, DVM and ODM correspond
to dlm1 (phragma-phragmalis muscle), dvm1 (noto-sternalis muscle), and dim2/3
(noto-phragmalis muscle/scutello-scutellaris muscle) in Friedrich and Beutel (2008),
respectively.

The trochanter depressor muscles generate principal power of auchenorrhynchan
jumping, which can be subdivided into functional elements (Gorb, 2004; Burrows and
Braunig, 2010). Neopteran insects usually have four bundles of metathoracic trochanter
depressor muscles, scm6 (from furca), pcm5 (from metanepisternum and basalare), and

dvm7 (from notum) (Friedrich and Beutel, 2008) (Fig. C1-2).

Parsimony Analysis

Phylogenetic relationships of Auchenorrhyncha and outgroups were taken from
Urban and Cryan (2007), Cryan and Urban (Cryan and Urban, 2012) and Misof et al.
(2014a). Most parsimonious reconstruction of the ancestral character states (jumping
behaviour and conditions of jumping/flight muscles) was performed using Mesquite 3.04
(Maddison and Maddison, 2015). Behaviors of leaping over the wither height and/or
body length starting from rest position without wing flapping were defined as “Jumping”

based on my observation.

Character 1. I1lpcm5: not developed as jumping muscle (0) developed as major jumping

muscle (1). State 0 was observed in outgroups and Cicadoidea. State 1 was
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observed in all jumping Auchenorrhyncha (Fig. C1-3A-F).

Character 2: Origin of I1lpcmb5: restricted to dorsal episternam and basalare (0);
expanded to ventral metanepisternum (1). State 0 was observed in outgroups
and Fulgoromorpha. State 1 was observed throughout Cicadomorpha including

Cicadoidea.

Character 3: Apodeme of basalare: not enlarged (0); enlarged (1). State 1 was only

observed in Fulgoromorpha.

Character 4. I1ldvm7: present (0); absent (1). State 1 was only observed in

Fulgoromorpha. (Fig. C1-3A, B).

Character 5. Jumping function in 1lldvm?7: not developed as jumping muscle (0);
developed as jumping muscle (1). State 1 was only observed in jumping

cicadomorphans. State of Fulgoromorpha was treated as unknown.

Character 6. DVM (llldvm1): present (0); absent (1). State 1 was only observed in
Fulgoromorpha (Fig. C1-3A, B). DVM of the other examined taxa was present

(State 0).

Character 7. DLM (111dIm1): developed (0); reduced or absent (1). A state that
occupancy of DLM attachment surface on meso- or metaphragma is below 50%
was defined as “reduced”. State 1 was observed in all cicadomorphans (Fig.

C1-3C-H). Fulgoromorpha and outgroups possessed developed DLM (State 0)
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Character 8. DLM (l111dvm1): independent from I1ldvm7 (0); surrounded by Illdvm7 (1).
Almost examined taxa have two bundles of DLM (Figs C1-2; C1-3A, B, E, F;
Friedrich & Beutel 2008) (State 0). In Aphrophoridae (Fig. C1-3C, D) and

Machaerotidae (Cercopoidea), small DLM was surrounded by huge I11ldvm7

(State 1).

Character 9. ODM (111dIm2/3): developed (0); reduced or absent (1). A state that
occupancy of ODM attachment surface on metaphragma is below 20% was
defined as “reduced”. In almost all Cicadomorphans, ODM was reduced (Fig.

C1-3C, E, G) (State 1). Fulgoromorpha and outgroups possessed developed
ODM (State 0).

Character 10. Hind trochanteral tendon: not sheet shaped (0); sheet-shaped (1).
Sheet-shaped tendon (state 1) was observed in Cicadomorphans, although
morphologies were more or less different (Fig. C1-4B-D). Fulgoromorpha and

Stenopsocidae had a non-sheet-shaped tendon.
Character 11. Mesophragma: occupied by DLM (0); occupied by I1ldvm7 (1); with large
empty space (2). The mesophragma of Fulgoromorpha was occupied by DLM

(StateO: Fig. C1-3A, B). State 1 was observed in jumping Cicadomorpha (Fig.

C1-3D, F), and State 2 was only observed in Cicadoidea (Fig. C1-3H).

RESULTS
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Metathoracic musculature of Fulgoroidea (Fulgoromorpha:Auchenorrhyncha)
Metathoracic musculature in the Fulgoromorpha is highly modified and
rearranged (Fig. C1-3A, B). The lower part of the metathorax is filled with a
cylinder-shaped jumping muscle (Fig. C1-3A, B). The jumping muscle originates from a
well-developed basalare and small metanepisternum (Character 2:0; 3:1) (Fig. C1-5A),
and is inserted into the dorsal region of the robust tendon (Figs C1- 3A, B; C1-4A). The
attachment point of the tendon has the form of a funnel (Character 10:0) (Fig. C1-4A).
The jumping muscle is homologous to Illpcm5 (Character 1:1). Completely absent are
other trochanter depressor muscles, I1lscm6 and I1ldvm7 (Character 4:1). The DLM and
ODM are well developed (Character 7:0; 9:0; 11:0), but the DVM is completely absent

(Character 6:1) (Fig. C1-3A, B).

Metathoracic musculature of Membracoidea (Cicadomorpha: Auchenorrhyncha)

As in the Fulgoroidea, the Membracoidea also have jumping muscles in the
metathorax. However, their metathoracic musculature differs significantly from that of
the fulgoromorphans, as also noted by Burrows and Braunig (2010) and Burrows (2013)
(Fig. C1-3C, D).

Most flight muscles are reduced, and most of the metathoracic space is filled
with the jumping muscles composed of two trochanter depressor muscles (Fig. C1-3D)
(Burrows 2007; Gorb 2004; Maki 1938). In Membracidae, the tendon is shaped as a
shingle sheet with a sclerotized stem. The tendon of Cicadellidae is similar, but the
tendon forks basally (Fig. C1-4B) (Character 10:1). Both jumping muscles are inserted
on the ventral side of the tendon. The muscle inserted on the ventroproximal side is
homologous to I1ldvm7 (Character 4:0; 5:1), and its origin occupies most parts of the

metanotum and the entire posterior surface of the mesophragma (Character 11:1). The
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muscle inserted on the ventrolateral side of the tendon (including the small branch in
Cicadellidae) is lllpcm5 (Character 1:1), originating from the the anterolateral bulged
metanepisternum and the tiny basalare (Character 2:1; 3:0) (Fig. C1-3D). Illscm6 is
absent. Due to the expansion of the attached area of Illdvm7, DLM is strongly reduced
and changes its origin/insertion points to a very narrow area of the dorsal margin of the
meso-/metaphragma, respectively (Character 7:1). The DVM is also greatly reduced but
retained in all taxa (Character 6:0). The ODM is remained in Cicadellidae, but was

completely absent in Membracidae (Character 9:1).

Metathoracic musculature of Cercopoidea (Cicadomorpha)

The metathoracic musculature of Cercopoidea is also highly modified and
rearranged (Fig. C1-3E, F). Although the external morphology of the hind leg base is
quite different between Cercopoidea and Membracoidea (with narrow and conical hind
coxae in Cercopoidea whereas broadely transverse hind coxae in Membracoidea:
(Burrows, 2006a, 2007, 2013), the metathoracic musculature of cercopoids is very
similar to that of membracoids.

The jumping muscles also comprise two bundles, I1lpcm5 and 11ldvm7 (Fig.
C1-3F) (Character 1:1; 4:0; 5:1). The tendon clearly forks basally, and each branch is
composed of robust stem and membranous field (Character 10:1), and both surfaces are
used for muscle attachment (Fig. C1-4C). The muscle inserted on the inner fork is
homologous to I11ldvm7. The muscle is broadly expanded dorsally, and its attachment
occupies most area of the metanotum and the entire posterior surface of the
mesophragma (Character 11:1). The muscle inserted into the lateral fork is 11lpcm5,
originating from anterolateral bulged metanepisternum and small basalare (Character

2:1; 3:0) (Savinov, 1990; Gorb, 2004) (Fig. C1-4F). Absent was Illscm6. According to
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the expansion of the attached area of I1ldvm7, DLM is strongly reduced and changed its
origin/insertion points to a very narrow area of the dorsal margin of the
meso-/metaphragma, respectively. The right and left bundles of DLM are separated by
internal branch of 1l1ldvm7 (Character 8:1). DLM of Cercopidae and Clastopteridae is
completely absent, although that of Aphrophoridae and Machaerotidae remains
(Character 7:1). DVM is also greatly reduced but is retained in all taxa (Character 6:0).

The ODM is also reduced but is relatively well retained (Fig. C1-3E, F) (Character 9:1).

Metathoracic musculature of Cicadoidea (Cicadomorpha)

The arrangement of the metathoracic muscles in Cicadoidea is distinctly
different from the condition observed in the other groups (Snodgrass, 1935; Maki, 1938).
DLM is retained but distinctly reduced and placed at the dorsolateral crack formed by
the shortened and strongly arched metanotum (Character 7:1). DVM is also reduced in
size but retained (Character 6:0). Graptopsaltria and Huechys (Maki, 1938) retain a
reduced ODM, whereas ODM is completely absent in Meimuna (Cicadidae) (Character
9:1). The tendon forms a less-sclerotized and expanded dorsal sheet with a small lateral
fork (Fig. C1-3B) (Character 10:1). The muscles homologous to the jumping muscles in
the other cicadomorphans (I11ldvm7 and I1lpcm5) are weakly developed and composed
of three subunits. The lateral subunit originating from the ventral metanepisternum
which is homologous to the I1Ipcm5 of the jumping cicadomorphans (Character 1:0; 2:0),
is inserted on the small fork of the trochanteral tendon (Figs C1-3H; C1-4D). The other
two subunits are both inserted on the sheet-like dorsal expansion of the trochanteral
tendon (Figs C1-3H; C1-4D) (Character 10:1). One originates from the anterolateral
lobe of the scutum along the antecoxal suture (Figs 3H; 4D) and the other from the

ventral region of the mesophragma (* in Figs C1-3G, H; C1-4D). Together, these two
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subunits correspond to the 11ldvm7 in the jJumping cicadomorphans (Character 4:0; 5:0).
I11scm6 is also absent. In Cicadidae, a wide empty area is present on the posterodorsal
surface of the mesophragma (Fig. C1-3H) (Character 11:2), unlike the mesophragma of
the jJumping cicadomorphans, which is completely occupied by I1ldvm7 (Character 11:1)
(Fig. C1-3C-F), or unlike the ordinal pterothorax, which is completely occupied by
DLM (Character 11:0) (Fig. C1-1). This condition was also observed in the Tettigarcta
(Tettigarctidae). The specimen was originally dried, and the thoracic musculature was
not well preserved, but the condition of the Illdvm7 and the empty area on the

mesophragma were clearly visible.

Parsimony analysis

The ancestral condition of the metathoracic structures potentially associated
with the evolution of jJumping behaviour was reconstructed parsimoniously using
previously estimated trees (Fig. C1-6: characters listed in Appendix 1). The infraorder
Fulgoromorpha was implied to share the following states in the common ancestor:
enlarged apodeme developed from basalare (Character 3:1), loss of 11ldvm7 (Character
4:1), and loss of DVM (Character 6:1). Expansion of metanepisternum (Character 2:1),
development of I1ldvm7 as a jumping muscle (Character 5:1), reduction of DLM
(Character 7:1), reduction of ODM (9:1), the sheet-like trochanter tendon (10:1), and
occupation of the mesophragma by Illdvm7 (11:1) were considered to have evolved in
the common ancestor of the infraorder Cicadomorpha. The Illpcm5 develops as a
jumping muscle (Character 1:1) in both Cicadomorpha and Fulgoromoprha. The empty
area on the mesophragma (Character 11:2) related to the reduction of the jumping
muscle I1ldvm7 (Character 5:0) was regarded as an autapomorphy of the Cicadoidea.

Jumping function of I1lpcm5 was secondarily reduced in Cicadoidea (Character 1:0).

21



Chapter 1

DISCUSSION

All jumping species of Auchenorrhyncha possess large metathoracic jumping
muscles transformed from the trochanter depressors. However, the condition of the
jumping muscles is very distinctly different between the two infraorders. Fulgoromorpha
have very large jumping muscles developed from only I1lpcmb5, which is inserted to the
funnel shaped trochanteral tendon and is originated from the expanded basalare (Figs
C1-3A, B; C1-4A) (Character 1:1; 2:0; 3:1; 10:0). In contrast, two superfamilies of
Cicadomorpha (Membracoidea and Cicadoidea) possess very large jumping muscles
composed of modified and enlarged I11ldvm7 and I11pcm5 inserted on an enlarged
trochanteral tendon (Figs C1-3C-F; C1-4B, C) (Character 1:1; 5:1; 10:1). In Cicadoidea,
the trochanter depressor muscles originate from the pleura, notum and phragma and are
inserted on the trochanteral tendon (Figs C1-3G, H; C1-4D).

The most parsimonious reconstruction of the metathoracic muscular characters
suggests that almost all apomorphic conditions associated with the jumping ability
evolved independently in Cicadomorpha and Fulgoromorpha (Fig. C1-6). The
development of Il1lpcm5 as a jJumping muscle is shared by Cicadomorpha and
Fulgoromorpha (Character 1:1), but its origin (Character 2; Fig. C1-5) and insertion
points (Character 3: Fig. C1-4) considerably. Therefore, although the development of
jumping ability may have originated in their common ancestor (Kristensen, 1975;
Hennig, 1981), it is evident that the highly elaborate jumping ability and mechanism as
observed in extant groups of  Auchenorrhyncha has been achieved independently
between two infraorders, as suggested by Burrows and Braunig (2010) and Burrows
(2013) (Fig. C1-1B, C).
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From the present morphological analyses, the evolution of the
auchenorrhynchan jumping ability can be explained as follows. In Fulgoromorpha, the
muscle originating from the metanepisternum and basalare (I111pcm5) were transformed
into jJumping muscles (Character 1:1). The enlarged attachment point was formed by the
strong expanded basalare (Character 3:1). The tendon was also modified as an enlarged
funnel-shaped structure for expanding the attachment point, which was also strengthened
to support the huge contracting power of the jumping muscle. Absence of I1ldvm7
(Character 4:1) and Illscm6 might be the result of constraint in attachment area in the
notum (with the flight muscles) and tendon (with enlarged 11lpcmb5), respectively.
Because the jumping muscles occupied only the lower half of the metathorax, adequate
room for storing the flight muscles could be retained in the upper part. In the jumping
Cicadomorpha (Membracoidea and Cercopoidea), Illpcm5 and 11ldvm?7 transformed to
the jJumping muscles (Character 1:1; 5:1). Attachment points of the jumping muscles
were expanded: 11ldvm7 was attached into mesophragma (Character 11:1), in addition to
the notum. Reductions of flight muscles and the absence of I1lscm6 (both muscles
attached to the notum and phragma) were most likely the result of competition for
attachment space for jumping muscles. Whereas the shape of the tendon (a single sheet
in Membracoidea vs. birurcated in Cercopoidea), muscle attachiment manner on tendon
(ventral side vs. both sides), and location of DLM (Character 8) differ between the two
superfamilies, their jumping muscles and related morphologies were considered to be
gained in the common ancestor because of the fundamental similarities.

