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ABSTRACT. While the existing data on spring-
tail (Collembola) anatomy are extensive, they re-
main fragmentary in scope. To date, only one com-
prehensive anatomical study has documented all or-
gan systems in a mature individual of an extremely
miniature species [Panina et al., 2019]. Here, we
present the first integrative anatomical analysis of
the medium-sized basal poduromorph Hypogastrura
serrata (Agren, 1904) using confocal microscopy
and 3D computational modeling. The medium-sized
(body length 1 mm) H. serrata possesses digestive,
excretory, nervous, reproductive, and muscular sys-
tems comparable to those of larger springtails. The
respiratory system is absent, although other spring-
tails have tracheae (for instance, Sminthuridae). The
circulatory system of H. serrata is reduced, whereas
for large collembolans, without mentioning specif-
ic genera, the presence of a heart with 2—6 pairs of
ostia has been described. The digestive system of
H. serrata is clearly differentiated into sections, the
presence of salivary glands is shown. The excreto-
ry system consists of labial nephridia. The nervous
system comprises a brain, suboesophageal ganglion,
three thoracic ganglia, and fused abdominal-thoracic
ganglion. Reproductive organs include paired ova-
ries. The muscular system contains 37 head muscles,
63 pairs of thoracic muscles, and 82 pairs of abdomi-
nal muscles. By contrast, the miniature Mesaphorura
sylvatica has one reduced ovary, no salivary glands
or digestive system specialization, and has muscles
penetrating the brain. This comprehensive descrip-
tion of the medium-sized H. serrata anatomy pro-
vides a reference for studying springtail morphol-
ogy, particularly the effects of miniaturization.

PE3IOME. JlanHbIc 110 aHATOMHH KOJIIEMOOIT J10-
CTATOYHO OOWIMPHBI, HO OTPBIBOYHBI: A0 CUX TIOpP
omyOJIMKOBaHa JUIIb OJJHA paboTa ¢ aHATOMUYECKUM
HCCIIEOBAHUEM BCEX CHCTEM OpPTraHOB ITOJIOBO3pE-
70 0coOM OgHOrO KpaliHEe MHHHMATIOPHOTO BHJA.
B Hacrosimeidl paboTre BHEpBBIC, ¢ MOMOIIBIO KOH-
(oKaJIbHOM MHKPOCKONHH M TPEXMEPHOTI'O KOMIIbIO-
TEPHOTO MOJEIMPOBAHUs, HCCIEJOBaHA AHATOMUS
OJIHOTO M3 0a3albHBIX BHAOB MOIYPOMOP(HBIX KOJI-
nembon cpenHuUx pasmepoB Hypogastrura serrata
(Agren, 1904). YV cpennepasmeproii H. serrata (nmu-
Ha Tena | MM), Kak ¥ y KPYITHOPa3MEpHBIX KOJJIEM-
00J, TNPHUCYTCTBYIOT NHINEBAPUTEIbHAs, BBIICIHU-
TeJIbHasl, HEPBHAs, I0JOBAasi M MBIIIEYHAS! CHCTEMBI
OpTraHOB. ﬂ])lxaTeJ'[LHaH CUCTEMA OTCYTCTBYET, XOTA
y ApYrux KoimeMOoi Tpaxew BCTpedaroTcs (B dact-
HoctH, y Sminthuridae). KpoBenocnas cucrema y
H. serrata pepyunpoBaHa, TOT/A KakK IS KPYIHBIX
KOJIJIEeMO0J, 0e3 yNOMHWHAaHHUS KOHKPETHBIX POJIOB,
OTMHUCaHO Hanuuue cepaua ¢ 2—6 napamu octuit. Iu-
uieBapuTeNbHas cucrema H. serrata uétko audde-
peHLUpYeTCs Ha OTHAENbl, T0Ka3aHO HAJIUYHUE CIIOH-
HBIX XKeyie3. BeinenuTenbHas cUCTEMa IpencTaBlie-
Ha snabuansHeiMu Hepuausmu. HepBHas cucrtema:
MO3T, MOJTIOTOYHBIM TaHINW, TPU TPYAHBIX TaH-
s, OpIOLIHBIE TAHMIMK CIMTHI C TPETHUM TpYyI-
HpIM. IlojioBas cucrema npeacrtaBjicHa ABYyMsS AWY-
HUKaMHu. B mbimeuHnoit cucreme H. serrata onucaHo
37 MBI TOMOBEI, 63 Taphl MBIIII TPYAH, 82 mapsl
MBI Opromka. B cBo0 ouepenb y MHHHATIOPHON
Mesaphorura sylvatica pexyunpoBaH OJUH W3 sSNY-
HUKOB, OTCYTCTBYIOT CIIOHHBIC JKEJIE3bl, HE BBIpaxke-
HBI OTAENbl MUIIEeBAPUTEIbHON CUCTEMBI, MO3T Ha-
CKBO3b MPOHMU3BIBAIOT MBbIIIIEI. Kommiekcuoe omnu-
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Anatomy of the springtail Hypogastrura serrata

