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Abstract

Spermatogenesis and sperm ultrastructure were investigated in Neopanorpa lui Chou & Ran and Neopanorpa lipingensis Cai & Hua by
light and transmission electron microscopy. Two lateral lamellae run along the lateral grooves of the spermatid nucleus during spermiogen-
esis, but disappear in the mature spermatozoa. Sperm cells are very similar in ultrastructure between the two species. The spermatozoa are
elongated cells, each comprising an apical bilayered acrosome inserted on the anterior nuclear region, an elongate nucleus that occupies
the anterior sperm region, a neck region, and a posterior long flagellum. The nucleus has two prominent lateral grooves and assumes a
helical appearance. The flagellum is helical and consists of a 9+2 axoneme, two mitochondrial derivatives of unequal size, one accessory
body, and two extra-axonemal accessory structures. The uniqueness of spermatozoa of Neopanorpa lies in the specifically spoon-shaped
larger mitochondrial derivative along most of the flagellum length. A tentative phylogenetic analysis based on sperm structure supports a
possible monophyletic clade comprising Panorpidae, Panorpodidae, Bittacidae, and Boreidae of Mecoptera with two non-homoplasious
characters: glycocalyx organised in longitudinal ridges and two extra-axonemal accessory structures/rods in flagellum. Closer affinities
of Siphonaptera and the mecopteran clade are suggested by the characters of two asymmetric mitochondrial derivatives and the presence
of mitochondrial derivative with crystalline structure. The sister group relationship of Panorpidae with Panorpodidae is supported by the
presence of nuclear fiber and the irregular shape of the larger mitochondrial derivative.
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1. Introduction

Mecoptera, a minor order in Antliophora of holometa-
bolous insects, is unique in Holometabola because most
mecopteran groups (especially Panorpidae, Nannocho-
ristidae, Choristidae, and Bittacidae) possess a pair of
prominent compound eyes in their larval stages (BYERs
& THORNHILL 1983; MELZER et al. 1994; KRISTENSEN 1999;
CHEN et al. 2012). Its relationship with Siphonaptera and

Diptera, however, has not been satisfactorily clarified in
Antliophora (WiLLMANN 1987; WHITING 2002; BEUTEL &
Baum 2008; WIEGMANN et al. 2009; BruTEL et al. 2011;
FriebricH et al. 2013; Misor et al. 2014). WHITING (2002)
assumed that Mecoptera (Boreidae) is paraphyletic with
respect to Siphonaptera based on molecular data. BEUTEL
& Baum (2008) considered the peculiar family Nanno-
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choristidae of Mecoptera as the sister group of Diptera
supported by the mouthpart structure of adults. FRIEDRICH
et al. (2013) also proposed that Mecoptera is a paraphy-
letic group based on morphological characters of the
adult head. However, some researchers (WiLLMANN 1987;
WIEGMANN et al. 2009; MisoF et al. 2014) argued that
Mecoptera is monophyletic as the sister group of Siphon-
aptera. BEUTEL et al. (2011) even regarded Mecoptera
as the sister group of Diptera and Siphonaptera based
on morphological data. Additional characters are obvi-
ously needed to solve the phylogenetic position problem
of Mecoptera. The ultrastructure of spermatozoa might
partly fulfill this requirement.

Spermatozoa are highly specialized cells, character-
ized by patterns of rapid and divergent morphological
evolution (BIRKHEAD et al. 2009; DaLral et al. 2016;
GotTtarDO et al. 2016). The variation in sperm morpho-
logy, especially the ultrastructure, can provide valuable
characters for the assessment of evolution and the recon-
struction of phylogeny in various groups (JAMIESON 1987,
JamiesoN et al. 1999; DarLrar 2009, 2014; DALLATI et al.
2016; GottarDO et al. 2016). The ultrastructure of sper-
matozoa has been extensively studied in the vast num-
ber of species of insects (BAcCETTI 1972; JaMIESON 1987;
JamiesoN et al. 1999; DaLrar 2014; DaLral et al. 2016).
However, sperm structure is still poorly documented
in Mecoptera to date, and only four species have been
investigated in Panorpidae (GASSNER et al. 1972; JAMIE-
soN et al. 1999; DaLral et al. 2003; ZHANG et al. 2016);
two species in Bittacidae (SHEPARDSON et al. 2014); two
species in Boreidae (DaLLal et al. 2003; RusseLL et al.
2013); and one species in Panorpodidae (ZHANG & Hua
2014).

Panorpidae, the largest family of Mecoptera, com-
prises approximately 400 extant species, which are dis-
tributed throughout Asia, North America, and Europe
(KaLTeENBACH 1978; PeENny & BYERs 1979; Byers &
THorNHILL 1983; Hu et al. 2015). The species of Pan-
orpidae are currently assigned to seven genera: Panorpa
Linnaeus, 1758; Leptopanorpa MacLachlan, 1875; Neo-
panorpa Weele, 1909; Sinopanorpa Cai & Hua, 2008;
Furcatopanorpa Ma & Hua, 2011; Dicerapanorpa Zhong
& Hua, 2013; and Cerapanorpa Gao, Ma & Hua, 2016.
Previous sperm structure studies of Panorpidae (GASSNER
et al. 1972; JamiesoN et al. 1999; Darrar et al. 2003;
ZHANG et al. 2016) only dealt with species of Panorpa
and Furcatopanorpa, the sperm ultrastructures of which
are distinctly different in the mitochondrial derivative of
flagellum, whereas the second largest genus Neopanorpa
has not been involved.