Additionally, under the assumption of independent evolution of the jumping
ability in Fulgoromorpha and Cicadomorpha, two equally parsimonious scenarios are
also possible, i.e., a secondarily reducted jumping ability in Cicadoidea (Fig. C1-1B) or
independent origins of jumping ability in Cicadomorpha (Fig. C1-1C). Of the two
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scenarios, the arrangements of the jumping musculatures of cicadomorphans indicates
that the secondary reduction hypothesis is more likely. Expansion of the original
position of the 11ldvm?7 from the notum to notum+mesophragma (Character 11:1) and
the reduction of the DLM (Character 7:1) are estimated to have evolved in the common
ancestor of Cicadomorpha. Reduction of the DLM is strongly associated with the
development of the I1ldvm7 because, in ordinal flying insects, DLM occupies almost the
entire surface of the posterior mesophragma (Character 11:0). Although a wide empty
space is on the mesophragma of the Cicadoidea (Character 11:2), the cicadoidean DLM
occupies only a very narrow dorsal margin of the phragma (Fig. C1-3H), as also
observed in the Membracoidea and Cercopoidea (Fig. C1-3D, F). This strongly suggests
that the expansion of the jJumping muscle to the anterior phragma occurred in the
common ancestor of Cicadomorpha, and that the poorly developed jumping muscle in
the Cicadoidea represents a secondary reduction. Additionally, the presence of
phragma-trochanteralis muscle in Cicadoidea (* in Fig. C1-3G, H) also supports the
secondary reduction interpretation. The muscle is never present in insects other than
jumping Auchenorrhyncha. Therefore, this muscle in Cicadoidea can be interpreted as a
vestige of the jumping muscle after secondary reduction of expanded I1ldvm?7 and its
absence from the notum.

In summary, the muscle morphology suggests that some fundamental aspects of
jumping ability originated in the common ancestor of Auchenorrhyncha, several details
of the jumping mechanisms of Cicadomorpha and Fulgoromorpha evolved
independently. The lack of the jumping ability in the Cicadoidea represents a
secondarily reduced condition. This more complicated evolutionary scenario could not
be extracted from a simple maximum parsimony reconstruction of the behavioural

character (Fig. C1-1A), and observation of the muscles associated with the jumping
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ability was required to reach this conclusion. Our results provide an example that the
morphological dissection of a behavioural trait is valid for implicating a more likely
evolutionary pathway. Shcherbakov and Popov (1997) claimed that the jJumping ability
Is a synapomorphic trait in the order. However, the implication was proposed based on a
fossilized exoskeleton without considering internal morphology. To understand the
origins and evolution of the jumping ability in all of groups of Hemiptera, detailed

morphological and functional investigations are obligatory.
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Table C1-1. Taxa examined for this study. The specimens examined are stored at

Systematic Entomology, Hokkaido University (SEHU).

ORDER HEMIPTERA
SUBORDER AUCHENORRHYNCHA
INFRAORDER CICADOMORPHA
SUPERFAMILY CERCOPOIDEA
Family Aphrophoridae
Aphrophora pectoralis
Family Clastopteridae
Clastoptera obtusa
Family Cercopidae
Euscartopsis assimilis
Cosmoscarta sp.
Family Machaerotidae
Machaerota takeuchii
SUPERFAMILY MEMBRACOIDEA
Family Membracoidae
Anthianthe sp.
Archasia sp.
Ophiderma salamandra Fairmaire
Family Cicadellidae

Cicadella viridis
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Table C1-1. Continued.

SUPERFAMILY CICADOIDEA
Family Tettigardtidae
Tettigarcta crinite
Family Cicadidae
Graptopsaltria nigrofuscata (Motschulsky)

Meimuna iwasakii

INFRAORDER FURGOROMORPHA
Family Delphacidae
Tropidocephala brunneipennis Signoret
Family Fulgoridae
Pyrops candelania
Lycorma delicatula
Family Flattidae
Geisha distinctissima
Family Ricaniidae
Ricania japonica
ORDER ZORAPTERA
Family Zorotypidae
Zorotypus hubbardi (scored from Friedrich & Beutel (2008))
ORDER PSOCODEA
Family Stenopsocidae

Stenopsocus nigricellus
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Table C1-2. Correspondence between the generalized thoracic muscle nomenclature and

abbreviation (from Friedrich & Beutel 2008, modified).

Category Abbrev. Name Origin Insertion
scm6 M. furca-trochanteralis furca
Trochanter basalare or
pcmb M. episterno-trochanteralis trochanter
depressor muscle episternum
dvm7 M. noto-trochanteralis Notum
anterior posterior
DLM | diml M. phragma-phragmalis
Indirect phragma phragma
flight DVM | dvml M. noto-sternalis notum sternum
muscle dim2 M. noto-phragmalis notum phragma
ODM
dim3 M. scutello-phragmalis scutal rim scutellum
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Table C1-3. Data matrix used for the parsimonious reconstruction. See text for

characters and their states. Zorotypus hubbardi were scored from Friedrich and Beutel

(2008).

Character No. 5
ZORAPTERA (Zorotypus hubbardi) o 0 0o o O o0 o0 O
PSOCOPTERA (Stenopsocus nigricellus) O 0 0 O O o o0 o
Cicadidae (Graptopsaltria nigrofuscata) o 1. o 0 0O 0 1 O
Cicadidae (Meimuna iwasakii) o 1. o 0 0 0 1 O
Aphrophoridae (Aphrophora pectoralis) 1 1 0 0 1 0 1 1
Clastopteridae (Clastoptera obtusa) 1 1 0 0 1 0 1 7?2
Cercopoidae (Euscartopsis assimilis) 1 1 0 0 1 0 1 ~2
Machaerotidae (Machaerota takeuchii) 1 1 0 0 1 0 1 1
Membracidae (Anthianthe sp.) 11 0 0 1 0 1 O
Cicadellidae (Cicadella viridis) 1 1 0 0 1 0 1 O

Delphacidae (Tropidocephala brunneipennis) 1 0 1 1 ? 1 0 O

Fulgoridae (Lycorma delicatula) 1 0 1 1 2?2 1 0 O
Flattidae (Geisha distinctissima) 1 0 1 1 2?2 1 0 O
Ricaniidae (Ricania japonica) 1 0 1 1 2?2 1 O O

?, not applicable.
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m Fulgoroidea m Fulgoroidea
_l_. ——m Membracoidea —— B Membracoidea
A — m Cercopoidea B m Cercopoidea
ﬂm Cicadoidea ﬂ[} Cicadoidea
I m Fulgoroidea m Fulgoroidea
— m Membracoidea _I_'. mMembracoidea
C m Cercopoidea D m Cercopoidea
O Cicadoidea O Cicadoidea

Fig. C1-1. Phylogeny of Auchenorrhyncha and four possible evolutionary scenarios for
the evolution of jumping ability. The tree was summarized from Cryan & Urban (2012).
The black and white rectangles/squares indicate presence and absence of jJumping ability,
respectively. A, The most parsimonious interpretation implied from jumping behaviour
(2 steps). B. The independent origins hypothesis as suggested by Burrows & Braunig
(2010) and Burrows (2013) (3 steps). C-D, Two additional possibilities with

evolutionary steps = 3.
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Mesothorax Metathorax
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M Indirect Flight Muscles  — Metaphragma Border
M dvm7 pcm5 M scm6 (Trochanter Depressor Muscles)

Fig. C1-2. Flight and jumping musculatures of the bark louse genus Stenopsocus
(Psocodea: “Psocoptera”: Stenopsocidae), lateral view. Redrawn and modified from
Badonnel (Badonnel, 1934) and Maki (Maki, 1938). Indirect flight muscles were
colored blue: DLM, dorsal longitudinal indirect flight muscle (dim1); DVM,
dorsoventral flight muscle (dvm1); ODM, oblique dorsal flight muscle (dIm2/3).
Trochanter depressor muscles were colored by respective muscles. Terminology
followed Crossley (1978), Brodsky (1994) and Beutel et al. (2014). The border of

mesophragma is highlighted by green line.
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o

M Indirect Flight Muscles — Metaphragma Border

M llldvm7

lllpcm5 (Jumping Muscles)
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Fig. C1-3. Flight and jumping
muscles of Auchenorrhyncha,
lateral (left) and posterior (right)
views. A, Ricania japonica
(Fulgoromorpha: Fulgoroidea:
Ricaniidae); B, Cicadella viridis
(Cicadomorpha: Membracoidea:
Cicadellidae); C, Aphrophora
pectoralis (Cercopoidea:
Aphrophoridae); D,
Graptopsaltria nigrofuscata
(Cicadidae: Cicadoidea). See Fig.
C1-2 for terminology, colours and
abbreviations. The right side of
posterior images shows muscles
(colored shadows) and muscle
attachment regions (black dots).
The border of mesophragma is

highlighted by green line.
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Illpecm5

Illpcm5

llldvm7

Fig. C1-4. Enlarged view of left metatrocanteral tendons and
attachments point of muscles. A, Ricania japonica
(Fulgoromorpha: Fulgoroidea: Ricaniidae); B, Cicadella viridis
(Cicadomorpha: Membracoidea: Cicadellidae); C, Aphrophora
pectoralis (Cercopoidea: Aphrophoridae); D, Graptopsaltria
nigrofuscata (Cicadoidea: Cicadidae). See Fig. C1-2 for
terminology and abbreviations. The painted regions indicate the
muscle attachment areas. Deep and light gray indicate the
attached area of I1ldvm7 and Il1lpcmb5, respectively. Arrows
with a spot represent muscle bundles. Dashed lines indicate

concealed muscles or sclerite borders.
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A

Episternum

Basalare

Episternum

lllpcm5 (Jumping Muscle)
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Fig. C1-5. Metathoracic endoskeletons and
attachment regions of 1llpcmb, lateral view.
See Fig. C1-2 for terminology and
abbreviations. A, Ricania japonica
(Fulgoromorpha: Fulgoroidea: Ricaniidae);
B, Cicadella viridis (Cicadomorpha:
Membracoidea: Cicadellidae). I1lpcm5 is
indicated by gray shadow. Dotted areas

indicate muscle attachment regions.
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Fig. C1-6. Most parsimonious reconstruction of character states scored in this study
(Appendix 1) onto the phylogeny of Auchenorrhyncha estimated by Misof et al. (2014),
Cryan and Urban (Cryan and Urban, 2012) and Urban and Cryan (2007). Outgroups are
omitted. Character and character state changes reconstructed on the branches are
indicated by black (gain) and white bars (reversal). For some characters (e.g., Character
5), an alternative interpretation for character evolution may be possible but, based on
the present morphological observation (see text), the interpretation given in the figure is
considered to be likely. The result indicated common origin of the jumping ability in
Auchenorrhyncha (1:0 —> 1 at the root), but independent evolutionof jumping

mechanisms between Cicadomorpha and Fulgoromorpha.
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Chapter 2

Evolution of thoracic musculature associated with jumping in

Sternorrhyncha

36



Chapter 2

ABSTRACT

As discussed in chapter 1, jumping ability likely originated independently within
Auchenorrhyncha, and the common ancestor of Hemiptera probably lacked jumping
ability. To elucidate the ground plan of the thoracic structure in Hemiptera, | observed
the thoracic musculature of all four sternorrhynchan superfamilies. The suborder
Sternorrhyncha is widely accepted as the sister of the rest of Hemiptera and includes two
jumping superfamilies, Psylloidea and Aleyrodoidea. The ancestral state reconstruction
under likelihood criterion suggested that they gained jumping ability independently. The
results from the muscle observation also indicated that the ancestoral sternorrhynchans
did not show modified thoracic musculature related to the jumping ability and preserved
primitive condition as observed in their outgroup. Based on the implications of Chapter
1 and this chapter, the common ancestor of Hemiptera was estimated to preserve the
fundamental musculature of non-jumping insects, and jumping ability was estimated to

have evolved at least four times independently within Hemiptera.
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INTRODUCTION

As discussed in Chapter 1, | have concluded based on the thoracic musculature
that jJumping ability evolved twice within Auchenorrhyncha, as also suggested by
Burrows and Braunig (2010) from a kinematic analysis. This result also implies that a
more widely accepted hypothesis, regarding the jumping ability as a synapomorphy of
Hemiptera (Shcherbakov and Popov, 1997), is questionable. Therefore, the evolution of
jumping ability throughout Hemiptera must be reconsidered. To reconstruct the
evolutionary history of hemipteran jumping ability, the estimation of their ancestral state
of metathorax based on the detailed analyses of skeletal and muscle morphology will
provide the most important clue, as discussed in Chapter 1.

The suborder Sternorrhyncha, which includes jumping plant lice, whiteflies,
aphids and scale insects, is generally regarded as the sister taxon of the rest of Hemiptera
(Cryan and Urban 2012; Johnosn et al., 2018). This is a big group including four
superfamilies and more than 16,000 species (Forero, 2008). As suggested from a
common name, "jumping plant lice”, Psylloidea are well known jumpers in this suborder.
From former studies of their internal structures (Crawford, 1914; Weber, 1929; Maki,
1938) and kinematic analyses (Burrows, 2012), the jumping ability of plant lice is
known to be driven by furcal trochanter depressor muscle and highly modified
metathoracic structure. Their jumping ability is very strong, being comparable with
auchenorrhynchans (Burrows, 2003, 2006b, 2009b, 2012). However, jumping ability in
the other superfamilies of Sternorrhyncha is only poorly investigated.