CaHWE aHaTOMUU KOJIJIEMOOJBl CpEeIHEero pasmepa
MOXET CTaTh peepeHcoM s AalbHEHIIero uzyde-
HHSI CTPOCHHS KOJJIEMOOJ, B TOM YHCJIE M C TOYKH
3pCHUS MIHUATIOPHU3ALIHH.

Introduction

Collembola, or springtails, are among the most
diverse and abundant groups of small soil arthro-
pods, distributed globally. Body size in this group
varies remarkably, with the smallest species measur-
ing approximately 0.2 mm in length and the largest
representatives exceeding 17 mm [Christiansen et
al., 2009]. Soil-dwelling collembolans exhibit pro-
nounced miniaturization due to habitat constraints,
particularly the spatial limitations of soil pores and
moisture requirements. Many collembolan genera
include species under 0.5 mm long, whose anatomi-
cal study could advance understanding of a wide-
spread evolutionary phenomenon — miniaturiza-
tion. However, detailed anatomical investigations of
medium-sized collembolans remain scarce, hinder-
ing comparative analyses of size-related anatomical
adaptations. Earlier studies predominantly focused
on large species and demonstrated a lack of compre-
hensive coverage of all organ systems.

Seminal contributions to collembolan anatomy
were made by G. Bretfeld, A.D. Imms, J. Lubbock,
and H. Wolter, whose foundational works describe
organ systems across diverse genera and orders
[Lubbock, 1871; Bretfeld, 1963; Wolter, 1963;
Imms, 1977]. Anatomical and physiological studies
of collembolan organ systems span multiple taxo-
nomic groups [Lubbock, 1871; Denis, 1928; Bret-
feld, 1963; Schaller, 1970; Manton, 1972; Hopkin,
1997], notably including the digestive system [Cas-
sagnau et al., 1968; Adams, Salmon, 1972; Altner,
Thies, 1976], excretory system [Lubbock, 1871;
Bretfeld, 1963; Wolter, 1963; Schaller, 1970; Ber-
ridge, Oschman, 1972; Manton, 1972; Imms, 1977,
Verhoef et al., 1979; Bitsch, Bitsch, 2002], and ner-
vous system [Altner, Thies, 1976; Kollmann et al.,
2011]. Musculature has been documented in vari-
ous body regions of different specimens [Lubbock,
1871; Bretfeld, 1963; Schaller, 1970; Manton, 1972;
Imms, 1977; Bitsch, Bitsch, 2002], including the tho-
rax and abdomen [Lubbock, 1871; Bretfeld, 1963;
Schaller, 1970; Manton, 1972; Imms, 1977], head
and antennae [Manton, 1972; Imms, 1977; Blanke,
Machida, 2016], legs [Manton, 1972], abdomen and
abdominal appendages [Prowazek, 1900; Oliveira,
2022; Rillich, Oliveira, 2023]. Subsequent studies
expanded this field, including investigations into the
musculature of the abdominal appendages in Ento-
mobryomorpha and globular springtails [Oliveira,
2022; Oliveira, Smith, 2024], as well as analyses of
neural organization [Kollmann et al., 2011]. Never-
theless, only one study provides a holistic anatomi-
cal description of an extremely miniaturized species,
Mesaphorura sylvatica [Panina et al., 2019].
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Collembolan anatomy is important for elucidat-
ing evolutionary trends within Hexapoda, particu-
larly as springtails represent a basal hexapod lineage
[Bellini ef al., 2023]. Miniaturization is a widespread
evolutionary trend that drives profound changes
in organismal and evolutionary biology [Hanken,
Wake, 1993]. For a comparative anatomical study
of springtails — particularly to investigate trends
linked to miniaturization — objects are required that
are comprehensively described across all their organ
systems. Such frameworks rely on model organisms
whose organ systems are fully characterized. Me-
dium-sized species with comprehensive anatomical
data would allow researchers to identify structural
reductions, oligomerizations, and other adaptations
associated with miniaturization.