In this study, we investigated the spermatogenesis
and sperm ultrastructure of Neopanorpa lui Chou & Ran,
1981 and Neopanorpa lipingensis Cai & Hua, 2009 by
light and transmission electron microscopy, in order to
provide eventual additional characters for future phy-
logenetic analysis of Panorpidae, and in an attempt to
elucidate the phylogenetic relationships of Mecoptera in
Antliophora.

374

2. Material and methods

2.1. Insect collection

Adult males of Neopanorpa lui Chou & Ran, 1981 were
obtained from the Tiantaishan National Forest Park
(34°13'N 106°59'E, elev. 1500 — 1600 m) in the Qinling
Mountains, Shaanxi Province from late June to early
July in 2014 and mid-July in 2015. Adult males of Neo-
panorpa lipingensis Cai & Hua, 2009 were collected at
Huanglongtan (31°53'N 109°31'E, elev. 900— 1000 m) in
the Hualong Mountains, Shaanxi Province in mid-July
2015.

2.2. Light microscopy
Live adult males were anaesthetized with diethyl ether,
and their testes and epididymids were rapidly dissected
in Ringer’s solution under a Nikon SMZI1500 stereo
microscope (Nikon, Tokyo, Japan). The testicular folli-
cles were opened at the basal part and the sperm bun-
dles were spread onto clean microslides. Pictures were
taken with a QImaging Retiga 2000R Fast 1394 Digital
CCD equipped on the microscope. To determine the size
of sperm nucleus, some slides were stained with 4,6-di-
amino-2-phenylindole (DAPI, Beyotime) for 5 min, and
washed in distilled water. Photographs were taken with a
Nikon DS-Ril digital camera attached to a Nikon Eclipse
801 epifluorescence microscope (Nikon, Tokyo, Japan).
For histological observation, the samples embedded
in polymerized Epon 812 resin were cut into semi-thin
sections with a Leica EM UC7 ultramicrotome (Leica,
Nussloch, Germany), stained with 0.5% toluidine blue,
and examined under the microscope.

2.3. Transmission electron microscopy

The testes and epididymides of live male adults were dis-
sected rapidly in Ringer’s solution and fixed at 4°C over-
night in a mixture of 2% paraformaldehyde and 2.5%
glutaraldehyde in 0.1 M phosphate buffer (PB, pH 7.2),
in which 3% sucrose was added.

The fixed samples were rinsed six times with PB, and
post-fixed in phosphate-buffered 1% osmium tetroxide
(O40,) for 1.5 h at 4°C. After rinsing six times with PB,
the testicular follicle and epididymis samples were dehy-
drated in a graded series of acetone (30%, 50%, 70% for
10 min each, 80% for 15 min, 90% for 20 min, and 100%
for 30 min twice), infiltrated successively with three mix-
tures of acetone/Epon 812 resin (3:1 for 2 h, 1:1 for 4 h,
and 1:3 for 12 h) and pure Epon 812 resin for 24 h twice
at room temperature, and were embedded in pure Epon
812 resin, polymerized at 30°C for 24 h and at 60°C 48 h.

Ultra-thin sections were cut with a diamond knife on
the ultramicrotome, double stained with uranyl acetate
and lead citrate for 10 and 8 min, respectively, and ex-
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Fig. 1. Neopanorpa lui Chou & Ran, 1981: male reproductive organs and sperm bundles, light micrographs. A: Testis-epididymis complex
(TE), vas deferens (arrowhead), and seminal vesicle (sv); arrow points to the entry of the vas deferens entering the seminal vesicle. B: Tes-
tis-epididymis complex consisting of three testicular follicles (tf) and an epididymis (e), arrow points to sperm bundles. C: Sperm bundles
in a testicular follicle. D: A sperm bundle. E: The sperm nucleus stained with DAPI. (Scale bars: A, B: 0.5 mm; C, D: 0.2 mm; E: 10 pm)

amined under a Hitachi HT7700 transmission electron
microscope (Hitachi, Tokyo, Japan) at 80 kV.

2.4. Phylogenetic analyses

Phylogenetic analyses were conducted using maximum
parsimony in TNT version 1.5 (GoroBorr et al. 2008)
with 1000 random addition traditional searches and
NONA 2.0 (GoroBorr 1999) using heuristic searches
with 1000 replications. Micropterigidae and Hepialidae
in Lepidoptera were used as outgroup taxa. All taxa of
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Antliophora were treated as ingroup members, includ-
ing Chironomidae and Limoniidae in Diptera (selected
the relative basal taxa), Pulicidae in Siphonaptera (the
only one family studied), and four studied families (Bit-
tacidae, Boreidae, Panorpidae, and Panorpodidae) in
Mecoptera. Twenty-two characters (0, plesiomorphic
state; 1 or 2, apomorphic states; [01/02/012], polymor-
phic characters; ?, missing or unknown; -, gap) of sperm
ultrastructure (see section 3.4.) were coded in a data
matrix (Table 1). Some characters were extracted from
previous studies (e.g., HaMoN & CHAUVIN 1992; JAMIESON
et al. 1999; DaLral et al. 2003, 2007, 2008; RUSSELL et
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Fig. 2. Neopanorpa lui Chou & Ran, 1981: testicular follicle, sperm cyst, histological micrographs. A: Longitudinal section of a testicular
follicle with cysts (cy) and sperm bundles (arrow). B: Cross-section of the distal region, showing different cysts with spermatocytes (spc)
and spermatids (spd), respectively. C: Magnification of spermatocytes (spc) with nucleus (N). D: Spermatids (spd) in a cyst characterized
by small nuclei (arrows) and conspicuous nebenkerns (nb). E: Magnification of cysts. (Scale bars: A: 100 pm; B-E: 20 pm)