In Aphidoidea (aphids), the jumping ability has been reported from
Yamatocallis, in which jumping by using their thickened front femur, is known

(Akimoto, 2014, pers. comm.; Ogawa, 2018, pers. obs.). Although the detailed jumping
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mechanics and internal morphology of Yamatocallis have not been reported, their
jumping ability is apparently non-homologous with the inner metathoracic jumping
systems of Psylloidea. In contrast, jumping behavior of Aleyroidea (whiteflies) by using
metathoracic muscles has been reported by Weber (1935). Although he provided
detailed information of their morphology including musculature, the evolutionary
history of this behavior and mechanics has never been discussed. Therefore, the
evolutionary origin of the metathoracic jumping ability in Psylloidea and Aleyroidea is
still ambiguous.

In this chapter, I discuss the evolutionary process of jumping system in
Sternorrhyncha. To assess their minute morphology, | reconstructed their 3D models by
using a high-resolution synchrotron micro computed tomography (HR-uCT), which
provides useful information for understanding the ancestral traits of morphology and
behavior in Hemiptera. | also provide basic 3D model for revealing kinematic computing

simulation on hemipteran jumping.

MATERIALS AND METHODS

Taxa examined (Table C2-1)

| selected Trialeurodes vaporariorum (Aleyrodoidea: Aleyrodidae), Glycaspis
brimblecombei (Psylloidea: Aphalaridae), Heteropsylla cubana (Psylloidea: Psyllidae),
Diaphorina citri (Psylloidea: Liviidae), Trioza nigra (Psylloidea: Triozidae), Mindarus
japonicas, Tuberolachnus salignus (Aphidoidea: Aphididae), Margarodidae sp.
(Coccoidea: “Archaecoccoidea”: Margarodidae) and Planococcus citri (Coccoidea:
“Neococcoidea”: Pseudococcidae) as ingroups. Sternopsocus nigricellus (Psocodea:

"Psocoptera’: Stenopsocidae) and Zorotypus hubbardi (Zoraptera: Zorotypidae;
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Friedrich and Beutel, 2008) were selected as outgroups. The uCT data of Mindarus
japonicas and Margarodidae sp. was supplementary used for checking and verifying the
character coding for these groups, but their detailed 3D model was not provided in this

study.

Reconstruction of ancestral characters in Hemiptera

Phylogenetic relationships of Sternorrhyncha and outgroups were taken from
Johnson et al. (2018). Character state selected from Trioza nigra and Sternopsocus
nigricellus were adopted for Trioza urticae (Trizidae) and Graphopsocus cruciatus
(Stenopsocidae) in Johnson et al. (2018), respectively. Maximum likelihood
reconstruction (ML) of ancestral behavioral and morphological characters were
performed using Mesquite 3.51 (Maddison and Maddison, 2018). The behavioral
information was referred from Burrows (2012), Weber (1935), Yoshizawa (pers. comm.

2018), Akimoto (pers. comm., 2014) and Ogawa (pers. obs. 2018).

Specimen preparation for 3D reconstruction

To understand the musculature including minute species accurately, samples
were scanned using synchrotron microcomputed tomography (UCT) and, based on the
obtained data, 3D models were reconstructed. The drying and scanning methods were
previously described in Yoshizawa et al. (2018). In brief, the samples were desiccated
using CO; critical point dryer (EM CPD300, Leica, Wetzlar, Germany) after
dehydration series and scanned using BL47XU beamline at the Super Photon ring-8
GeV (SPring-8, Hyogo, Japan). Configured pixel size was 0.48 or 0.52 pum/pix,
respectively. The image sequence were trimmed, modified (bit number, size, contrast

and angle) and stacked in the software FIJI (Schindelin et al., 2012). 3D models were
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segmented in the software ITK-SNAP (Yushkevich et al., 2016) following Yoshizawa et
al. (2018). The investigated muscles were homologized as in Chapter 1. The
terminologies were followed Beutel et al. (2014). The segmented muscles were
colorized on ITK-SNAP as R:G:B = 0:255:50 (skeleton), 0:120:255 (indirect flight
muscles), 255:0:120 (111dvm7), 250:255:0 (I1lpcmb), 255:150:0 (I1Iscm6) and 255:0:255

(I1lspm2), respectively.

Specimen preparation for microscopy observation
Microscopy observation was also performed to check the musculature.

Specimen preparation and observation method were already described in Chapter 1.

Character Coding

Character state changes were reconstructed on the phylogenomic tree estimated
by Johnson et al. (2018), which included all sternorrhynchan superfamilies and outgroup.
Unsampled families were omitted from the tree, and a coded character matrix (Table
C2-2) was reconstructed by the maximum likelihood criterion using Mesquite 3.51
(Maddison and Maddison 2018). Criteria for jumping/non-jumping behavior was shown

in Chapter 1.

Character 0. Metathoracic jumping behavior: unknown (0) known (1). State 1 was

reported in Aleyroidea and Psylloidea (Weber, 1935; Burrows, 2012).

Character 1. I1ldvm7: present (0); absent (1). State 1 was only observed in Psylloidea

and Aphidoidea. (Fig. C2-3, C2-4).
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Character 2. Il1lpcmb5: present (0); absent (1). State 1 was also only observed in

Psylloidea and Aphidoidea. (Fig. C2-3, C2-4).

Character 3. Il1lscm6: present (0); absent (1). State 1 was only observed in Coccoidea.
(Fig. C2-5). Iliscm6 of Psylloidea was extremely developed and filled with

most room of metathorax (Fig. C2-3).

Character 4. Il1lspm2: present (0); absent (1). The groups with jumping ability
(Aleyrodoidea and Psylloidea) and Stenopsocidae lost this muscle (State 1) (Fig.

C2-2, C2-3).

Character 5. ODM (111dIm2): present (0); absent (1). State 1 was confirmed in Psylloidea

(Fig. C2-3) and Coccoidea (C2-5A, B).

RESULTS

Metathoracic musculature of Aleyrodoidea

The whitefly examined here (Trialeurodes vaporariorum) preserves the
fundamental elements of metathoracic musculature (Fig. C2-2), although some
modifications of Illdvm7 and furcal structure were reported by Weber (1935). The
trochanter depressor muscles originate from metanotum (llldvm7; Characterl),
developed basalare (I1lpcm5; Character 2:0) and furca (lllscm6; Character 3:0) (Fig.
C2-1A, B, C). The notal trochanter depressor presents, and the muscle (Il1ldvm7,;

Character 1:0) attaches to mesophragma. The furca is medially expanded (Fig. C2-2A,
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B), and metafurca-pleuralis muscle (I1lspm2) is absent (Character 4:1). All the indirect
flight muscles, DLM, DVM and ODM are preserved (Character 5:0), but the ODM is

very small (Fig. C2-2A).

Metathoracic musculature of Psylloidea

The metathorax in jumping plant lice is highly modified from the the condition
as observed in the outgroups (Fig. C2-3) as already reported in Weber (1929) and
Crawford (1914). The dorsal (Illdvm7) and plural (I1lpcm5) trochanter depressor
muscles are completely absent (Fig. C2-3C) (Character 1:1; 2:1). A large
furca-trochanteral muscle (I11scm6), that occupies most room of metathorax, is the only
trochanter depressor muscle (Character 3:0) (Fig. C2-3A, B, C). The muscle is inserted
to the deformed furca that is modified as an extremely huge Y-shaped arm. The
associated tendon is also arranged as a half spiral wide slope with a huge stem (Fig.
C2-3C). DLM and DVM are preserved but reduced. ODM is absent (Character 5:1) (Fig.

C2-3A, B).

Metathoracic musculature of Aphidoidea

The metathorax of aphids possesses reduced and simplified musculature as
reported by Weber (1928). The furcal trochanter depressor muscle (I1lscm6) is only
preserved (Character 3:0) among the three trochanter depressors (Fig. C2-4C), and plural
(Ilpcmb) and dorsal (I11dvm7) trochanter depressor muscles are absent (Character 1:1;
3:1). The furca is not modified, and I1lspm2 is present (Character 4:0) (Fig. C2-4A). All
the indirect flight muscles, DLM, DVM and ODM are present, although they are

reduced in volume (Character 5:0) (Fig. C2-4B).
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Metathoracic musculature of Coccoidea

The metathorax of scale insects are also simplified from the condition as
observed in the outgroups. Contrary to aphids, the furcal trochanter depressor muscle
(I11scme) is absent, and plural (I1lpcmb5) and dorsal (I11ldvm7) trochanter depressor
muscles are preserved (Character 1:0; 2:0; 3:1) (Fig. C2-5A, C). The furca is not
specialized, and Il1spm2 is retained (Character 4:0) (Fig. C2-5A). The reduced DLM and

DVM are present, but ODM is absent (Character 5:0) (Fig. C2-5A, B).

Maximum likelihood analysis

To imply the ancestral condition of behavioral and morphological characters,
the maximum likelihood ancestral state estimation was conducted using the
phylogenomic tree estimated by Johnson et al. (2018). Jumping behavior was estimated
to have evolved independently in the superfamilies Psylloidea and Aleyroidea
(Character 0:1) (Fig. C2-3). Presence of all three trochanter depressor muscles (I1ldvm?7,
I1lpcmb, 1lIscm6; Character 1-3), metafurca-pleuralis muscle (I1lspm2; Character 4),
and all flight muscles (Character 5) was implied as the ancestral condition. Absence of
[1ldvm7, 1llpcmb, 1l1spm2 and ODM (Character 1:1; 2:1; 4:1; 5:1) was estimated to be
derived in Psylloidea. Of them, absence of Illspm2 (Character 4:1) was identified to
have independently evolved also in Aleyrodoidea, and absence of 11ilspm2 and ODM
(Character3:1; 5:1) was estimated to be derived independently also in Coccoidea.
Absence of Illdvm7 and Illpcm5 (Character 1:1; 2:1) were estimated to be derived in

Aphidoidea.

DISCUSSION
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From the results of the likelihood ancestral state reconstruction, three
trochanter depressor muscles were estimated to be retained in the common ancestor of
Sternorrhyncha, as seen in the outgroups (Character 1:0; 2:0; 3:0). Aleyrodoidea is the
sister clade of the rest of sternorrhynchans (Johnson et al., 2018), in which all three
trochanter depressor muscles are preserved (Fig. C2-2C). Different thoracic
musculatures observed between sister taxa, Coccoidea and Aphidoidea, also suggested
the muscle modifications evolved independently between these superfamilies. Of three
trochanter depressors, Coccoidea possess Illpcm5 and Illdvm7 (Fig. C2-5C), whereas
Aphidoidea only have Illscm6 (Fig. C2-4C). These contradictory states observed
between sister taxa can explained only by independent loss of different muscles from
the possession of full set of the trochanter depressors (Character 1:0; 2:0; 3:0).

In Psylloidea, a huge furcal trochanter depressor muscle was observed (Character
3:0) (Fig. C2-3A), and it was considered to be the main jumping muscle. The origin of
the jumping muscle from the furcal trochanter depressor muscle was also pointed out by
Weber (1929) and Crawford (1914). The present observation revealed that the muscle is
inserted to the highly modified and robust furca, and the other trochanter depressor
muscles (Illpcm5 and 111dvm?7) are completely absent in Psylloidea (Character 1:1; 2:1)
(Fig. C2-3C). The longitudinal indirect flight muscles were reduced, especially ODM
was lost (Fig. C2-3B). The musculature apparently shows that the psyllid metathorax is
highly modified from the condition as seen in the outgroups, and the function of flight
power generator is probably weakened in exchange for gaining strong jumping ability.
In contrast, aleyroid metathorax keeps the plesiomorphic condition because all three
trochanter depressor muscles are preserved and not so modified (Fig. C3-2-2C). The

flight muscles are also well preserved and are apparently functional (Fig. C2-2A).
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However, the skeletal morphology of Aleyrodoidea is somewhat modified from the
plesiomorphic condition: the furca is expanded medially (Fig. C2-2A), and Illdvm7 is
additionally inserted into mesophragma, which probably improved the jumping ability
of Aleyrodoidea by increasing the attachment area of the furcal and notal trochanter
depressors (I1lscm6 and 11ldvm7). These modifications were never observed in the other
groups of Sternorrhyncha. These differences observed between Psylloidea and
Aleyrodoidea strongly suggest that the jumping ability evolved independently between
these superfamilies. The expansion of the attachment area of 11ldvm7 on mesophragma
was also observed in Auchenorrhyncha (Chapter 1) and thus can be regarded as a
homoplasic character, convergently evolved according to the enlargement of the
jumping muscles.

The character states of the metafurca-pleuralis muscle (I11spm2) also supports
the independent modification of furca in Aleyroidea and Psylloidea. Although I1Ispm2
is preserved in non-jumping Aphidoidae, Coccoidea and outgroup Psocodea (Character
4:0) (Fig. C2-4A, 5A), this muscle is absent in jumping Psylloidea and Aleyroidea
(Character 4:1) (Fig. C2-2A, 3A). By the likelihood ancestral state reconstruction, the
absence of Illspm2 was estimated to have evolved independently in two jumping
superfamilies and Psocodea (Character 4:1). Although Psocodea was estimated to lose
the muscle regardless of jumping ability, the musculature suggests that the two jumping
sternorrhynchan superfamilies independently gained the modified furca, as well as the
loss of furcal muscle, according to the gain of jumping ability.

The likelihood ancestral state reconstruction of a behavioral character
(Character 0) suggested that the sternorrhynchan metathoracic jumping ability was
independently originated twice, once in Aleyrodoidea and once in Psylloidea (Fig.

C2-1). The muscle condition supports that the common ancestor of Sternorrhyncha did
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not have jumping ability and preserved musculature as seen in the outgroups (e.g.,
Psocodea). Therefore, the jumping ability, as observed in Psylloidea and Aleyrodoidea,
can be interpreted to have evolved within Sternorrhyncha.