Thisstudyaimstoprovideacomprehensiveanatom-
ical analysis of Hypogastrura serrata (Agren, 1904),
a medium-sized basal collembolan species, to estab-
lish a reference for evolutionary studies of miniatur-
ization in springtails.

Materials and methods:

Specimens of Hypogastrura serrata (Agren, 1904)
were collected in 2019 in Moscow region, Russia and
fixed in FAA (formalin, acetic acid, alcohol).

External morphology was studied using a Jeol JSM-
6380LA scanning electron microscope (SEM) following
critical point drying (Hitachi HCP-2) and sputter coating
of samples with gold (Giko IB-3).

Internal morphology was studied using an Olympus
FV-10i confocal laser scanning microscopy (CLSM).
Specimens were fixed overnight in paraformaldehyde so-
lution, depigmented using a DMSO/EtOH/H,0, mixture
(dimethyl sulfoxide, ethanol, hydrogen peroxide, 1:3:1),
hydrated through a graded ethanol series (70%, 50%,
30%), and washed in PBST (0.1 M phosphate-buffered
saline with 0.5% Triton X-100). For staining, Sytox and
Rhodamin were used. Specimens were dehydrated in etha-
nol series and mounted between two cover glasses in a
drop of BABB (benzyl alcohol-benzyl benzoate). The
samples were imaged from both sides and subsequently
merged into a single stack.

Three-dimensional modeling was performed using Bit-
plane Imaris 9.5.1 software with manual segmentation. Or-
gan and body volumes were calculated via the software’s
standard statistical module, as described earlier [Polilov,
Makarova, 2017]. Post-processing of 3D models was con-
ducted in Blender 2.93.6.

The muscles were named following classical works on
the thorax and abdomen [Bretfeld, 1963], head and anten-
nae [Imms, 1923; Blanke, Machida, 2016], legs [Manton,
1972], and abdominal appendages, namely the furca and
ventral tube [Rillich, Oliveira, 2023].

The nomenclature was based on earlier studies of the
digestive system [Altner, 1968; Cassagnau et al., 1968;
Adams, Salmon, 1972], the excretory system [Wolter,
1963; Berridge, Oschman, 1972; Verhoef et al., 1979], and
the nervous system [Altner, Thies, 1976; Kollmann et al.,
2011].
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Fig. 1. Habitus of Hypogastrura serrata, SEM. A — ventral view, B — lateral view, C — dorsal view; vl — ventral line, vt — ventral tube,
f— furca, re — retinaculum, go — genital opening, a0 — anal opening, cx1—cx3 — pro-, meso-, and metacoxae, sx1-sx3 — pro-, meso-, meta-

subcoxae, PAO — postantennal organ, as — anal spine.