al. 2013; SHEPARDSON et al. 2014; ZHANG & Hua 2014;
ZHANG et al. 2016; GotTtarpo et al. 2016). All characters
were initially equally weighted. Bremer support value or
decay index (BReMER 1994) for the resultant strict con-
sensus tree was calculated with TNT. The unambiguous
characters were mapped on the tree using WinClada ver-
sion 1.00.08 (Nixon 2002).

3. Results

3.1. Gross morphology of the male testes

The males of Neopanorpa each have a pair of long ellip-
tical testes (Fig. 1A). Each testis consists of three trans-
lucent testicular follicles (~1.8 mm in length and 0.25
mm in diameter) (Fig. 1B), which open into the long vas
deferens. The vas deferens is highly coiled at the distal
part to form an epididymis, which is pressed against the
lateral base of the testis. The testis and epididymis are
enclosed together by a common brown peritoneal sheath,
forming a testis-epididymis complex (Fig. 1A). The vas
deferens runs forward along the meso-ventral line of the
paired well-developed subcylindrical seminal vesicles
after leaving the peritoneal sheath, and enters the seminal
vesicles at the anterior end of the latter (Fig. 1A).
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In the sexually mature males, spermatozoa are formed
in the testicular follicles and temporarily stored in the
epididymides before their transfer to the reproductive
tract of the female. The testicular follicle is made up of an
epithelium lying on the basal lamina surrounded by a thin
muscular layer, and numerous cysts (Figs. 2A, 3A). In
the cytoplasm of epithelial cells are a series of vesicles,
numerous mitochondria, extensive rough endoplasmic
reticulum, and some multilamellar bodies (Fig. 3A). The
produced spermatids undergo a series of distinct transfor-
mations in the testicular follicles (Figs. 3D,F,G, 4A—C),
and eventually form spermatozoa. The spermatozoa are
held together in the form of coiled sperm bundles of ap-
proximately 1100 pm in length (Fig. 1C,D) before trans-
fer to the epididymides. The epididymis is composed of
a fairly thick epithelium, a basal lamina, and a layer of
circular smooth muscles externally (Fig. SA,B). Vesicles
and mitochondria are abundant in the cytoplasm of epi-
thelial cells, whose apical surface facing the lumen has
numerous microvilli (Fig. 5B).

3.2. Spermatogenesis and sperm ultra-

structure of Neopanorpa lui
Spermatogenesis progresses in cysts within the testicu-

lar follicle. At the distal region of the testicular follicle,
some cysts are filled with spermatocytes, and others with
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Fig. 3. Neopanorpa lui Chou & Ran, 1981: testicular follicle and spermatogenesis, TEM micrographs. A: Longitudinal section of the wall,
showing the muscular layer (ms), basal lamina (arrow), and epithelium (ep). Vesicles (v), mitochondria (m), rough endoplasmic reticulum
(rer), and multilamellar bodies (mb) are visible in the epithelial cells. B: Cross-section at the head region of the sperm bundle in a cyst,
showing nucleus (arrow) and acrosome (arrowhead). C: A spermatocyte nucleus (N) with the nucleolus (Nu) and synaptonemal complex
(arrow). D: A spermatid with the nucleus (N), nebenkern (nb), Golgi apparatus together with pro-acrosomal material (arrowhead), and
endoplasmic reticulum (arrow). E: Magnification of the pro-acrosomal material (arrow) with a distinct vesicle (v) along the concave side
of the Golgi apparatus (G). F: Lateral laminae (arrowheads) alongside the lateral grooves of the nucleus (N) during spermiogenesis; ar-
row points to microtubules. G: Nucleus (N) with condensed chromatin in the nearly mature stage. (Scale bars: A—C: 2 pm; D: 4 pm; E, F:
0.5 pm; G: 0.2 pm)
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spermatids (Fig. 2B). In each cyst, a spermatogonium
undergoes seven successive divisions, eventually gen-
erating 128 spermatids (Fig. 3B), which later transform
into elongate spermatozoa and further into a sperm bun-
dle through shape deformation. Each cyst contains germ
cells of the same maturation stage (Fig. 2B,E). A series
of cysts of primary spermatocytes are progressively dis-
placed in an increasing order of maturation from the api-
cal to the basal portion in the whole testicular follicle
(Fig. 2A).