In conclusion, the ancestoral Sternorrhyncha was estimated to have no jumping
ability and possess a full set of trochanter depressor muscles as seen in outgroup.
Together with the conclusion provided in Chapter 1, this also implies that the common
ancestor of Hemiptera did not have jumping ability and preserved full set of the
trochanter depressors as seen in Psocodea, contradicting the generally accepted
hypothesis that the jumping ability is a synapomorphy of Hemiptera (Shcherbakov and
Popov, 1997).

The results also suggest that Aleyrododidea and Psylloidea independently
gained their thoracic jumping ability (Fig. C2-1) with modification of the muscles and
skeleton. The results of Chapter 1 and 2 provided another case of multiple evolution of
thoracic jumping ability in Hemiptera, and Hemiptera have been estimated to be gained
thoracic jumping ability at least four times (Aleyrodoidea, Psylloidea, Auchenorrhyncha
and Fulgoromorpha) (In General Discussion Chapter; Fig. D-1). The coexistence of
thoracic jumping ability and flight ability is very rare among insects and, apart from
Hemiptera, similar condition have only been reported from a limited species of
Coleoptera and Hymenoptera (Furth and Suzuki, 1992). This strongly suggests that
Hemiptera may have a special character that facilitates the thoracic jumping ability. To
reveal it, more detailed and comprehensive observation of thoracic morphology related

to jumping and flight is required.
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Table C2-1. Taxa examined for this study. The specimens examined are stored at
Systematic Entomology, Hokkaido University (SEHU).

ORDER HEMIPTERA
SUBORDER STERNORRHYNCHA
SUPERFMILY ALEYRODOIDEA
Family Aleyrodidae
Trialeurodes vaporariorum
SUPERFAMILY PSYLLOIDEA
Family Aphalaridae
Glycaspis brimblecombei
Family Psyllidae
Heteropsylla cubana
Family Liviidae
Diaphorina citri
Family Triozidae
Trioza nigra
SUPERFAMILY APHIDOIDEA
Family Aphididae
Mindarus japonicas
Tuberolachnus salignus
SUPERFAMILY COCCOIDEA
GROUP “ARCHAEOCOCCOIDEA”
Family Margarodidae
Margarodidae sp.
GROUP “NEOCOCCOIDEA”
Family Pseudococcidae
Planococcus citri

ORDER PSOCODEA
Family Stenopsocidae
Stenopsocus nigricellus

ORDER ZORAPTERA (Scored from Friedrich and Beutel, 2008)

Family Zorotypidae
Zorotypus hubbardi
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Table C2-2. Data matrix used for the most likelihood reconstruction. See text for
characters and their states. Character states of Zorotypus hubbardi were scored
from Friedrich and Beutel (2008).

Planococcus citri

(Coccoidea: Pseudococcidae)

Tuberolachnus salignus
(Aphidoidea: Aphididae)

Trioza nigra

(Psylloidea: Triozidae)

Diaphorina citri

(Psylloidea: Liviidae)

Heteropsylla cubana
(Psylloidea: Psyllidae)

Glycaspis brimblecombei

(Psylloidea: Apharalaridae)

Trialeurodes vaporariorum

(Aleyrodoidea: Aleyrodidae)

Stenopsocus nigricellus
(PSOCODEA: Stenopsocidae)

Zorotypus hubbardi
(ZORAPTERA: Zorotypidae)
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Fig. C2-1. ML reconstruction of jumping behavior and related muscles in

Sternorrhyncha. The phylogenetic relationship was cited from Johnson et al. (2018).

The numbers correspond with coded characters. 1, I1ldvm7. 2, I1lpcmb. 3, Il1scm6. 4,

I11spm2. 5, ODM (111dIm2). J, jumping behavior.
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Fig. C2-2. 3D reconstruction images of right half metathorax of Trialeurodes
vaporariorum (Aleyrodidae: Aleyrodoidea). A, lateral view. B, anterial view. C, hind
coxa and trochanter with trochanter depressor muscles.
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Fig. C2-3. 3D reconstruction images of right half metathorax of Heteropsylla cubana
(Psyllidae: Psylloidea). A, lateral view. B, anterial view. C, hind coxa and trochanter
with a trochanter depressor muscle.
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Fig. C2-4. 3D reconstruction images of left half metathorax of Mindarus japonicas
(Aphididae: Aphidoidea). A, posterolateral view. B, anterial view. C, hind coxa and
trochanter with a trochanter depressor muscle.
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Fig. C2-5. 3D reconstruction images of right half metathorax of Margarodidae sp.
(Coccoidea). A, posterial view. B, anterial view. C, hind coxa and trochanter with
trochanter depressor muscles.
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Chapter 3

Origin of wing coupling structure in Paraneoptera

Note: This chapter includes a version of an article published in Journal of Morphology:
Ogawa, N., Yoshizawa, K. 2017. Origin and transformation of the in-flight
wing-coupling structure in Psocodea (Insecta: Paraneoptera). Journal of Morphology

279 (4): 517-530. doi:10.1002/jmor.20785
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ABSTRACT

Many four - winged insects have mechanisms that unite the forewings and hindwings in
a single plane. Such an in - flight wing coupling apparatus may improve flight
performance in four - winged insects, but its structure is variable among different insect
groups. The wings of bark lice (Insecta: Psocodea: “Psocoptera™) also have an in - flight
wing coupling apparatus, but to date, its morphology has not been studied in detail. In
this study, we examined the wing - coupling structure in representative species of the
three suborders of bark lice (Trogiomorpha, Troctomorpha, and Psocomorpha) and
inferred its origin and transformation. We conclude that the main component of the
psocodean wing coupling apparatus evolved once in the common ancestor via
modification of cuticular structures at the apex of the forewing CuP vein.

Morphological differences in components of the coupling structures are
phylogenetically informative at the intraorder level and include an autapomorphy that
characterizes Troctomorpha and a synapomorphy that supports a sister relationship

between Troctomorpha and Psocomorpha.
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INTRODUCTION

The evolution of insect wings and powered flight are cited as epochal events in
their history (Brodsky, 1994), and insect flight mechanisms have attracted significant
interest from functional and comparative biologists (Wootton, 1992; Brodsky, 1994;
Grodnitsky, 1995, 1999). Winged insects usually have two pairs of (i.e., four) wings.
Some four-winged insects, such as dragonflies (Odonata) and locusts (Orthoptera), flap
the fore- and hindwings independently (Chapman, 2013), but this condition is rather
exceptional among insects, possibly because this mode is less efficient and less stable
(Pope, 1994). Loss of the thrust-generating function in either the fore- or hindwing pair
(i.e., dipterous flight) is more frequent; this occurs, for example, in Diptera (true flies)
and Strepsiptera (the twisted wing parasites). The forewings of Coleoptera (beetles), the
elytra, function to protect the wings from external damage (Linz et al., 2016). The elytra
are sclerotized and held away from the body during flight, and they do not generate
thrust. Complete loss of the capacity to generate thrust in either the fore- or hindwing
pair occurs in mayflies (Ephemeroptera), earwigs (Dermaptera), crickets (Orthoptera),
stick insects (Phasmida), scale insects (Hemiptera), wasps (Hymenoptera), lacewings
(Neuroptera), and moths (Lepidoptera) (Grodnitsky, 1995).

The predominant flight mode in four-winged insects is functionally
two-winged flight (Grodnitsky, 1999). In such insects, the fore- and hindwings are
connected by an in-flight coupling apparatus. Grodnitsky (1999) defined two coupling
modes in the functionally two-winged insects: wings that are coupled during the
downstroke only (part-time coupling) and wings that are mechanically connected and
fully synchronized during flight (full-time coupling). The wing coupling apparatus of

“full-time” coupled flyers has been reported in Parancoptera [bark lice (Psocodea:
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Weber, 1936), thrips (Pesson, 1951a; Thysanoptera: Moritz, 1997), aphids, cicadas and
true bugs (Pesson, 1951b; Hemiptera: Bohne and Schneider, 1979; D’Urso and Ippolito,
1994; Ni et al., 2002)] and Holometabola [wasps (Hymenoptera: Basibuyuk and Quicke,
1997), moths and butterflies (Lepidoptera: Tillyard, 1918; Braun, 1924), and caddisflies
(Trichoptera: Stocks 2010a; Tillyard 1918)]. Such full-time wing coupling apparatuses
are one of two primary types: 1) setae of one wing that interact with setae or other
structures on the other wing, such as in Thysanoptera (Pesson, 1951a; Moritz, 1997),
Hymenoptera (Basibuyuk and Quicke, 1997), and Trichoptera (Tillyard, 1918; Stocks,
2008, 2010b, 2010a); 2) non-setal cuticular structures, often in the form of grooves,
such as in various Hemiptera (Pesson, 1951b; D’Urso and Ippolito, 1994) and the jugum
in Lepidoptera and Trichoptera (Tillyard, 1918; Stocks, 2010a, 2010b).

The in-flight wing coupling apparatus of the free-living Psocodea, or
“Psocoptera”, is located on the distal end of the CuP vein (Fig. C3-1A, “fli”’) and clasps
the hindwing at all times during wing flapping. The psocopterans also have a
repose-coupling apparatus located on the R or Sc vein that engages the costa of the
hindwing at rest (Mockford, 1967; New, 1974) (Fig. C3-1A, “rep”), but this structure is
not further examined here. The psocopteran in-flight wing coupling structure is formed
from non-setal cuticles and consists of a “hook” that engages the anterior margin of the
hindwing (Weber, 1936; Gunther, 1974). Although there are some scanning electron
microscopy (SEM) studies on the psocopteran in-flight coupling structures (Lawson and
Chu, 1974; New, 1974), the structures have not been studied comprehensively.
Therefore, their evolutionary pattern and phylogenetic value are as yet unclear.
Furthermore, there is also uncertainty about the homology of the structures with those
of other paraneopteran orders (i.e., Thysanoptera and Hemiptera: Lawson and Chu,

1974).
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Currently, three suborders of ‘Psocoptera’ are recognized: Trogiomorpha,
Troctomorpha (including the parasitic lice) and Psocomorpha (Yoshizawa et al., 2006).
Mockford (1967) and Yoshizawa (2002, 2005) recognized that in-flight wing coupling
structures in psocids are phylogenetically informative characters, having a ‘hook’
composed of truncated ‘spines’ fused at their bases as either a synapomorphy
supporting the clade Troctomorpha + Psocomorpha (Mockford, 1967) or an
autapomorphy of Psocomorpha (Yoshizawa, 2002, 2005). Molecular phylogenetic
approaches support Troctomorpha and Psocomorpha as sister taxa (Yoshizawa et al.,
2006; Yoshizawa and Johnson, 2014), but few morphological characters that might
support this relationship are known. | expanded on the previous wing characters surveys
that were mostly based on light microscopy by including additional taxa and using SEM
to examine structures at higher magnification and resolution. | evaluated wing coupling
characters based on the phylogenetic hypotheses presented by Yoshizawa & Johnson
(2010, 2014), Friedemann et al. (Friedemann et al., 2014) and Yoshizawa & Lienhard
(2016). | examined the homology and character state transformations of the wing

coupling apparatus.

MATERIALS & METHODS

Taxon selection (Table C3-1)

The taxa examined were as follows: Trogiomorpha, 5 species representing 4
families; Troctomorpha, 7 species representing 9 families; and 16 species representing
the 23 families of Psocomorpha. | included a species of Psocomorpha: Calopsocidae,
recently synonymized with Pseudocaeciliidae (Yoshizawa and Johnson, 2014), because

of the highly modified, elytra-like wings. Aeolothrips kurosawai (Thysanoptera:
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Aeolothripidae) and Cinara sp. (Hemiptera: Aphididae) were selected as outgroups.

Treatment of Specimens

Specimens examined were stored in 80% or 99% ethanol. Forewings were
removed and dehydrated in 100% ethanol for 1 hour. Wing cuticle was hardened by
soaking with 1,1,1,3,3,3-hexamethyldisilazane for 1 hour and air drying prior to
mounting on 10mm aluminum stubs. Wings were held in place with sticky urethane
sheets (Kokuyo Hittsuki Sheet, Kokuyo Co. Ltd., Tokyo) and coated with Au-Pd in a
Hitachi E101 ion sputter-coater (Hitachi High Technologies Corp., Tokyo) for 120 sec.
| used a Jeol JSM-5310LV scanning electron microscope (Jeol Ltd., Tokyo) and
photographed screen images with Jeol Digi Capture SUP-7707 Version 1.0.11. Figures
were arranged with Adobe Photoshop CC 2014 and Adobe Illustrator CC 2014. In order
to make comparisons easier, pseudo-colorization of homologous structures, change of
contrast intensity, uniting multiple images as a single image, and/or flipping of images

were applied to the figures.

Character Coding

Character state changes were reconstructed on the composite phylogenetic tree
(Fig. C3-2 in Yoshizawa and Johnson, 2014), which included almost all psocid families
and was used as a backbone tree. Placement of Pachytroctidae and Liposcelididae was
based on Yoshizawa & Johnson (2010); those families were not sampled in Yoshizawa
& Johnson (2014). The outgroup taxa were based on Friedemann et al. (Friedemann et
al., 2014) and Yoshizawa & Lienhard (2016). The composite tree were trimmed as in
chapter 2, and a coded character matrix was reconstructed by the parsimony criterion

using Mesquite version 3.04 (Maddison and Maddison, 2015).
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Terminology

Different terms have been used for the wing structures in Psocoptera, but the

terms used here are based on Weber (1936) and Gunther (1974).

RESULTS

Summary of general morphology (Fig. C3-1)

Structures forming the forewing in-flight coupling apparatus are near the
apical-most region of the CuP vein and are termed the retinaculum, CuP-tip, and
retainer (Fig. C3-1A, B). The term “nodulus” indicates the region where the CuP and
Al veins join near the posterior wing margin (Fig. C3-1A, B, junction of two green
lines). Rib-like structures (Fig. C3-1B, r) are arranged at almost equal intervals along
the CuP vein (Gunther, 1974; Fig. C3-1B) generally with each structure arranged
transverse to the vein. The rib-like structures occur on other veins, but their presence is
taxonomically variable.The “retinaculum” (Fig. C3-1B, Rc) is composed of many
spine-like cuticles (“retinacular spines”) that as a unit form a hook-like structure.
The “CuP-tip” (Fig. C3-1B, Ct) refers to the apical-most section of the CuP vein
between the Rc and the posterior wing margin that bears modified rib-like structures.