Puc. 1. l'aburyc noroxsoctku Hypogastrura serrata, COM. A — BenTpansno, B — narepambsao, C — mopcanbHo; vl — BeHTpaibHas JIHHUSA,
vt — BeHTpalbHas TpyOka, f — (ypka, re — 3alenka, go — IeHHTaIbHOE OTBEPCTHE, a0 — aHAIBHOE OTBEpPCTUE, CX1—CX3 — Ta3HKU HOT,
sx1-sx3 — cyOKoxcsl HOT, PAO — mocTaHTeHHAIBHBIH OpraH, as — aHaIbHbIE IINIIEL

Results

General anatomy

The body length is 0.6-1.33 mm (M = 0,7, n=5).
The first segment of the abdomen has a ventral tube,
the last has small straight anal spines (Fig. 1). The
tergites are well developed. The head has a postan-
tennal organ, consisting of 4-5 lobes and twice the
size of the ocellus.

The internal organs are arranged as follows: the
brain and suboesophageal ganglion collectively oc-
cupy a substantial portion of the head capsule (Fig. 2).
The thoracic region houses the thoracic musculature,
ganglia, foregut, midgut, and the anterior part of the
reproductive system. The abdominal region con-
tains the abdominal muscles, midgut and hindgut,
and ovaries. The posterior thoracic ganglion of the
nervous system extends partially into the abdominal
region, where it merges with the fused abdominal
ganglia. Total body volume measures 11.7 nL.

Skeleton

Tagmosis is remarkably similar to the one seen
in Insecta. The body is divided into a head, thorax
(3 segments) and abdomen (6 segments). The head
has six fused segments: the labral, the antennal, the
postantennal (fused with antennal), the mandibular,
the maxillary, and the labial. The thorax has well
developed tergites; sternites and pleurites are barely

distinguishable. Each leg is made up of a subcoxa,
coxa, trochanter, femur, tibiotarsus, pretarsus with
a claw, and empodial appendage. The first segment
of abdomen bears a ventral tube, the third bears the
retinaculum, the fourth bears a furca, and the fifth
bears a genital opening. The cuticle thickness is
0.5-4.8 um (M = 1.58, n = 80).

The endoskeleton is represented by the pseudo-
tentorium of the head, endosternites, endotergites,
endopleurites, antecostas and furcae of the thorax,
and apodemes of the abdomen.

The pseudotentorium consists of a base — the
body, and processes extending from it.

The volume of the skeletal structures is 0.28 nL
(2.38% of the total body volume).

Digestive and excretory systems

The digestive system comprises a straight, un-
branched tract divided into the foregut, midgut, and
hindgut, lined with a peritrophic membrane (Fig. 3).
The foregut originates at the oral cavity and transitions
into a pharynx, into which the paired salivary glands
duct empty. The salivary glands open into the pharynx.
A pair of salivary glands is located in the head; their
ducts open into the oral cavity posterior to the max-
illae, and the glands terminate in the middle region
of the head. The pharynx connects to an oesophagus
(diameter: 5.44 pm), which traverses the thorax to reach
the first thoracic segment. At this level, a cardiac valve
demarcates the transition to the midgut, which exhibits
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an oval cross-section (height: 38.4 um) and dorsoven-
tral flattening. The midgut-hindgut junction occurs at
the fourth abdominal segment (pyloric region), marked
by a prominent ring of circular musculature. The intes-
tinal lumen narrows progressively from 36.7 um at the
pyloric junction to 8.87 um in the hindgut. The rectum,
situated in the fifth abdominal segment, has a diameter
of 29.2 um, with the digestive tract terminating at the
anus in the sixth abdominal segment.

The excretory system consists of paired labial ne-
phridia located in the posterior cephalic region. Each
nephridium comprises a dorsally situated reservoir con-
nected to a convoluted tubule, which transitions into a
straight nephridial duct that empties into the oral cavity.
Notably, the canal lacks secondary looping or branching.

The digestive system occupies 0.11 nL (0.91% of
total body volume), while the excretory system ac-
counts for 0.03 nL (0.29%).
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Nervous system

The nervous system consists of a supraoesopha-
geal ganglion (brain), suboesophageal ganglion, and
three thoracic ganglia (Fig. 4). The brain originates
at the antennal bases, extending posteriorly but ter-
minating anterior to the cephalothoracic junction.
The suboesophageal ganglion is located in the ven-
tral cephalic region, spanning from the mid-head to
the cephalothoracic boundary. The thoracic ganglia
are interconnected by elongated connectives travers-
ing the intersegmental regions (one per thoracic seg-
ment). Abdominal ganglia are fused with the third
thoracic ganglion.