The spermatocytes are recognized by the presence of
a synaptonemal complex in their nucleus. The nucleus of
the spermatocyte is approximately 12.6 um in diameter
with uniformly diffuse chromatin (Figs. 2C, 3C). The
spermatids are roughly globular, approximately 14 pm in
diameter (Fig. 2D). The early spermatids each are pro-
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EM micrographs. A: Cross-section of the early spermatids, showing

Fig. 4. Neopanorpa lui Chou & Ran, 1981: spermatids and flagellum, T
a 9+2 axoneme (ax), endoplasmic reticulum (er), and two mitochondrial derivatives (md). B: Flagellum with two mitochondrial deriva-
tives of unequal size: the larger one (md) with a crystalline body (arrowhead) surrounded by microtubules (white arrow); arrow points to
the smaller one. C: Cross-section of the flagellum of late spermatids, showing an axoneme and the larger mitochondrial derivative (md).
D: Longitudinal section of the axoneme of early spermatids, showing the axoneme (ax), endoplasmic reticulum (arrowhead), and Golgi
apparatus (arrow). (Scale bars: A: 0.2 um; B-D: 0.5 pm)

vided with a rounded nucleus characterized by homoge-
neously diffuse chromatin of 5.3 um in diameter, a con-
spicuous “‘nebenkern” consisting of fused interlocked
mitochondria, and a Golgi apparatus whose concave side
faces the nucleus (Fig. 3D). The pro-acrosomal material
is present in the fossa of the Golgi apparatus (Fig. 3D,E).
Endoplasmic reticulum is also visible in the cytoplasm
(Fig. 3D, arrow).

During the spermiogenesis the spermatids undergo a
distinct transformation, changing from spheroid in shape
to an elongated appearance. With the transformation of
nuclei the chromatin condenses gradually with the in-
crease of its electron density (Fig. 3F,G). Two lateral
laminae accompany the spermatid nucleus alongside the
two lateral grooves of nuclear envelope (Fig. 3F) and
extend along the entire length of sperm head to the cen-
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micrographs. A: Longitudinal sec-

tion of an epididymis, showing the muscular layer (arrow), epithelium (ep), and lumen filled with spermatozoa (sp). B: Cross-section of
epididymis, showing muscular layer (ms), basal lamina (arrow), epithelial cells with numerous apical microvilli (mi) projecting into the lu-
men (L), mitochondria (m) and vesicles (v). C,D: Spermatozoa in the lumen, showing the helical array of axoneme (ax) and mitochondrial
derivatives (md) in longitudinal section, the bilayered acrosome (a) with the central perforatorium (p), and mushroom-shaped nucleus (N)

in cross-section. (Scale bars: A: 10 pm; B, C: 2 um; D: 0.5 um)

triolar region. A layer of singlet microtubules encircles
the nucleus and lateral laminae. The lateral lamellae,
however, exist only in the spermatids, and vanish in the
spermatozoa.

The two mitochondrial derivatives are almost of equal
size in the early spermatids (Fig. 4A). One mitochondrial
derivative, however, diminishes evidently in later stages.
It is evident that the larger mitochondrial derivative is
surrounded by a layer of singlet microtubules (Fig. 4B).
Approaching the mature stage, only a single elliptical mi-
tochondrial derivative remains in the most length of the
flagellum (Fig. 4C). A notable feature of the mitochon-
drial derivative lies in the drop-shaped crystalline body
facing the axoneme (Fig. 4B). The axoneme has a 9+2
microtubular pattern: nine doublet microtubules with dy-
nein arms and thick radial spokes, and two central micro-
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tubules. Along the axoneme run endoplasmic reticulum
and Golgi apparatus in the early spermatid stage (Fig.
4D).

The mature spermatozoa are elongated and filiform,
each consisting of a short head, a neck transition region,
and a long posterior flagellum (Fig. 6). The head com-
prises an apical conical acrosome and a nucleus (Fig.
7B). The acrosome is approximately 0.22 um in diameter
at the base and is bilayered, consisting of an outer acro-
somal vesicle and a central perforatorium (Fig. 7B).

The sperm nucleus is elongated, measuring 25 pum
in length (Fig. 1E). The nucleus has two lateral grooves
along its whole length and is mushroom-shaped in cross-
section (Fig. 5D). The nucleus assumes a helical shape
in longitudinal section (Fig. 7A), and contains a series of
parallel-spaced septa in the groove. The aforementioned
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Fig. 6. Schematic drawing illustrating the sperm morphology of
Neopanorpa lui.

lateral laminae, which once run along the nucleus during
the spermiogenesis, are absent in the mature spermatozoa
(Fig. 7E,G).

The neck region consists of a centriole and the cen-
triolar adjunct material. The centriole usually inserts into
one side of the posterior extremity of the nucleus (Fig.
7C,D). Beneath the centriole is the electron-dense cen-
triolar adjunct. The centriolar adjunct is well-developed
on the periphery, assuming the shape of a characteristic
sheath (Fig. 7A,D,F), and gradually diminishes along the
flagellum.

The flagellum is very long and composed mainly of
an axoneme, two mitochondrial derivatives, one acces-
sory body, and two extra-axonemal accessory structures.
The axoneme and mitochondrial derivatives are arranged
in a helicoidal array (Fig. 5C). The axoneme has, along
the most length of the flagellum, a regular pattern of 9+2
microtubules, which become disorganized in the terminal
part (Fig. 7E). The extra-axonemal accessory structure
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is thin, and located longitudinally between the axoneme
and the mitochondrial derivative.

The two mitochondrial derivatives differ from each
other in diameter and length, although they are almost
identical in size at the basal part of the flagellum within
the neck region (Fig. 7D). Along the flagellum one mi-
tochondrial derivative gradually diminishes, and eventu-
ally disappears with only one mitochondrial derivative
retained in the remaining length of the flagellum (Figs.
5D, 7F). The remained mitochondrial derivative assumes
a spoon shape in cross-section (Fig. 5D). At the terminal
region of the flagellum, the longer mitochondrial deriva-
tive becomes roughly elliptical in cross-section, with its
diameter decreased (~0.2 pm) (Fig. 7E).