The “retainer” (Fig. C3-1B, Rtr) is a highly thickened and bent structure on
the posterior wing margin that bears a large number of fine stud-like projections. The
retainer is taxonomically variable in the degree of swelling and the morphology of the
projections. The retinaculum and retainer together form a ‘clip-like’ functional unit that
engages the costal margin of the hindwing.

The counterpart of the in-flight wing coupling apparatus in hindwings (i.e., the

anterior margin) is not specialized among the taxa examined, although the wing
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coupling apparatus of forewings is diversified. The anterior margin of the hindwing
engages in both types of wing coupling (repose and in-flight) and is bent and rolled
inwardly (Fig. C3-1C). At rest, the repose-coupling apparatus (Fig. C3-1A, “rep”) fits
into the bend (white arrow, Fig. C3-1C) and supports the hindwing. During flight, the

‘clip-like’ unit formed by the retinaculum and retainer catches the hindwing margin.

Trogiomorpha

Venation and the rib-like structure (Fig. C3-3)

The Al and CuP veins do not join (i.e., the nodulus is absent), although they
terminate closely. Psoquilla sp. (Psoquillidae) lacks Al. The CuP is thickened as in
other veins. The rib-like structure is distributed on all veins, but the ribs on the CuP are

more prominent.

Morphology of the retinaculum (Fig. C3-4)

The retinaculum is present in all examined trogiomorphan taxa, and all are
composed of several separated spines (Fig. C3-4; Character 3:1; 4:0) that are continuous
with the row of ribs on the CuP. In Prionoglaris (Prionoglarididae; Fig. C3-4A), the
retinaculum is composed of approximately nine nearly straight spines. Echmepteryx
(Lepidopsocidae) also possesses a simple retinaculum composed of approximately 10
straight spines (Fig. C3-4E). In all other species, the retinaculum is composed of curled
spines (Fig. C3-4C, D). Psyllipsocus (Psyllipsocidae) has a simple retinaculum
composed of only four bent spines (Fig. C3-4C). The retinaculum of Psoquilla consists
of approximately 10 densely arranged and strongly curled and twisted spines (Fig.

C3-4D). The spines of Psyllipsocus, Echmepteryx and Psoquilla are apically fringed
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(Fig. C3-4A, C, D; Character 5:1).

The retinaculum of Neotrogla (Prionoglarididae; Fig. C3-4B) shows an
extremely different structure from that of the other trogiomorphan species, including a
species of the family (Prionoglaris). The rib-like structure on the CuP vein becomes
gradually recumbent and merges into the vein toward the retinaculum (Character 6:1).
The retinaculum is composed of one short and three long, sharp spines projecting

posteriorly.

Morphology of the CuP-tip (Fig. C3-4)

The CuP-tips in Prionoglaris, Psyllipsocus, Psoquilla sp. and Echmepteryx are
continuous from the basal CuP without remarkable modification (Fig. C3-4A, C-E).
The ribs on the CuP-tips are transversely arranged without detectable modifications
from those on the CuP vein (Character 8:0). The CuP-tip of Neotrogla retains only one

transversely arranged rib near the base of the retinaculum (Fig. C3-4B).

Morphology of the retainer (Fig. C3-4)

The retainer of Trogiomorpha tends to be thickened and bent (Character 11:1),
but no further remarkable deformation compared to the unmodified posterior wing
margin was detected. The surface is uniformly covered with scaly studs (Characters
14:0; 15:0), but the studs of Neotrogla are recumbent and mostly merge into the vein
(Fig. C3-4B). In Echmepteryx, the surface studs distal to the retainer are gradually

reduced (Fig. C3-3E; Character 15:2).

Troctomorpha
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Venation and rib-like structure (Fig. C3-5)

The Al and CuP veins closely approximate at the distal ends. They are clearly
joined (= nodulus: Fig. C3-5C, D, E), separated (Fig. C3-5B), or are intermediate in
condition (Fig. C3-5A). The rib-like structures are distributed on all veins, but they are
more prominent on the CuP.

The species in two families of Nanopsocetae have somewhat simplified
forewings. The forewing of Embidopsocus (Liposcelididae) lacks a rib, a coupling
structure and most veins (Character 2:1; Fig. C3-6A). The forewing of Tapinella
(Pachytroctidae) lacks the coupling structure and nodulus (Fig. C3-6C), but all principal

veins and the reduced ribs (Character 1:1) are retained (Fig. C3-6B).

Morphology of the retinaculum (Fig. C3-5)

The retinaculum is composed of curled, separated spines (Character 3:1: 4:0).
The number of spines and their condition are variable: they are numerous and in contact
with each other in Stimulopalpus (Fig. C3-5A); they are 5-10 in number and closely
approximated in Troctopsocidae Gen. (Troctopsocidae; Fig. C3-5B), Selenopsocus
(Troctopsocidae; Fig. C3-7C) and Manicapsocus (Electrentomidae; Fig. C3-7E); and
there are five well-separated spines in Musapsocus (Musapsocidae; Fig. C3-5D). The
spines are apically fringed (Fig. C3-7A-C, E) except for Musapsocus with simple

spines (Fig. C3-7D).

Morphology of the CuP-tips (Fig. C3-7)
The ribs on the CuP-tip of troctomorphan species are arranged diagonally or
vertically against the CuP (Character 8:1) and are thinner than those on the basal CuP

vein (Fig. C3-7A-E). In particular, the ribs on the CuP-tips of Musapsocus,
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Stimulopalpus, Selenopsocus and Manicapsocus are highly modified; much smaller ribs
are arranged densely and vertically in multiple rows (Character 9:1; Fig. C3-7A, C-E),
although the ribs on the CuP-tips of Troctopsocidae Gen. are not reduced in size and are

arranged in a row (Character 9:0; Fig. C3-7B).

Morphology of the retainer (Fig. C3-5)

The retainer is inwardly rolled (Character 10:1) and uniformly ornamented
with scale-like studs (Characters 14:0; 15:0). However, the retainers of some
troctomophan taxa are more modified. Musapsocus has a slightly broadened retainer
(Character 12:1), and the studs are more densely arranged on the counterpart of the
retinaculum (Fig. C3-5D). The retainer of Selenopsocus is also swollen (Character 12:1;
Fig. C3-5C). Stimulopalpus has a wide swelling (Character 12:1) with a narrow dent
(Character 13:1; Fig. C3-5A). The retainer of Manicapsocus is also swollen (Character
12:1), and the retainer is fully expanded and rolled inwardly (Character 10:1; Fig.
C3-5E). The retainer of Troctopsocidae Gen. is only slightly bent (Character 11:1; Fig.

C3-5B) and lacks a swelling (Character 12:0).

Psocomorpha

Venation and the rib-like structure (Fig. C3-8)
The CuP and Al veins are joined distally, consistently forming the nodulus.

The CuP vein has well developed ribs, but ribs are not present on the other veins.

Morphology of the retinaculum (Fig. C3-9)

The morphology of the retinaculum is quite stable throughout the suborder; it
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consists of completely fused curled spines (Character 3:1; 4:1). Judging from the
numbers and condition of the slits, the retinaculum appears to be composed of many
twisted spines in most psocomorphans. In Archipsocus (Archipsocidae), the retinaculum
is simplified and apically pointed, and it appears to be composed of three spines (Fig.
C3-9A). The retinacular spines are not fringed in the Psocomorpha in general, but the
retinacular spines of Matsumuraiella (Dasydemellidae; Fig. C3-9B), Amphipsocus
(Amphipsocidae; Fig. C3-9D), Valenzuela (Caeciliusidae; Fig. C3-9E), Aaroniella
(Philotarsidae; Fig. C3-91), Goja (Epipsocidae; Fig. C3-9M) and Psilopsocus

(Psilopsocidae; Fig. C3-90) have apparent to obscure apical fringes.

Morphology of the CuP-tips (Fig. C3-9)

In Archipsocus, the CuP-tip becomes obscure with only a reduced rib (Fig.
C3-9A). In the other infraorders, the morphology of the CuP-tip is stable. The ribs are
arranged diagonally (Character 8:1), and the anterior ribs are continuous with the
retinaculum (Character 7:1; cf. Fig. C3-9B). The CuP-tip of Calopsocus (Calopsocidae;
Fig. C3-9K) lacks the rib (Character 9:2), making the surface of the CuP-tip smooth.
The ribs of Heterocaecilius (Pseudocaeciliidae) are also reduced and are only

represented by some diagonal slits (Fig. C3-9L).

Morphology of the retainer (Fig. C3-8)

The retainer is generally bent and rolled inwardly (Characters 10:1, 11:1).
Further deformation of its shape also occurs. In Archipsocus (Fig. C3-8A), the spiny
area is restricted to a position in front of the retinaculum, and the other areas lack any
ornamentation (Characters 14:2, 15:2). In Valenzuela (Caeciliusidae; Fig. C3-8E),

Peripsocus (Peripsocidae; Fig. C3-8F), Aaroniella (Philotarsidae; Fig. C3-8I),
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Trichopsocus (Trichopsocidae; Fig. C3-8J) and Calopsocus (Calopsocidae; Fig. C3-8K),
the retainer has a swelling (Character 12:1), which is particularly prominent in
Calopsocus and Heterocaecilius (Character 12:2).

The retainer surface is generally ornamented with fine scale-like studs.
However, the retainer decoration of some species (Valenzuela; Fig. C3-8E, Aaroniella;
Fig. C3-8l, Trichopsocus; Fig. C3-8J, Calopsocus; Fig. C3-8K) and Heterocaecilius
(Fig. C3-8L)) is modified to fine spines (Characters 14:1, 15:1). The shapes of the
surface studs of Amphipsocus (Amphipsocidae; Fig. C3-8D) and Matsumuraiella
(Dasydemellidae; Fig. C3-8B) differ significantly between the proximal and distal
regions with the retinaculum as the boundary; the proximal surface is covered with
scale-like studs (Character 14:0), but the distal surface is arranged with fine spines
(Character 15:0). Goja (Epipsocidae; Fig. C3-8M) has scale-like studs only on the

proximal surface, and the studs disappear distally (Character 15:2).

Outgroups (Fig. C3-10)

Wing coupling apparatuses are found consistently in the outgroups (Hemiptera
and Thysanoptera), but their conditions are completely different from those of the
psocopterans. Aphids (Hemiptera) possess hamuli (= hooked hairs) along the costal
margin of the hindwing (Ni et al.,, 2002). The coupling apparatus of thrips
(Thysanoptera) consists of the marginal setae of the fore- and hindwings (Ellington,
1980). Their vein surfaces are decorated occasionally similar to those of Psocoptera (Fig.
C3-10A, C). Cinara (Aphididae: Hemiptera) possesses ribs on all of the veins
(Character 1:1; Fig. C3-10B). The veins of Aeolothrips (Aeolothripidae: Thysanoptera)
are covered with embossed tiles, each bearing a microtrichium (Fig. C3-10D; Character

1:0). In the outgroups, the nodulus is not formed.
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Character coding and phylogenetic reconstruction

Based on the observations, 15 characters that may be relevant to psocid
phylogeny were selected and coded from the wing coupling structure (Table C3-2).
Only qualitative or discontinuous quantitative characters were coded, although some
continuous characters were also mentioned in the above morphological descriptions.
The result of the parsimonious reconstruction of these characters is shown in Fig. C3-11.

The character indices are as follows: Consistency Index = 0.41; Retention Index = 0.65.

Character 1. Decoration of CuP: tile pattern with microtrichia (0); rib-like structure (1).
State 0 was only observed in Aeolothrips (Thysanoptera) (Fig. C3-10C, D).
State 1 was observed in Cinara sp. (Hemiptera; Fig. C3-10A, B) and all
Psocoptera (Figs. C3-3A-E; C3-5A-E; C3-8A-P) except for the veinless
Embidopsocus (Liposcelididae; Fig. C3-6A).

Character 2. Venation. Present (0); reduced (1). Almost all examined taxa possessed
venation (State 0), but the wvenation is reduced in Embidopsocus
(Liposcelididae: Troctomorpha; Fig. C3-6A), which almost entirely lacks veins
(state 1).

Character 3. Retinaculum on CuP. Absent (0); present (1). This is identified as an
autapomorphy of Psocodea (state 1), but its secondary absence was detected in
Embidopsocus and Tapinella (state 0).

Character 4. Arrangement of retinacular spines. Clearly, separated from each other (0);
fused with each other (1). State 1 was identified as an autapomorphy of
Psocomorpha (Fig. C3-8A-P; State 1).

Character 5. Tip of the retinacular spines. Not divided (0); fringed (1). State 1 was
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observed in some taxa of all three suborders (Fig. C3-7B-E) and was identified
as a highly homoplasious condition.

Character 6. Retinacular spines. Standing (0); laying (1). State 1 was only observed in
Neotrogla (Prionoglarididae; Fig. C3-4B).

Character 7. Retinaculum and ribs on CuP-tip. Separated (0); anterior rib merged into
the retinaculum (1). State 1 was identified as an autapomorphy of Psocomorpha
(Fig. C3-9A-P).

Character 8. Angle of the ribs against the CuP-tip. Transversal (0); diagonal to vertical
(1). State 1 was identified as a synapomorphy of Troctomorpha and
Psocomorpha.

Character 9. Number of rows of ribs on CuP-tip. 1 (0); 2 or more (1); absent (2). State 1
was observed in almost all troctomorpha except for Troctopsocidae Gen. (Fig.
C3-7A, B, D, E). The CuP-tip of Calopsocus completely lacks ribs, and this
was coded as state 2.