The nervous system occupies 0.33 nL (2.8% of
total body volume), with the brain accounting for
0.12 nL (1.04%).

Fig. 2. General anatomy of Hypogastrura serrata, 3D. Colors: blue — mouthparts, light blue — pseudotentorium, green — digestive system,
yellow — central nervous system, red — musculature, pink — reproductive system, violet — excretory system. A — lateral internal view;
b — dorsal view; cer — brain; ggl, 2, 3 + ag — pro-, meso-, and metathoracic + abdominal ganglia; laneph — labial nephridia; mg — midgut;
md — mandible; mx — maxilla; oes — oesophagus; ov — ovaries; rt — rectum; soeg — suboesophageal ganglion; va — vagina. Antennal
muscles are shown on the right side only; leg muscles are shown in the left foreleg only.

Puc. 2. O6wmas anaromusi Hypogastrura serrata, 3D. llBera: cuHMH — pOTOBBIE 4YacTH, roily0Oi — IICEBIOTEHTOPHYM, 3€ICHBIH —
MUIIEeBapUTENIbHAS CUCTEMa, JKENTBII — LEHTpaJbHas HEpBHAs CHCTEMa, KPAcHBII — MyCKyJaTypa, pPO30BBIf — II0JOBask CHCTEMA,
(hMoeTOBBIN — BBIJIEIHUTENIbHAS CUCTEMA. A — BHYTPEHHEE CTPOEHHE, JIaTepalibHO; b — JopcanbHo; cer — mo3r; ggl, 2, 3 + ag — nepense-,
cpelHe- U 3aJHeTPyAHOIl + OprommHoii ranmmy; laneph — nabuanbHblid Hepuanii; mg — cpexHss kuika; md — MaHANOYIa; MX — MaKCHILIA;
oes — IHUIIEBOM; OV — SIMYHUKHU; It — PEKTyM; S0eg — IMOANIOTOYHbINH IAHMINI; va — Blarajiuile. AHTCHHAJIbHAS MYyCKyJaTypa MoKa3aHa
TOJIBKO HA IIPaBOH CTOPOHE TeJIa; MBIIIIIEI HOI' IOKAa3aHbI TOJIBKO Ha JIEBO HepeHeil Hore.
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Fig. 3. Digestive and excretory systems of Hypogastrura serrata, 3D. A — lateral internal view; b — dorsal view. Oes — oesophagus; sg — sali-
vary glands; laneph — labial nephridia, mg — midgut, rt — rectum.

Puc. 3. [TuimeBapuTenbHas U BbIICIUTEIbHAS CHCTeMbl Hypogastrura serrata, 3D. A — BHyTpeHHee CTPOCHHE, JIATEPAIIbHO; b — I0pCabHO.
Oes — NUIIEBON; Sg — CIIIOHHBIC JKene3bl; laneph — nabuanbHbie HeGPUIUN, ME — CPEAHSA KHUIIKA, It — PEKTYM.

R
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Fig. 4. Nervous system of Hypogastrura serrata, 3D. A — lateral internal view; b — dorsal view. Cer — brain; soeg — suboesophageal ganglion;
ggl, 2, 3 + ag — pro-, meso-, and metathoracic + abdominal ganglia.

Puc. 4. HepsHas cucrema Hypogastrura serrata, 3D. A — BHyTpeHHee CTpOEHHE, JaTepajbHO; b — nopcansHo. Cer — MO3r; soeg —
MOATIOTOYHBIN ranmnif; ggl, 2, 3 + ag — mnepeane-, CpeHe- U 3aJHETPYAHOI + OPIONIHOI TaHIIIHH.




Muscular system
The cephalic musculature comprises mandibu-
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lar, pharyngeal, pseudotentorial, and antennal muscle
groups (Fig. 5, table 1).