3.3. Sperm ultrastructure of Neopanorpa
lipingensis

The mature spermatozoa of N. lipingensis are elongat-
ed and filiform, approximately 1300 um in length, and
closely resemble those of N. [ui in structure, also consist-
ing of a short head, a neck region, and a long posterior
flagellum.

The acrosome of mature spermatozoa is also a bi-
layered structure, consisting of the peripheral acrosomal
vesicle and the central perforatorium (Fig. 8H). The nu-
cleus shows a helical appearance (Fig. 8A), ~0.34 um
in diameter. It has two lateral grooves too, assuming a
mushroom shape in cross-section (Fig. 8E). The nucleus
chromatin is less condensed in the groove, and contains a
series of parallel, regularly-spaced septa (Fig. 8B).

The centriole inserts into the basal region of the nu-
cleus (Fig. 81). Beneath the centriole is an electron-dense
centriolar adjunct, which fills most of the volume of the
neck region and is on the periphery of the flagellum (Fig.
8C-E).

The flagellum is helical along its entire length (Fig.
8E), and comprises an axoneme, two mitochondrial de-
rivatives, one accessory body, and a pair of extra-axone-
mal accessory structures. The axoneme has a 9+2 micro-
tubular pattern (Fig. 8E—G) along most of its length. The
two mitochondrial derivatives are of unequal size. One is
short, thin, and disappears first. The other is prominent,
present along most of the remaining length of the flagel-
lum and exhibits a spoon shape in cross-section (Fig.
8E,Q).

In the posterior region the flagellum is composed
mainly of an axoneme, one mitochondrial derivative,
and two accessory structures. At the terminal portion of
the flagellum, the microtubules of the axoneme become
disorganized and the mitochondrial derivative decreases
in size and assumes an elliptical shape in cross-section
(Fig. 8J). Furthermore, the spermatozoa show a plasma
membrane with a regular glycocalyx composed of lon-
gitudinal ridges projecting from the cell membrane (Fig.
8.
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Fig. 7. Neopanorpa lui Chou & Ran, 1981: spermatozoa, TEM micrographs. A: Longitudinal section of the spermatozoa, showing the
nucleus (N), centriolar adjunct (arrow) and flagellum. B: Longitudinal section of the acrosome with the acrosomal vesicle (av) and perfo-
ratorium (p). C: Cross-section of the spermatozoa, showing the centriole (arrow) and mitochondrial derivatives (md1, md2). D: Magnifica-
tion of the centriole (arrowhead) and two mitochondrial derivatives (md). E: Terminal part of the flagellum with disordered microtubules
(arrow) and elliptical mitochondrial derivative. F,G: Cross-sections of the flagellum, showing the centriolar adjunct (ca) and the accessory
body (arrowheads) in the posterior region. (Scale bars: A, C, F: 0.5 um; B, D, E, G: 0.2 um)

3.4.

01:

02:

SEN

List of characters of sperm

Glycocalyx: absent (0); present (1). The glycocalyx
of sperm is absent in Micropterigidae (Lepidoptera)
(Hamon & CHAUVIN 1992; JamiesoN et al. 1999), but
is present in Hepialidae (Lepidoptera); Pulicidae
(Siphonaptera); Bittacidae, Boreidae, Panorpidae,
and Panorpodidae (Mecoptera) (DALLAl et al. 2003;
RusstLL et al. 2013; SHEPARDSON et al. 2014; ZHANG
& Hua 2014; ZuanG et al. 2016).

Type of glycocalyx: structureless (0); transversal
ridges (1); longitudinal ridges (2). The glycocalyx
of sperm is composed of longitudinal ridges project-
ing from the cell membrane in all mecopteran taxa
(DacLcat et al. 2003; RusseLL et al. 2013; SHEPARDSON

CKENBERG

03:

04:

et al. 2014; ZHANG & Hua 2014; ZHANG et al. 2016),
and composed of transversal ridges in Pulicidae
(DaLrat et al. 2003), but is structureless in Hepiali-
dae (HAMON & CHAUVIN 1992; JamiEsoN et al. 1999).
Acrosome: present (0); absent (1). The acrosome
of sperm is absent in Micropterigidae and Hepiali-
dae in Lepidoptera (HAMON & CHAUVIN 1992; JAMIE-
soN et al. 1999).