Character 10. Retainer. No inward rolling (0); rolling inwardly (1). State 1 was detected
in all Psocoptera (Fig. C3-3A-E; 5A-E; 8A—P) except for the species lacking
the wing coupling structure (Tapinella and Embidopsocus). Although the
outgroups lack the retainer, state 0 was adopted due to it having a non-rolling
forewing hind margin (Figs.C3- 6A, B; C3-10A, C)

Character 11. Posterior margin of the retainer. Not bent (0); bent (1). Almost all
examined taxa have a bent retainer (State 1), but the retainer of Stimulopalpus
(Amphientomidae), Tapinella (Pachytroctidae), Embidopsocus
(Liposcelididae), Heterocaecilius (Pseudocaeciliidae), Hemipsocus
(Hemipsocidae), and Psilopsocus (Psilopsocidae) is not bent (Figs. C3-5B;

C3-6A, B; C3-8L, N, O; State 0).
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Character 12. Retainer. No swelling (0); with swelling (1); strongly swelling and
forming a protrusion (2). State 1 was observed in several scattered taxa (Figs.
C3-5A, B, D; C3-8E-G, I, J, M, O), and Heterocaecilius (Pseudocaeciliidae)
and Calopsocus (Calopsocidae) have a huge protrusion on the retainer (State 2;
Fig. C3-8K, L).

Character 13. Surface of the retainer swelling. No dent (0); with dent (1). State 1 was
only observed in Stimulopalpus (Amphientomidae; Fig. C3-5B).

Character 14. Surface of the proximal region of the retainer. Covered with scale-like
studs (0); with trichomes (1); bare (2). The proximal region of the retainer
surface of Cinara sp. and almost all psocopterans is covered with tiny
scale-like studs (State 0). The surface of several psocopteran and thysanopteran
taxa is covered by fine trichomes (Fig. C3-8E, I-L). The proximal retainer
surface of Archipsocus sp. is bare (Fig. C3-8A; State 2).

Character 15. The surface of the distal region of the retainer. Covered with scale-like
studs (0); with trichomes (1); bare (2). The distal retainer surface of Cinara sp.
and almost all psocopterans is also covered with tiny scale-like studs (State 0).
The distal surface ornamentations of Thysanoptera and psocopteran taxa are
trichomes (Fig. C3-8B, D, E, I-L; State 1). This region is bare in Echmepteryx
(Lepidopsocidae), Archipsocus (Archipsocidae) and Goja (Epipsocidae) (Figs.

C3-3E; C3-8A, M; State 2).

DISCUSSION

Origin and homology
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The psocopteran wing coupling system is composed of three functional units:
two on the forewing, the retinaculum and retainer (Fig. C3-1B), and the costal margin of
the hindwing, in which the retinaculum and retainer engage the anterior margin of the
hindwing during flight.

Scanning electron micrographs observations clearly suggest that the
retinaculum is composed of highly modified rib-like structures. Their homology is most
clearly indicated in Prionoglaris (Trogiomorpha: Prionoglarididae; Fig. C3-3A), in
which the retinacular spines and normal ribs differ only by the degree to which their
apexes are extended.

Wing veins in other insects are often arrayed with rows of microtrichia (Fig.
C3-10), and the microtrichia are probably homologous with the ribs. The rib-like
structures are thin and semi-circular projections that give the CuP vein a rasp-like
appearance. Similar rib-like structures occur in Cinara (Hemiptera: Aphididae; Fig.
C3-10B) but are not part of a wing-coupling system. Therefore, the presence of the
retinaculum is apparently an autapomorphic condition for Psocodea.

The retainer is formed by various but relatively simple modifications of the
cuticle on the surface of the posterior wing margin. The retainers in all specimens
examined curved inward to some degree (Fig. C3-1) with additional bends and/or
protrusions in some species of Troctomorpha and Psocomorpha.

I conclude that the psocopteran wing coupling system is unique. The
morphology of the components is distinct from those of outgroup taxa, although
Lawson and Chu (1974) suggested the homology of the structure between Psocoptera
and Hemiptera. The wing coupling system in Thysanoptera is formed by setae located
on the fore- and hindwing margins (Ellington, 1980). In Hemiptera: Sternorrhyncha it is

composed of ‘hamuli-like’ projections on the hindwing margin (Ni et al., 2002), and in
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Hemiptera: Auchenorrhyncha the coupling system is composed of grooves on the fore-
and hindwing margins (D’Urso and Ippolito, 1994). The wing-coupling system of some
Heteroptera is morphologically and functionally similar to that of Psocoptera (Bohne
and Schneider, 1979; Stocks, 2008), although the forewing components are on the A

vein.

Phylogenetic significance

The retinacular spines are clearly separated in Trogiomorpha and
Troctomorpha, although they are more closely set in the latter (cf. Fig. C3-5E) and are
fused in Psocomorpha (cf. Fig. C3-8P). Because outgroup taxa lack this structure, there
IS no basis on which to assess the polarity of the transformation series. However,
homology of the retinacular spines and the ribs on the CuP vein permit estimation of
character polarity; 1 might for example consider distinctly separated retinacular spines
as a plesiomorphy. The surface structure of the CuP-tip is identical to the that of the ribs
on the basal CuP vein in the Trogiomorpha (cf. Fig. C3-3A) and is also considered a
plesiomorphy with gradual modification throughout Troctomorpha and Psocomorpha
taxa. The troctomorphan CuP-tip has multiple rows of diagonally to vertically arranged
ribs (cf. Fig. C3-7A), but the ribs are clearly separated from the retinaculum, whereas
the psocomorphan CuP-tip is arranged diagonally (cf. Fig. C3-8P) with anterior ribs
integrated into the retinaculum (cf. Fig. C3-1B).

The wing coupling apparatus in Trogiomorpha and Troctomorpha is less
modified. However, the multiple rows of ribs on the CuP-tip (Character 9:1), which
have not been reported previously, is an autapomorphy supporting the monophyly of
Troctomorpha. Troctopsocidae Gen. (Fig. C3-5B) has a single row of diagonal ribs, as

observed in Trogiomorpha and Psocomorpha (Character 9:0), but this trait is a reversal
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in the most parsimonious reconstruction (Fig. C3-11). However, this condition may be
plesiomorphic, because the higher-level relationships among troctomorphan families are
poorly understood (Yoshizawa and Johnson, 2014).

A close relationship between Troctomorpha and Psocomorpha is supported by
molecular data (Yoshizawa and Johnson, 2014), but there is little support based on
morphology. The ribs arranged diagonally to vertically (Character 8:1) was identified
here as a synapomorphy supporting a close relationship. Based on light microscopy,
Mockford (1967) suggested that a retinaculum composed of truncated spines fused at
their bases is a potential synapomorphy of Troctomorpha and Psocomorpha. However,
the SEM-images reveal more detail, and | could not discern such fusion in
Troctomorpha. The following character states were recovered as autapomorphies of
Psocomorpha: retinacular spines fused (Character 4:1) (Yoshizawa, 2002, 2005) and
anterior ribs on the CuP-tip merged into the retinaculum (Character 7:1; Fig. C3-11).

The retainer is less variable throughout Psocoptera. The posterior forewing
margin covered by scale-like studs and curved inward (Character 10:1) is considered an
autapomorphy of Psocoptera, and its absence in Nanopsocetae (Pachytroctidae and
Liposcelididae: Fig. C3-6A, B) is a secondary loss. A bent retainer (Character 11:1)
may be an autapomorphy of the order, but several taxa of Troctomorpha and
Psocomorpha (Figs. C3-3A; C3-6A, B; C3-8N, O) indicate secondary reversal. The
shapes of the surface studs on the posterior wing margin (Characters 14:0; 15:0) are
highly variable. Trichome-like studs were observed only in Caeciliusetae and
Philotarsetae (Characters 14:1; 15:1; Fig. C3-8B, D, E, I-L), but the distant
phylogenetic relationship of the families suggests independent origins (Fig. C3-11).
Trichome-like studs occur in Matsumuraiella and Amphipsocus (Caeciliusetae) but are

restricted to the distal region with scale-like studs proximally (Character 14:0). The
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retainer of Archipsocus is almost completely devoid of surface decorations (Fig. C3-8A),
and those of Echmepteryx (Lepidopsocidae) and Goja (Epipsocidae) diminish gradually
distally from the junction of the CuP (Character 14:2; 15:2; Fig. C3-11). Modifications
of the bent retainer, retinaculum and CuP-tip occurred independently in different taxa
and overall appear to be highly homoplasious. If variation in these character systems
contains a phylogenetic signal, a much denser taxon sampling is needed.

The modifications observed in the retainer displayed by some taxa may be
phylogenetically informative at a lower level of phylogeny. For example, the strongly
developed, thumb-like protrusion in Calopsocus (Calopsocidae; Figs. C3-8K; C3-9K,
L) and Heterocaecilius (Pseudocaeciliidae) (Figs. C3-8L; C3-9L; Character 12:2) may
be a synapomorphy that supports a close relationship; this is supported by other
morphological (Yoshizawa, 2002) and molecular (Yoshizawa and Johnson, 2014) data.

Among Psocoptera, there are two different cases of reduction of the wing
coupling apparatus. Neotrogla (Prionoglarididae) has a simplified wing coupling
structure in which the retinaculum consists of a few recumbent spines (cf. Fig. C3-4B),
and the hindwings are largely diminished. In most analyses, taxa of Prionoglarididae are
considered to be the most plesiotypic overall, and the simplified retinaculum may also
represent a plesiomorphy. However, the most parsimonious reconstruction (MPR) of the
retinacular character (Character 6) implies that the simplified retinaculum of Neotrogla
is an autapomorphy (Fig. C3-11). Neotrogla species inhabit caves and exhibit many
specialized behaviors (Yoshizawa et al., 2014), and the simplified retinaculum is
probably associated with diminution of the hindwing (Lienhard and Ferreira, 2013).

Liposcelididae and Pachytroctidae also have simplified wings, and they
completely lack a wing coupling apparatus. However, their hindwings keep their size,

unlike Neotrogla. Based on phylogenetic analysis and MPR, loss of wing coupling
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structures and the nodulus in Liposcelididae (Fig. C3-6A) and Pachytroctidae (Fig.
C3-6B; Troctomorpha: Nanopsocetae) is considered as a secondary loss (Characters
10:0: 11:0; Fig. C3-11). The insects can flap the fore- and hindwings independently
during flight, and the reduction of their wing coupling apparatus may be involved with
the different ecology of Neotrogla in its functional aspect.

In summary, the common ancestor of Psocodea gained a unique wing coupling
apparatus composed of the retainer, CuP-tip and a retinaculum at the end of the CuP
vein. These structures are consistently retained throughout the Psocodea, and some
modifications reflect their deep phylogenetic relationships, including the first potential
autapomorphy of Troctomorpha (Character 9:1) and synapomorphy of Troctomorpha
and Psocomorpha (Character 8:1). Independent origins of the wing coupling apparatus
among the paraneopteran orders were suggested by the morphological analysis. The
factors driving the independent evolution of the wing coupling apparatus are still
unknown. To answer this question, comprehensive observations of the morphology and

flight behavior must be conducted throughout the paraneopteran orders.
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Table C3-1. Taxa examined for this study. The specimens examined are stored at
Systematic Entomology, Hokkaido University (SEHU).

ORDER HEMIPTERA
Cinara sp. (Aphididae). 1lex. VI. 2015. Hokkaido, Japan. Naoki Ogawa leg.
[Collection No: NOJM-STNO1]
ORDER THYSANOPTERA
Aeolothrips kurosawai Bhatti, 1971 (Aeolothripidae). lex. VI. 2015. Fukushima,

Japan. Tadaaki Tsutsumi col. [Collection No: NOJM-THY01]

ORDER PSOCODEA
SUBORDER TROGIOMORPHA

Prionoglaris stygia Enderlein, 1909 (Prionoglarididae). 1ex. 25. XI. 1986.
Camou, France. B. Houses leg. [Collection No: NOJM-PS17]

Neotrogla curvata Lienhard & Ferreira, 2013 (Prionoglarididae). 1 ex. 19. X.
2012.Bahia, Brasil. Ferreira R.L. leg. [Collection No: NOJM-PS13]

Psyllipsocus yucatan Gurney, 1943 (Psyllipsocidae). 1 ex. 2011. Bahia, Brasil
[Collection No: NOJM-PS18]

Psoquilla sp. (Psoquillidae). 1 &. 2011. Ghana [Collection No: NOJM-PS22]

Echmepteryx hageni (Packard, 1870) (Lepidopsocidae). 1 ex. 12. VII. 2010.

Illinois, USA. Kazunori Yoshizawa leg. [Collection No: NOJM-PS07]
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Table C3-1. Continued.

SUBORDER TROCTOMORPHA

Stimulopalpus japonicus Enderlein, 1906 (Amphientomidae). 1ex. 07. X. 2005.
Nepal. Kazunori Yoshizawa leg. [Collection No: NOJM-PS12]

Gen. sp. (Troctopsocidae) . 3-10. 11. 2008. Mae Hong Son, Thailand. A.
Kamkoon leg. T3497 [Collection No: NOJM-PS24]

Selenopsocus sp. (Troctopsocidae). 1ex. 9-16. 1V. 2009. Kanchanaburi,
Thailand. Boonnam & Phumarin leg. T4793 [Collection No:
NOJM-PS25]

Musapsocus sp. (Musapsocidae). 1ex. 20-31. VII. 1987. Monagas, Venezuela.
S. & J. Peck. [Collection No: NOJM-PS23]

Manicapsocus alettae Smithers, 1966 (Electrentomidae). 15. 30. 1.—13. 1.
2001. Kenya. Minakawa et al. leg. [Collection No: NOJM-PS27]

Embidopsocus sp. (Liposcelididae). 1ex. 06-18. X. 2015. Roura, French Guiana.
Naoki Ogawa leg. [Collection No: NOJM-PS21]

Tapinella sp. (Pachytroctidae). 1ex. 22. XI. 1997. Kaohsiung, Taiwan.

Kazunori Yoshizawa leg. [Collection No: NOJM-PS19]
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Table C3-1. Continued.