Table 1. Head muscle origins and insertions.
Taéamua 1. OTX0oXAeHNE ¥ IPUKPEIICHHE MBIIII] FOJOBBL.

Abbreyv. Origin Insertion
Mnl Cuticle of the anterior third of the head capsule Mandible, dorsal to Mn2
(anterioventral part)
Mn2 Cuticle of the anterior third of the head capsule Mandible, ventral to Mn1
(anterioventral part)
Mn3 Pseudotentorium Mandible, at the insertion site of Mn2
Mn4.chm | Posterior surface of the frons, crossing the median plane Ventroposterior area, outer angle of the large triangular
opening of the mandible
Mn5 Head endoskeleton, frons area Base of the pseudotentorium
Mn6 Head endoskeleton, occipital region Posterior surface of the mandible, proximal to the molar plate
Mn7 Head endoskeleton, occipital region Posterior surface of the mandible, proximal to Mn6
Mn8 Head endoskeleton, occipital region, proximal to Mn7 Medial part of the mandible, proximal to Mn7
Mn9 Lateral to the midpoint of the dorsal surface of the head Inner side of the basal ring of the mandible
Mn10 Projection of the endoskeleton on the dorsal side of the Posteroventral edge of the mandible
head capsule, medial upper chitinous process near the base
of the head, lateral to Mn7
Mnll Head endoskeleton in the occipital region Base of the mandible
Lbl Pseudotentorium, Folsom arms Outer side of the labium, distally
Lb2 Head endoskeleton, occipital region, distal to Mn8 Proximal edge of the labium
Lb3 Base of the pseudotentorium in the middle of the head Medial part of the labium, dorsally
Lb4 Base of the pseudotentorium in the middle of the head Medial part of the labium, dorsally, distal to Lb3
Mx1-3 Cut.icle of the head capsule at the neck transition, occipital | Middle part of the maxilla
region
Mx4 Pseudotentorium Stipes of the maxilla
Mx5.chm | Concave part of the cardo Head endoskeleton in the frons area
Mx6 Dorsal part of the head Basal part of the mandible
Mx7 Dorsal part of the head Basal part of the mandible
Mx8 Dorsal part of the head Base of the maxilla
Mx9 Posterodorsolateral part of the head, anterior to Mx10 Outer edge of the maxilla, anterior to Mx10
Mx10 Posterodorsolateral part of the head, posterior to Mx9 Outer edge of the maxilla, posterior to Mx9
Mxl11 Head capsule, cheek region Medial part of the maxilla
Dim.1 Occiput, anterior to DIm. 1 Medial surface of the frons, anterior to Dlm.1
DIim.2 Occiput, medial to DIm.2 Medial surface of the frons, medial to DIm.2
Hyl Anteroventral part of the head capsule Hypopharynx
Fl Base of the scapus, dorsal to L.fl. Base of the pseudotentorium, in the center of the head, just
below the supraesophageal ganglion
LAl Base of the scapus, deeper than dp Base of the pseudotentorium, in the center of the head, just
below the supraesophageal ganglion
Phl Medial surface of the anterior head margin Esophagus
Pst.1 Medial surface of the posterior head margin, anterior to Body of the pseudotentorium, anterior to Pst.2
Pst.2
Pst.2 Me(;ial surface of the posterior head margin, posterior to Body of the pseudotentorium, posterior to Pst.2
Pst.
Pst.3 Head capsule in the vertex region Lateral projections of the pseudotentorium, from above
Pst.4 Cuticle of the head capsule Base of the tentorium, in the upper third of the head
Pst.5 Medial surface of the anterior head margin Body of the pseudotentorium
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Fig. 5. Musculature of head in Hypogastrura serrata, 3D. A— lateral internal view; b — lateral internal view with mouthparts. Md — mandibula;
mx — maxilla; epi — epipharynx, Ib — labium.