Type of acrosome: bilayered (0); monolayered
(1). The acrosome of sperm is monolayered in Chi-
ronomidae and Limoniidae in Diptera (DaLLAI et
al. 2007, 2008), but is bilayered in Pulicidac and
Mecoptera (DaLral et al. 2003; RusseLL et al. 2013;
SHEPARDSON et al. 2014; ZHANG & Hua 2014; ZHANG
et al. 2016).
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TN -l 3 Nl
Fig. 8. Neopanorpa lipingensis Cai & Hua, 2009: spermatozoa, TEM micrographs. A,B: Longitudinal sections of the nucleus (N). Ar-
row points to the regularly-spaced septa in the groove. C: Longitudinal section at the neck region, showing the nucleus (N) and centriolar
adjunct (ca). D: Cross-section at the neck region, showing the centriolar adjunct (arrow) and the two mitochondrial derivatives (md). E:
Cross- and longitudinal sections of spermatozoa, showing the nucleus (N) with two lateral grooves, the neck region with conspicuous cen-
triolar adjunct (arrow), and the posterior part of flagellum with an axoneme (ax) and a larger mitochondrial derivative (md); arrowheads
point to the smaller mitochondrial derivative. F: Cross-section at the neck region, showing the axoneme, centriolar adjunct (arrow), the
smaller mitochondrial derivative (arrowhead), and the larger mitochondrial derivative. G: Cross-section of the posterior part of flagellum,
showing the axoneme (ax) and the mitochondrial derivative (md). H: Cross-section of the acrosome (a), showing the outer acrosomal
vesicle (arrow) and the central perforatorium (p). I: Cross-section of the centriole (arrow) inserted into the nucleus (N). J: Terminal part of
flagellum, showing the irregular microtubules (arrow) and the elliptical mitochondrial derivative (md) in cross-section; arrowhead points
to the plasma membrane with the glycocalyx. (Scale bars: A: 0.5 um; B, D, H-J: 0.1 um; C, E-G: 0.2 pm)

05: Length of acrosome: short (0); long (1). The sperm  07: Lateral grooves of nucleus: absent (0); present

acrosome is long in Pulicidae for the proportion of (1). The grooves of nucleus are absent in Micropter-
acrosome to head larger than 80% (DaALLal et al. igidae, Hepialidae (HAMON & CHAUVIN 1992; JAMIE-
2003). soN et al. 1999), and Pulicidae (DaLLal et al. 2003).
06: Length of nucleus: short (0); long (1). The sperm  08: Number of lateral grooves on nucleus: two (0);
nucleus is short in Pulicidae for the proportion of nu- three (1). Two lateral grooves on nucleus occur in
cleus to head smaller than 20% (DaLLat et al. 2003). Chironomidae (DaLral et al. 2007) and in all meco-
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Table 1. Morphological characters and character states used in the cladistic analysis.

Order Family o|0j0jO0|O0O|O0O|O0O]O0]O0 1 1 1 111 1 1111 11222
1,123 |4|5|6|7 8,9 01,23 |4|5|6|7|8]9,0/|1]2
Lepidoptera Micropterigidae 0| —=] 1 |=]—=]110|=]—=]1 1 110000000 | 10127} 710
Hepialidae 1 o/ 1| == 10| =]—=1]07]0]01 00|01 00| —|—10
Diptera Chironomidae 70710 )1 01 11707001 1 Tjonjofojojo0j0|—|—10
Limoniidae ? ? 0 1 0 1 1 1[01]) 0 00 ? 1911020y 1| — 10710 0| —|—10
Siphonaptera Pulicidae 1 1 0101 00| —|—1]07]0 1 01010 1 0|1 1 0|1 0
Bittacidae 1 210107071 1 0|1 0|1 1 00|01 0|1 1 0|1 1
Mecoptera Boreidée 1 2101070711 1 0|10} 0]0 000|001 1 00 |1
Panorpidae 1 2101010 1 1 010 |1 1 1 01010 1 1 1 1 11 —=11
Panorpodidae 1172101001 T 17010101 T 170110 |1 1 1 T 10 |1 1
pteran taxa (DALLar et al. 2003; RusseLL et al. 2013; Panorpidae, and Panorpodidae (DaLLal et al. 2003;
SHEPARDSON et al. 2014; ZHANG & Hua 2014; ZHANG RusseLL et al. 2013; SHEPARDSON et al. 2014; ZHANG
et al. 2016), but three or two in Limoniidae (DaLLAl & Hua 2014; ZHANG et al. 2016).
et al. 2008). 17: Transverse section of the mitochondrial deriva-

09: Depth of grooves on nucleus: deep (0); shallow tive: regular (0); irregular (1). The irregular shape
(1). The depth of the grooves is shallow in Bittacidae of the transverse section with projection is present in
and Boreidae of Mecoptera (DaLLar et al. 2003; Rus- Hepialidae (HamoN & CHAUVIN 1992; JaMIESON et al.
SELL et al. 2013; SHEPARDSON et al. 2014). 1999), Panorpidae, and Panorpodidae (DaLrat et al.

10: Nuclear fiber: absent (0); present (1). The nuclear 2003; ZHANG & Hua 2014; ZHaNG et al. 2016).
fiber of sperm is present in Micropterigidae (Hamon  18: Crystalline structure of the mitochondrial de-
& CHAUVIN 1992; JamiEsoN et al. 1999), Panorpidae, rivative: absent (0); present (1). The crystalline
and Panorpodidae (DALLal et al. 2003; ZHANG & Hua structure of the mitochondrial derivative is present
2014; ZuanG et al. 2016). in Pulicidae, and all mecopteran taxa (DALLAT et al.

11: Nucleus array: non-helical (0); helical (1). The nu- 2003; RussiLL et al. 2013; SHEpARDSON et al. 2014;

cleus is helical in Micropterigidae (HamoN & CHAU- ZHANG & Hua 2014; ZHANG et al. 2016).
VIN 1992; Jamieson et al. 1999), Chironomidae (DaL-  19: Accessory bodies: absent (0); present (1). Ac-
LAl et al. 2007), Bittacidae, and Panorpidae (DALLAI cessory bodies are absent in Hepialidae (HAMON &
et al. 2003; SHEPARDSON et al. 2014; ZHANG et al. CHAUVIN 1992; JamiesoN et al. 1999), Chironomidae,
2016). and Limoniidae (DAcLcar et al. 2007, 2008).