SUBORDER PSOCOMORPHA

Archipsocus sp. (Archipsocidae). 1ex. 18. XI. 1997. Taichung, Taiwan. Kazunori
Yoshizawa leg. [Collection No: NOIJM-PS14]

Matsumuraiella radiopicta Enderlein, 1906 (Dasydemellidae). 1ex. 8-17. 07.
1998 Aichi, Japan. Kenzo Yamagishi leg. [Collection No: NOJM-PS09]

Stenopsocus nigricellus Okamoto, 1907 (Stenopsocidae). 1ex. 20. VII. 2014.
Hokkaido, Japan. Naoki Ogawa leg. [Collection No: NOJM-PS05]

Amphipsocus japonicus (Enderlein, 1906) (Amphipsocidae). 1ex. 19-26. VII.
2007. Hokkaido, Japan. K. Konishi leg. [Collection No: NOJM-PS01]

Valenzuela flavidus (Stephens, 1836) (Caeciliusidae). lex. 20-27. VIII. 2003.
Hokkaido, Japan. K. Konishi leg. [Collection No: NOJM-PS11]

Peripsocus quercicola Enderlein, 1906 (Peripsocidae). 1 ex. 21. VI. 1993.
Fukuoka, Japan. Kazunori Yoshizawa leg. [Collection No: NOJM-PS04]

Ectopsocus briggsi McLachlan, 1899 (Ectopsocidae). 1 ex. 21. V1. 1993.
Fukuoka, Japan. Kazunori Yoshizawa leg. [Collection No: NOJM-PS06]

Idatenopsocus orientalis (Vishnyakova, 1986) (Mesopsocidae). 1 ex. 22. V1.
1994. Fukuoka Japan. Kazunori Yoshizawa leg. [Collection No:
NOJM-PS08]

Aaroniella badonneli (Danks, 1950) (Philotarsidae). 1 ex. 29. VII. 1999. Oita,
Japan. Kazunori Yoshizawa leg. [Collection No: NOJM-PS02]

Trichopsocus clarus (Banks, 1908) (Trichopsocidae). 1 ex. 20. VIII. 2004.
California, USA. Kazunori Yoshizawa leg. [Collection No:

NOJM-PS26]

78



Chapter 3

Table C3-1. Continued.

Calopsocus furcatus (New, 1978) (Calopsocidae syn: Pseudocaeciliidae). 1ex. 14.
[11. 2003. Malaysia. Kazunori Yoshizawa leg. [Collection No:
NOJM-PS20]

Heterocaecilius solocipennis (Enderlein, 1907) (Pseudocaeciliidae). lex. 17. VII.
1993. Hokkaido, Japan. Kazunori Yoshizawa leg. [Collection No:
NOJM-PS03]

Goja sp. (Epipsocidae). 1ex. 23. VI. 2014. Mexico DF, Mexico. Kazunori
Yoshizawa leg. [Collection No: NOJM-PS16]

Hemipsocus chloroticus (Hagen, 1958) (Hemipsocidae). 1ex. 01. XII. 1991.
Fukuoka, Japan. Kazunori Yoshizawa leg. [Collection No: NOJM-PS10]

Psilopsocus malayensis New & Lee, 1991 (Psilopsocidae). 1ex. 07. I11. 2003.
Malaysia. Kazunori Yoshizawa leg. [Collection No: NOJM-PS28]

Metylophorus sp. (Psocidae). 1ex. 02. X. 2002. Hokkaido, Japan. Kazunori

Yoshizawa leg. [Collection No: NOJM-PS15]
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Table C3-2. Data matrix used for the parsimonious reconstruction. See text for

characters and their states.

10 15

Cinara sp. (Aphididae) ? 0 0
Aeolothrips kurosawai

? 0 1
(Aeolothripidae)
Prionoglaris stygia

0 1 0
(Prionoglarididae)
Neotrogla curvata

0 1 0
(Prionoglarididae)
Psyllipsocus yucatan

0 1 0
(Psyllipsocidae)
Psoquilla sp. (Psoquillidae) 0 1 0
Echmepteryx hageni

0 1 2
(Lepidopsocidae)
Stimulopalpus japonicus

0 1 0
(Amphientomidae)
Gen. sp. (Troctopsocidae) 0 1 0
Selenopsocus sp.

0 1 0
(Troctopsocidae)
Musapsocus sp.

0 1 0
(Musapsocidae)
Manicapsocus alettae

0 1 0
(Electrentomidae)

80




Chapter 3

Table C3-2. Continued.

Embidopsocus sp.

(Liposcelididae)

Tapinella sp. (Pachytroctidae)

Archipsocus sp.

(Archipsocidae)

Matsumuraiella radiopicta

(Dasydemellidae)

Stenopsocus nigricellus

(Stenopsocidae)

Amphipsocus japonicus

(Amphipsocidae)

Valenzuela flavidus

(Caeciliusidae)

Peripsocus quercicola

(Peripsocidae)

Ectopsocus briggsi

(Ectopsocidae)

Idatenopsocus orientalis

(Mesopsocidae)

Aaroniella badonneli

(Philotarsidae)

Trichopsocus clarus

(Trichopsocidae)
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Table C3-2. Continued.

Calopsocus furcatus

(Calopsocidae)

Heterocaecilius solocipennis

(Pseudocaeciliidae)

Goja sp. (Epipsocidae)

Hemipsocus chloroticus

(Hemipsocidae)

Psilopsocus malayensis

(Psilopsocidae)

Metylophorus sp. (Psocidae)
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Fig. C3-1. Flipped left fore- and hindwing of Metylophorus sp. (Psocidae). A. Ventral
view of the forewing, with names of relevant veins. Red rectangle indicates the in-flight
wing coupling region (fli). Abbreviations: fli, in-flight coupling apparatus; rep,
repose-coupling apparatus. B. Enlarged in-flight wing coupling structure.
Abbreviations: A1, First Anal vein; Ct, CuP tip; CuP, Posterior Cubital vein; r, rib-like
structure; Rc, retinaculum; Rtr, retainer. C. Dorsal view of the hindwing. White and
black arrows indicate engagement point with repose-coupling appatarus and in-flight

coupling apparatus, respectively. Scale (A, C) 1 mm, (B) 0.05 mm.
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Cinara sp. (Aphididae: Sternorr HEMIPTERA

Aeolothrips kurosawai (Aeolothri THYSANOPTERA

Prionoglarididae (Prionogla :

Prionoglarididae (Neotrogla)
| Psyllipsocidae
Psoquillidae
Lepidopsocidae
1

TROGIOMORPHA

Amphimentomidae

|| Troctopsocidae

Musapsocidae

Electrentomidae
—E Liposcelididae
Pachytrochidae

Archipsocidae

TROCTOMORPHA

Dasydemelidae
Stenopsocidae

Amphipsocidae

Caeciliusidae

Peripsocidae

Ectopsocidae

Mesopsocidae

il
L | Philotarsidae
Trichopsocidae
Calopsocidae
— Pseudocaeciliidae

<
T
o
14
Qo
O
Q
O
%)
Q

Epipsocidae

Hemipsocidae

Psilopsocidae

Psocidae
Fig. C3-2. Phylogeny of ‘Psocoptera’ and relatives adopted in this study. This tree was
constructed based on Yoshizawa & Johnson (2010, 2014) (for ‘Psocoptera’) and
Friedmann et al. (Friedemann et al., 2014) and Yoshizawa & Lienhard (2016) (for the

relationship with the outgroups).

84



Chapter 3

Fig. C3-3. In-flight wing coupling structures in Trogiomorpha, ventral view. A.
Prionoglaris stygia (Prionoglarididae). B. Neotrogla curvata (Prionoglarididae). C.
Psyllipsocus yucatan (Psyllipsocidae). D. Psoquilla sp. (Psoquillidae). E. Echmepteryx
hageni (Lepidopsocidae). Abbreviations: Al, First Anal vein; Ct, CuP tip; CuP,

Posterior Cubital vein; Rc, retinaculum; Rtr, retainer. Scale 0.05 mm.
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Fig. C3-4. In-flight wing coupling structures in Trogiomorpha, ventrolateral view. A.
Prionoglaris stygia (Prionoglarididae). B. Neotrogla curvata (Prionoglarididae). C.
Psyllipsocus yucatan (Psyllipsocidae). D. Psoquilla sp. (Psoquillidae). E. Echmepteryx
hageni (Lepidopsocidae). Abbreviations: A1, First Anal vein; Ct, CuP tip; CuP,

Posterior Cubital vein; Rc, retinaculum; Rtr, retainer. Scale 0.01 mm.
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Fig. C3-5. In-flight wing coupling structures in Troctomorpha, ventral view. A.
Stimulopalpus japonicus (Amphientomidae). B. Gen. sp. (Troctopsocidae). C.
Selenopsocus sp. (Troctopsocidae). D. Musapsocus sp. (Musapsocidae). E.
Manicapsocus alettae (Electrentomidae). Abbreviations: Al, First Anal vein; Ct, CuP

tip; CuP, Posterior Cubital vein; Rc, retinaculum; Rtr, retainer. Scale 0.05mm.
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Fig. C3-6. Forewings of Nanopsocetae species (Troctomorpha) lacking the in-flight

wing coupling structure, ventral view. A. Embidopsocus sp. (Liposcelididae). B.
Tapinella sp. (Pachytroctidae). C. ditto, enlarged view of the end of the CuP and Al in
B. Abbreviations: A1, First Anal vein; CuP, Posterior Cubital vein; r, rib-like structure.

Scale (A, B) 0.5mm, (C) 0.021mm.
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Fig. C3-7. In-flight wing coupling structures in Troctomorpha, ventrolateral view. A.

Stimulopalpus japonicus (Amphientomidae). B. Gen. sp. (Troctopsocidae). C.
Selenopsocus sp. (Troctopsocidae). D. Musapsocus sp. (Musapsocidae). E.
Manicapsocus alettae (Electrentomidae). Abbreviations: Al, First Anal vein; Ct, CuP

tip; CuP, Posterior Cubital vein; Rc, retinaculum; Rtr, retainer. Scale 0.03 mm.
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Fig. C3-8. In-flight wing coupling structures in Psocomorpha, ventral view. A.
Archipsocus sp. (Archipsocidae). B. Matsumuraiella radiopicta (Dasydemellidae). C.
Stenopsocus nigricellus (Stenopsocidae). D. Amphipsocus japonicus (Amphipsocidae).
E. Valenzuela flavidus (Caeciliusidae). F. Peripsocus quercicola (Peripsocidae). G.
Ectopsocus briggsi (Ectopsocidae). H. Idatenopsocus orientalis (Mesopsocidae). |.
Aaroniella badonneli (Philotarsidae). J.Trichopsocus clarus (Trichopsocidae). K.
Calopsocus furcatus (Calopsocidae syn: Pseudocaeciliidae). L. Heterocaecilius
solocipennis (Pseudocaeciliidae). M. Goja sp. (Epipsocidae). N. Hemipsocus
chloroticus  (Hemipsocidae). O. Psilopsocus malayensis (Psilopsocidae). P.
Metylophorus sp. (Psocidae). Abbreviations: Al, First Anal vein; Ct, CuP tip; CuP,
Posterior Cubital vein; Rc, retinaculum; Rtr, retainer. Scale 0.05 mm.
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Fig. C3-9. In-flight wing coupling structures in Psocomorpha, ventrolateral view. A.
Archipsocus sp. (Archipsocidae). B. Matsumuraiella radiopicta (Dasydemellidae). C.
Stenopsocus nigricellus (Stenopsocidae). D. Amphipsocus japonicus (Amphipsocidae).
E. Valenzuela flavidus (Caeciliusidae). F. Peripsocus quercicola (Peripsocidae). G.
Ectopsocus briggsi (Ectopsocidae). H. Idatenopsocus orientalis (Mesopsocidae). |.
Aaroniella badonneli (Philotarsidae). J.Trichopsocus clarus (Trichopsocidae). K.
Calopsocus furcatus (Calopsocidae syn: Pseudocaeciliidae). L. Heterocaecilius
solocipennis (Pseudocaeciliidae). M. Goja sp. (Epipsocidae). N. Hemipsocus
chloroticus (Hemipsocidae). O. Psilopsocus malayensis (Psilopsocidae). P.
Metylophorus sp. (Psocidae). Abbreviations: Al, First Anal vein; Ct, CuP tip; CuP,
Posterior Cubital vein; Rc, retinaculum; Rtr, retainer. Scale 0.03 mm.
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Fig. C3-10. Right forewing and vein decorations of the outgroups. A. Cinara sp.