Puc. 5. Myckynarypa ronoBsl Hypogastrura serrata, 3D. A — BHyTpeHHee CTPOCHHE, JIaTEPaIbHO; b — BHYTPEHHEE CTPOCHHUE, JIATePaIbHO,
¢ poTOBBIMH YacTsiMU. Md — MananOyina; mx — MakcHiUIa; epi — snudapuHke, 1b — HkHsis ryoa.
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Antennal musculature is represented by ten distinct
muscles (Fig.6, table 2): four extrinsic muscles (lv, ex.1,
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ex.2, ex.3) and six intrinsic muscles (Iv.4, dp.4, ex.4,
Iv.3, dp., 1.f1.2).

Table 2. Antennal muscle origins and insertions.
Tabmuna 2. OTX0XK/JICHUE U NPUKPEIIICHUE aHTEHHAIBHBIX MBIIIILL.

Abbrev. Origin Insertion
Iv Body of the pseudotentorium Dorsal edge of the first antennal segment, slightly closer to the outer margin
Iv.3 Base of the second antennal segment Base of the third antennal segment
v.4 Eﬁrgstil fiﬁi 32 ;;%,Tem 111, approximately one-quarter Base of the fourth segment
dp.1 Base of the scape Base of the first segment
dp.4 Laterally from the base of the third segment Ventrally to the base of the fourth segment
1.2 Base of the third antennal segment Base of the first segment
ex.1 Base of the basal antennal segment Inner side of the first antennal segment
ex.2 Base of the first antennal segment Inner side of the second antennal segment
ex.3 Posterior region of the head capsule floor Inner side of the basal antennal segment
ex.4 Base of the second antennal segment Base of the third antennal segment

ex.3

lv

50 um

Fig. 6. Musculature of antenna in Hypogastrura serrata, 3D.

Puc. 6. Myckynarypa aureHH Hypogastrura serrata, 3D.
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The thorax contains 21 paired prothoracic muscles,
20 paired mesothoracic muscles, and 22 paired metatho-
racic muscles (Fig.7, table 3).

Table 3. Thorax muscle origins and insertions.
Tabanua 3. OTXOXKACHHE U IPUKPEIUICHUE IPYIHBIX MBILIIL.