12: Flagellum array: non-helical (0); helical (1). The 20: Number of accessory bodies: two (0); one (1);
helical flagellum is present in Micropterigidae (Ha- three (2). The number of accessory bodies ranges
MON & CHAUVIN 1992; Jamieson et al. 1999), Chi- from one to three in Micropterigidae (HamoN &
ronomidae (DarLral et al. 2007), Pulicidae (DALLAI et CHAUVIN 1992; JamiesoN et al. 1999), but is one in
al. 2003), Bittacidae, Panorpidae and Panorpodidae Panorpidae (DaLLal et al. 2003; ZHANG et al. 2016),
(DaLrat et al. 2003; SHEPARDSON et al. 2014; ZHANG two in the remaining taxa.

& Hua 2014; ZHANG et al. 2016). 21: Relative size of accessory bodies: equal (0); dif-

13: Nine accessory microtubules of the axoneme: ab- ferent (1). Asymmetric accessory bodies occur in
sent (0); present (1). Accessory microtubules of the Pulicidae, Bittacidae, and Panorpodidae (DaLLal et
axoneme are missing in Micropterigidae (HAmoON al. 2003; RusskeLL et al. 2013; SHEPARDSON et al. 2014;
& CHauviN 1992; JamiesoN et al. 1999), Pulicidae ZHANG & Hua 2014).

(DaLtar et al. 2003), and mecopteran taxa except 22: Extra-axonemal accessory structures/rods: ab-
Panorpodidae (Darrar et al. 2003; RusseLL et al. sent (0); present (1). These structures were only ob-
2013; SHEPARDSON et al. 2014; ZHANG et al. 2016). served in the sperm flagellum of the mecopteran taxa

14: Number of central singlet of axoneme: two (0); (DaLrat et al. 2003; RusseLL et al. 2013; SHEPARDSON
zero (1); one (2). The 9+9+0 and 9+9+2 patterns et al. 2014; ZHaNG & Hua 2014; ZHANG et al. 2016).
occur in Chironomidae (Dacrrar et al. 2007), and
9+9+1 and 9+9+2 patterns occur in Limoniidae
(DALLAT et al. 2008). 3.5. Phylogenetic analysis

15: Number of mitochondrial derivatives: two (0);
one (1). Only one mitochondrial derivative occurs in ~ The phylogenetic analysis yielded one most parsimoni-
Limoniidae (DaLLAl et al. 2008), and two are present  ous tree [branch length = 31, consistency index (CI) =
in remaining groups. 0.68, retention index (RI) = 0.63], which supports closer

16: Relative size of the two mitochondrial derivatives:  affinities of Siphonaptera and the mecopteran clade com-

equal (0); different (1). Asymmetric mitochondrial
derivatives occur in Pulicidae, and also in Bittacidae,
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prising Panorpidae, Panorpodidae, Bittacidae, and Borei-
dae. The most parsimonious tree with unambiguous char-
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acters is shown in Figure 9. According to the topology
of the cladogram, all the mecopteran taxa (Panorpidae,
Panorpodidae, Bittacidae, and Boreidae) form a mono-
phyletic group, which is the sister group of Pulicidae
(Siphonaptera). The mecopteran clade and Siphonaptera,
in turn, constitute the sister group of Diptera. The sis-
ter group relationship between the mecopteran clade and
Siphonaptera is supported by two non-homoplasious
characters: two asymmetric mitochondrial derivatives
(character 16: 1) and the mitochondrial derivative with
crystalline structure (character 18: 1). The monophyly of
the mecopteran taxa (Panorpidae, Panorpodidae, Bittaci-
dae, and Boreidae) is supported (Bremer support value
= 2) by two non-homoplasious apomorphies: glycocalyx
organised in longitudinal ridges (character 2: 2) and two
extra-axonemal accessory structures/rods (character 22:
1). In Mecoptera, Panorpidae and Panorpodidae receive
a support (Bremer support value = 2) as sister taxa, al-
though they are characterized only by two homoplasious
apomorphies: presence of nuclear fiber (character 10: 1)
and irregular transverse section of mitochondrial deriva-
tive (character 17: 1).

4. Discussion

The sperm ultrastructures are very similar between the
two species of Neopanorpa and share the following char-
acters with the confamilial Panorpa and Furcatopanor-
pa: a short bilayered acrosome, a helical elongated nu-
cleus with two lateral longitudinal grooves, a neck region
with the prominent centriolar adjunct, and a long helical
flagellum composed of a 9+2 axoneme, two mitochon-
drial derivatives of unequal size, one accessory body, and
two extra-axonemal accessory structures (DALLAT et al.
2003; DaLral 2014; ZHANG et al. 2016). The diagnostic
character of the Neopanorpa sperm lies in the specifi-
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Panorpidae

Panorpodidae

Fig. 9. The most parsimonious tree with Mi-
cropterigidae and Hepialidae (Lepidoptera) as
outgroup taxa. Bremer support values are in-
dicated at internal nodes. Non-homoplasious
characters are marked with filled circles and
homoplasious characters with open circles.
The numbers and states of characters are
placed above and below the circles, respec-
tively.

cally spoon-shaped mitochondrial derivative along most
of the flagellum length.