(Hemiptera: Sternorrhyncha: Aphididae), ventral view. B. ditto, enlarged view of the
vein indicated by white rectangle in A. C. Aeolothrips kurosawai (Thysanoptera:
Aeolothripidae), ventral view. D. ditto, enlarged view of the vein indicated by white
rectangle in C. Abbreviations: r, rib-like structure; t, tile-like structure. Scale (A) 1 mm,

(B) 0.3 mm, (C, D) 0.03 mm.
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PSOCOMORPHA
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General Discussion

GENERAL DISCUSSION

A STl RN BB RE DL SR Z B B ST 5720, U E BB o
MNIEREOBIEE L TR EE CZIT o 70, £, BUEERE OB 2 EH L%
K ZRRET D72, TRAIFIZRED hikds L ON, HEmalH a0k O M 5 1 & O JF

REBIZR 21TV, £ OEALIERF ISV Cikam L7,

N

F—E T, SYHEEH 2RISR E LTHEZITV., ZofBIZEER TR
EATHEE IR TENENENMSE U CHE SRR 218 Lo 2 & 25, MiRAHE
EWNERMN DR SN, BT, FBE oM@ e O M oM ST E R
REAHER S 5~ < | e b RIS T 2 %4 T D MW H &2 %t 5 & L7 afoe
ATV, W E OB DR oo 2R LT, ZOHBICE
WTh, M NBERERERE S 2 BIANZITHE L L7z L HEE S e (Fig. D-1), LA R
FERDD ., EHE O IE— i) 7 B & 3658 U 72 B i o A AR & Rf o C
W2 b b b, BRAIRT H# 72 M BkEERERE OS2 4 v IR Uil 2
STWeZ EWRahic, £, A OSE P BREERE DTS &[RRI BI52
ST Emnn ., CPIEICIE, RIMERER T 2 MIAD b 72 & T RO RN 72
FRIZFTHIE L, %I LB RE 2 6T 2 SR 2 Al 3 2 IR DMEET 5
EEZ B, TNEEBT L EENRERE LT, PRA~ORIAERE DL
MAREED —2 L L THESNZ, £TZTH-ETIX, ZOENEZEBLE
K& LT, @i, &0 b aiEBoOEFEEICER L TR AT o7, B
FEfEIE L, RAFIZ 4 BOBEF G L T2 oW E L TR HHOE2HMETH
% (Chapman, 2013), = oL, A 2 & eHEFEICIEIA< Mo TWVD
2% (Stocks, 2008), & DFREIMECHEAL /N Z — NF D ITRET S e Z E 3 o
oo T T, FHROIECHIZHHEFAR (FrF T LY) IZOWVWTEDERE
AR LIZE A, FrF T Lvid, Bl Sc Ik EOWHIEEEDZEIZ L > T

94



General Discussion

CoRIAEREE A MBS L TWD 2 LN h . TOREBITFRROEN &I

RE A>T,

MER A BkEEERE DL 52

BEEEEREIL. i RE O ORBEFICHNTH D &5 2 BTV EEERE D
—2TH Y (Alexander, 1995; Burrows, 2003), R HIZEBW T HEE 4 72584 T v
WL L T&=EE 2 BN TV (Furth and Suzuki, 1992; Picker et al., 2011),
Ny 2 EORBIL, RAMBNREDEFMDITE A L% D D MEN Bk EE
AFZT. B THO L EBE 2R RESBESEDL T LIZL - TEEZAT
9 (Snodgrass, 1935; Chapman, 2013), L2>L., B3 X 2IIBKIEZ O D D%h=R
2T &4 (Burrows and Sutton, 2008), ASSKEDBERE Td 5 AHITIC%T LT R
MWoDHEEZBID,

—7. MESNICBKEM 2R ESEL2ERE —HAmoNTWDER, Z20I1Fs
o U IRTHIERE 2 % > TN 5 7> (Burrows, 2009, 2011) . FREEIHERE O 72 AT I
BEEEMERE 2 (L S/ 5 72 £ (Furth and Suzuki, 1992; Ogawa, 2017, unpubl. data;
Yoshida, 2018, pers. comm.), B S HRAAF & Tk LRV EEIC R > T b, A
BES (T + M) OWNEBIZIB W THRA L BRI ORE 2 P STV L ER
(T CEAR LS TIER B R BEAR O Z< —EIZA STV DIZEE 72y (Furth
and Suzuki, 1992),

F—E - BB R OR LRI OFIR D . B R o @l e RO IRE
RRE & | ME BRI RE D (L 7 1t 23D TR &7, WA oL@ sk
TP RE 2 FF > TR o T EHEE SN2, ZHITZNE TITALSZITA
NHITE 2, BRIEREE - B o3EM e TR L7 & 355 (Shcherbakov
and Popov, 1997) 2B IR TH D, Fio. SEOHIENG ., FHE X, EWHE
HBEXOEYMEH T 2 B35, 272< &b EE 4 FME NI BRERIERE 2 15 L
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T2 Z sz (Fig. D-1), Z ORERIT. AR 38T H 722 i N BkHE
WRR 72 P ERER] CREV IR L (L L T W Z & &2oR L, B H B RO
EROFTHMD CTREREIMEMZ RS Z LA 6N ERoTz, A Tl
SlEg e LIS e - JEWHE B 7210 T2<, S HICEVOMyE R B LT
T H I B BRI A 4T O FEAA I STV % (Burrows et al., 2007; Burrows, 2009c),
AWFIEDOFE RIS KO E N O RHEIFR (Johnsonetal., 2018) #5ET 5 &, =
o 2 #iH THI A ICHE N Bk RE 2 15 L T\ S ATREME Y & < (Fig. D-1).
#iH NIZ 1T 2 M N BkEEEERE D HELRIEII /AR TS 6 BICH £EDH 2 &3 T8
SND, LarL., ¥y - BB F O MEPEE ORI, Mk
FEOHEEIZBE E TIT O TV, A 2RIZ I 1T 2 Mkl Bk s se o
EERZ LV OMNCTH72OIE, 2D OF HIZ DN T S IBEBOMT 232
HEThd, o, MROICHRNER L OEREZLZTFE L L THWI5E.
Kutsukake-Innan 7% (Kutukake and Innan, 2013) 72 &', ARWFZETH N2 0o T2 fi#bT
NERTHLAREMERH U | FIERIC BRSO R H D008 Lz,

FHEICH T3 BERBEDOENE

FMEREZ R D722 5 EBNIC BRERERE 2 M8 159 5 72D I2id, TRANRE) &
ISR L TR O 2 5 L. B LUWRRE 2 U9 2 R 21D 3
VENHD EEZDND, R, H—8 - B _EOMROBEY . BEEITO 7
=T TIRIR L MO TR O/ N BBIER S Tz, ZD X572, BRIOTFRFIE
REDME/ N FEIC BT 2 N & LC, 3 = CidEEsSEcEeE L,
ME O TR E LTHIERIT o7, TORR, WHE (Fy ¥ 7T L) &
R Sc IR_E DRI G S R E & LTk L T, £z, e (7%
I U~) TR BRI HZ 72 L Cl SRR A RS & L CTHRET %
ZENmBNTWA (Ellington, 1980; Moritz, 1997), U HAAREDIZE X, W
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NHFBEHOBEFGEHEE S ITRES ER>TWVWDHZ &6 (D’Urso, 2002;
Stocks, 2008), W fEREEIZZNEN D H TMSLICHEL L= Z E B HEE STz,

P EH OBERAHEE T ETOHEANLHMONTWDHA, TOMIEITHE Z &
ICRELS B D Z LRI ST 5 (Stocks, 2008), JEWIHE H TiE. &b
JfhaR 72 227 I ERB IO, BN A EIRICEL L T D DA T T by
ERNTIE A A2 - 220 )Y (Beutel etal., 2014), 77T AV BRI EF VT 2
RGOSR E 3 ST\ D (Stocks, 2008). [ H PN C O EERRE D /> A
& RHEREER (Johnson etal., 2018) 72> 5 W35 & JEWHE B 2B W\ Tl B
EUTMNTICIE RS S L L7 B2 B D (Fig. D-2), 77 7 Ay ERTCIE

BIBRIFIDNZ L-BOR OO EPRZEE N B 72 5 R < A Lo @gh (hamuli) 23& 0 |
IR FHIEW TRk &IC# N5 2 & THOERE 21T 5 (Ni et al., 2002), &
DOWRREIZ, 77T LR YT 7T LR (Fig. D-3). 27 77 L F (Riley,
1874) THIGNTWAH Z &ME . T 7703 FRAKRTIAESINEZRETH S &
BEz2bD, ¥VT I ERBFEERIC, BN T HICBRE, BB %+
ON, BBDOBENLT 7T LD X7 1 KOEWR TN TIE R, Al
OARTEAFIE & PR Ic B VSR E R T T 1 SN ATEETH D
(Stocks, 2008), 77 T LY EFRL L XU T I EROMEREEIEILE N E R UA0E

IhbHZ e, EMALTERL, 0% EL L0 LR TEIL L - "lREME
NEZHN50 (Fig. D-2; Topology A2, A3), HIMDMEN DRI K& < Bip -
TWBHZ EnD, B RAkICENE O BB OIS EA S i aTRENE b 5
ETE 720 (Fig. D-2; Topology Al),

SEWHEH T, ~"TFrERTHEEIWTRITZENEN., BIBOKED T
(2. BIADORTERD EHFICENEIULY Ko o FIR O W5 S & K> (Fig. D-4)
(D’Urso and Ippolito, 1994), = =& T H OB BHTHOTZRITME < THEIFT
HHDIITH L, BEIRTHTIEASEH L TW TR R TEOILD L)
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BOWR DY XBIRATRETZA, Z DN ESEAEEIIF—TH Y . HIFZR#E T
HHEEZLND (D'Urso & Ippolito, 1994), EMaE H TlX, RSN -FEDO TS
IR TEREBI R M THON TV A I E 72\ 7Y (Bohne and Schneider, 1979; Czaja,
2012), WL b ABAEZ A IRMET OFMANZATE 1ETOOZEEN D 72 H40iES
HFREDH, ZOMEN BB A TIET S 2 L THOERAITO 2 EAmE SN
T35 (Fig. D-5), ##nAiIkxIT EJFICHN> TS FRUCHN > TRV, Fi#AD 2
B DRI L > TH 2 B HHE-IC/2 > T 5 (Bohne and Schneider, 1979) , ¥4
Wy B CME—FRFIEAE 2 7% 7 Peloridium hammoniorum o355 ¢ LM B
CNRIEFEROMIE T, RIXY S FARDOHAATIRS & ATBEMNIZ b 5 2 HOZEE
THYRET 28 & 72> T 5 (Fig. D-6) (D’Urso, 1993), Z D X Hic, B#dH
& Ay B 3D THREL L 72 B E 2 Ff > TV D, P T A7 VT h—
LfiEHT (Misof et al., 2014b; Johnson et al., 2018) <CWAK:A%E (Yoshizawa et al.,
2017) OFERMN S ERFEWRE oMW A B & 2B B o 4l ik 7 B 4%
(Kristensen, 1975; Forero, 2008; Cryan and Urban, 2012) 1375 &AL, ¥V dEH & $H
Wi B & ORBEBILR 38 < XFES N TS, L7a-C, B Ly
H oWaEsEfEE T, SR B + 8wl B+ 200 B od@mdJeichk L, Sy
HTWRIZEL LI #2505 (Fig. D-2; Topology B2), L2>L. A H
(2R B AR S O EREIE RTINS L@ i ch Y . HwiiE oz h
EDOMEMEIZET 28mA N+ Thor 2 &, ETEMHEEOBH G HS5EY |
Hi B ~ O3 AEIZ TN E A EE DN IRE LT AREE S B2 6D 2 b &
BRI ClEenWg 3 HHZNEN TOMMNEREZEET HXXTHA 9 (Fig.
D-2; Topology B2), = ® & 512, ¥ H N TOMEAEREE O S 13+ 1 13
FAEINTELT . SBOMIE, FrCERATE B 23T 2 RN 2 REEIEE R RO
bId,
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PERE R & A B & Bk RE D E/LRIBIR

HER N R RS RE 2 R DB B HiX, £ < O5A 2BV TR N O R
BRI L T Z &b — 72 B RISV T O BRI Z iRk L & 51
T2 DR OB 2GR TH L Z LR ENT-, ZDZ Lk, #%
Fleipn ) IR x v U 77l RABEREED & 72 b T HIKI DA E LWV E h
T, ST N BEEE S AL LTV %  (Burrows, 20093, 2011) = & 706 b KRS
hNo, £z, FEATRONI X 91T, KA ZHER L7222 SR O,
EMEANT DT DITIE, PRI TRATBERE A 40 L DD AE bR 2 BN H
HEEBEZOND, ZDOTZ LD, WEFEE OAFEIL, BRIOFEFHERE 26/
THEOICHEREIETH D Z LIV X D NRNES S, KFZEDORE RN,
JEWHEH T 2 [, Wi E T 2 BlOEF 4 B O MEABkEEMRE 2 -0 B Tk
LTWEZ EREEINTN, 20ZL THEFBEOEMLBEZ >TWVDH 2
&5 (Fig. D-1,2), WEEMICIRWVEIE &V | KRR EIET S rlRetEN
RS NTe, ZOREBRIX, GLMM 72 K OREFHLE A L CA%RIA LT L
TWSRERH D120, FHIEROMNBIAE TH D, £io, WEHEEL R
T B REIEEE A RO L B 2 Db 2T T I BN Bk RE

FFoZ &b, WG LIS O ER b B EE DI B A 52 TnWb 2
EMHERI SN D, TAUCE L TiE, EE R & OBEREMRNTC. EIRR D B[RO
FEREAFF O 7 N — T 2t R & LI TEREMRNT 24TV, FIREMED & 2 BIA 2 a9
DNEENMEL R D THA D,
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Chapter 1

AUCHENORRHYNCHA

Chapter 2

STERNORRHYNCHA

Cicadomorpha
Fulgoromorpha

Psylloidea

<
T
O
=z
p
E
o
o
O
L
—
O
O

Aleyrodoidea

HETEROPTERA
| Coccoidea
I Aphidoidea

Fig. D-1. Summary of result of hemipteran jumping in this thesis. Outgroups
were omitted. Information of jumping behavior in Coleorrhyncha and
Heteroptera were referred from Burrows et al. (2007) and Burrows (2009c).

“J” indicates implied acquisition events of jumping ability.
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Fig. D-2. Possible evolutional hypothesis of wing coupling structure in

hemipteroid orders. The phylogenetic relathionship was cited from Johnson

et al. (2018). Topologies A1-A3 and B1-B2 are alternative, respectively.

Outgroups are omitted.
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Fig. D-3. Hamulus on hindwing of Adelges japonicas (Adelgidae), dorsal

view.
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2
WCTT

WCHF

Fig. D-4. Section view of functional wing coupling mechanism in fore- and

hindwing of Auchenorrhyncha. ms, microsculptures. s, shovels. wcam,
wing-coupling accessory microsculptures, WCFF, wing-coupling fore fold.
WCHEF, wing-coupling hind fold. The figure and terms were cited from

D’Urso (2002).
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Fig. D-5. Section view of functional wing coupling mechanism in fore- and
hindwing of Heteroptera. GF, sliding folding. GKa, sliding comb . GKo,
sliding head. HFL, Hindwing. VFL, Forewing. The figure and terms were

cited from Bohne and Schneider (1979).
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FWC

PO GO

Gl )=
'_.'..‘I'..'}l:-'_"...‘n;‘..'.-':‘.- o ay e B e st TV pp— il “

v HWC 5

Fig. D-6. Section view of functional wing coupling mechanism in fore- and
hindwing of Coleorrhyncha. FWC, wing coupling structure of forewing. G,
groove. GI, inner groove. GO, outer groove. HWC, wing coupling structure of
hindwing PI, internal position. PO, external position. The figure and terms

were cited from D’Urso (1993).
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