The notable feature of Neopanorpa sperm lies in the
peculiar shape of the mitochondrial derivative in the
posterior portion of the flagellum. The mitochondrial de-
rivatives are transformed by the conspicuous interlocked
structure “nebenkern”, which is formed by numerous
mitochondria aggregated and fused in the cytoplasm of
spermatids. The two mitochondrial derivatives of mature
spermatozoa are unequal in size. One is thin and short,
and the other is prominent and extends along the entire
length of the flagellum. The larger mitochondrial deriva-
tive assumes an irregular shape in cross-section for most
length of the tail. This irregular condition was also found
in Panorpa annexa and P. nuptialis (crescentic-shaped)
and Furcatopanorpa longihypovalva (hammer-shaped)
of Panorpidae (GAssNER et al. 1972; Jamieson et al. 1999;
ZHANG et al. 2016), and Panorpodes kuandianensis (an-
chor-shaped) of Panorpodidae (ZHANG & Hua 2014). In
other families of Mecoptera the mitochondrial deriva-
tives of flagellum are relatively regular in cross-section:
circular in Bittacidae and elliptical in Boreidae (DALLAI
et al. 2003; RusseLL et al. 2013; SHEPARDSON et al. 2014).
The mitochondrial derivatives differ among the four
studied families (Bittacidae, Boreidae, Panorpidae, and
Panorpodidae), indicating that the mitochondrial deriva-
tives likely provide useful characters in the phylogenetic
analysis of Mecoptera.

During spermiogenesis the spermatids are usually
surrounded by microtubules (or microtubular manchette)
in most Hexapoda (Jamieson et al. 1999; DaLrar 2014).
The microtubules vary in number and arrangement from
group to group or from species to species (FoLLioT &
MaILLET 1970; DANILOVA et al. 1984; DaLLAI et al. 2002,
2004; Cuawani et al. 2007). The transient microtubules
only exist in the deformation process of spermatids, and
disappear in mature spermatozoa (Jamieson et al. 1999;
Darrar 2014). During the spermiogenesis of Neopa-
norpa, the spermatid components, including the nucleus
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and mitochondrial derivatives, are visibly surrounded by
a single layer of microtubules, which disappear in the
mature spermatozoa. This may confirm the role of micro-
tubules in the spermatid elongation in the spermiogen-
esis.

The lateral laminae are a pair of peculiar structures
alongside the two lateral grooves of the nuclear envelope
in the spermatids during the spermiogenesis. The lateral
laminae are present and remain parallel to the nucleus of
spermatozoa of Panorpa germanica (DALLAI et al. 2003),
but are absent in the mature spermatozoa of Bittacus
(SHEPARDSON et al. 2014). Based on our present investi-
gation, the lateral laminae of Neopanorpa are similar to
those of Bittacus, only present during the deformation
process of spermatids and absent in the mature spermato-
zoa, suggesting that the lateral laminae are likely related
to nuclear twisting.

WHITING (2002) argued that Mecoptera (Boreidae) is
paraphyletic with Siphonaptera based on DNA sequence
data. Other authors (WIEGMANN et al. 2009; BEUTEL et al.
2011; Misor et al. 2014), however, regarded Mecoptera
as a monophyletic group based on both morphological
characters and molecular data. Based on our preliminary
phylogenetic analysis from 22 characters of sperm ultra-
structure (Fig. 9), two non-homoplasious characters (gly-
cocalyx organised in longitudinal ridges and two extra-
axonemal accessory structures/rods) support the clade
comprising all the taxa (Panorpidae, Panorpodidae, Bit-
tacidae, and Boreidae) studied of Mecoptera, and reject
the sister group relationship of Boreidae with Siphon-
aptera. This conclusion conforms to the viewpoints of
Datvrar et al. (2003) and RusseLL et al. (2013). In addi-
tion, two non-homoplasious characters (two asymmetric
mitochondrial derivatives and mitochondrial derivative
with crystalline structure) support the sister group re-
lationship of Siphonaptera and the mecopteran clade in
our tentative phylogenetic analysis based on the exist-
ing data, although the sperm information of some cru-
cial taxa like Nannochoristidae is unavailable. This sister
group relationship conforms with Gortarpo et al. (2016).
Based on the limited number of characters available, our
analysis shows that the sister taxon of Panorpodidae is
Panorpidae, instead of Bittacidae as viewed by WHITING
(2002).

Possibly due to the technique complexity and diffi-
culty of transmission electron microscopy, only limited
numbers of insects have been investigated for their sperm
ultrastructure so far. Admittedly, our present phylogenetic
analysis of Mecoptera was only conducted on the basis of
very limited existing data of sperm ultrastructure. On the
other hand, the taxon sampling, including the ingroups,
was also limited to the taxa whose sperm structures have
been studied in Antliophora. In this case, only one fam-
ily (Pulicidae) was selected in Siphonaptera. Although
it is widely accepted that Nannochoristidae is a crucial
taxon in the phylogentic analysis of Mecoptera (BEu-
TEL & Baum 2008; WiEGMANN et al. 2009; BEUTEL et al.
2011), the data of sperm ultrastructure are unfortunately
unavailable yet. The aforementioned conclusion is only
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putative to a large extent. To obtain a robust phylogentic
analysis of Mecoptera, molecular data should be consid-
ered in combination with other morphological characters
as well as sperm ultrastructure.
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