Abbreyv. Origin Insertion
Idlm.1 Inner edge of the postocciput, medially to dim.2.neck Antecosta I (of the first thoracic segment), medially to dim.2.neck
Idim.2 Inner edge of the postocciput, laterally to dim.2.neck Antecosta I (of the first thoracic segment), laterally to dlm.2.neck
Lbvim.2 | Lateral surface of the foreleg coxa Anterior surface of the furca-like structure, together with Lvim.5
Ivim.1 Posterior arms of the pseudotentorium Endosternite between the pro- and mesothorax
Ivim.2 Posterior arms of the pseudotentorium, laterally to I vim.4 Anterior surface of the foreleg coxa, laterally to I vim.4
Ivim.3 Posterior arms of the pseudotentorium, medially to Lvim.2 Endosternite between the pro- and mesothorax, medially to L.vim.2
Ivim4 Posterior part of the pseudotentorium, lateral to [ vim.5 Endosternite of the prothorax, lateral to I vim.5
Ivim.5 Posterior part of the pseudotentorium, medial to [ vim.4 Endosternite of the prothorax, medial to [ vim.4
Lism.1 Antecosta Posterior arms of the pseudotentorium, together with Lldvm.2
lism.2 Edge of the postocciput Posterior arms of the pseudotentorium
Idvm.1 Antecosta [ Anterolateral edge of the foreleg coxa
[dvm.2 Posterior arms of the pseudotentorium Edge of the postocciput, together with ism.5
Ildvm.1 Edge of the postocciput, together with I ism.5, I dvm.2 Posterior arms of the pseudotentorium (posterior to Lb.dvm.1)
I1dvm.2 Anterolateral foreleg coxa Posterior arms of the pseudotentorium, together with I ldvm. 1
Ildvm.3 Anterolateral foreleg coxa, medial to I ldvm.2 Posterior arms of the pseudotentorium, medial to I ldvm.2
Lb dvm.1 E)dﬁc) (éf]i]:fzpostocmput, together with ism.5, [ dvm.2, Tldvm.1, lateral Posterior arms of the pseudotentorium, upper edge, lateral to Lb dvm.2
Lb dvm.2 Edge_ of the postocciput, together with I ism.5, I dvm.2, I ldvm.1, Posterior arms of the pseudotentorium, upper edge, medial to Lb dvm.1
medial to Lb dvm.1
I'sem.1 Posterior edge of the furca-like structure, medial to I scm.4 Lateral part of the foreleg coxa, medial to I scm.4
I'scm.2 Posterior edge of the furca-like structure, medial to I scm.1, I scm.4 Lateral part of the foreleg coxa, medial to I scm. 1, I scm.4
I'sem.3 f:cs;igor edge of the furca-like structure, medial to T sem.I, T som.4, Lateral part of the foreleg coxa, medial to I sem.1, I scm.4, I scm.2
Iscm.4 Posterior edge of the furca-like structure, lateral to I scm. 1 Lateral part of the foreleg coxa, lateral to I scm. 1
I dim.1 Antecosta I, lateral to I dim.2 Antecosta II, lateral to I dim.2
I dim.2 Antecosta I, medial to I dlm.2 Antecosta II, medial to I dlm.2
1Ivim.1 Endosternite of the prothorax Endosternite of the mesothorax
11 vim.2 Endosternite of the prothorax, below II vim.1 Endosternite of the mesothorax, below II vim.1
M 1dvm.1 Antecosta III Endosternite of the mesothorax, anterior to Il dvm.5.1.-5.2
IIldvm.2 | Endopleurite between the pro- and mesothorax, anterior to Il ldvm.3 | Anterolateral part of the midleg coxa
IIldvm.3 | Endopleurite between the pro- and mesothorax, posterior to Il ldvm.2 | Posterolateral part of the midleg coxa
IIldvm4 | Midpart of the lateral section of the mesothoracic endosternite Anterolateral part of the midleg coxa
II'sem.1 Posterior part of the furca-like structure Anterolateral part of the midleg coxa
1I'sem.2 Anterior part of the furca-like structure Posterolateral part of the midleg coxa, lateral to I [dvm.3
II'scm.3 Anterior part of the furca-like structure, lateral to Il scm.2 Posterolateral part of the midleg coxa, lateral to Il scm.2
1 scm.4 Anterior part of the furca-like structure, medial to IT scm.2 Posterolateral part of the midleg coxa, medial to II scm.2
II'sem.5 Endopleurite between the pro- and mesothorax, anterior to Il Idvm.2 | Anterolateral part of the midleg coxa
1l scm.6 ggdopleuntﬁ between the pro- and mesothorax, medial to II scm.5.1- Anterolateral part of the midleg coxa, anterior to IT scm.5.1-5.2
ism.2 Anterior edge of the mesonotum, together with I ism.3 Posterolateral edge of the midleg coxa, together with IT ism.3
lism.3 Anterior edge of the mesonotum, together with II ism.2 Posterolateral edge of the midleg coxa, together with Il ism.2
Lism4 Midpart of the lateral section of the mesonotum Posterior edge of the midleg coxa
1T dvm.4 Endopleurite of the mesothorax, lateral to IT dvm.5 Posterolateral surface of the midleg coxa, lateral to IT dvm.5
I dvm.5 Endopleurite of the mesothorax, medial to I dvm.4 Posterolateral surface of the midleg coxa, medial to IT dvm.4
1T dvm.6 Endopleurite between the pro- and mesothorax Posterolateral surface of the furca-like structure
Illdvm4 | Anterolateral part of the metanotum Upper edge of the subcoxa, anterior to 11l dvm.3
Il dvm.5 | Endosternite of the mesothorax, medial to IIT vim.1 Posterolateral part of the hindleg coxa, lateral to Il sem.5
1 ldvm.2 dEz[l[(;l](.)Eleuﬁte between the meso- and metathorax, together with II Anterolateral part of the hindleg coxa
Il ldvm.3 | Endosternite of the mesothorax, anterior to IIl dvm.5 Anterolateral part of the hindleg coxa, together with III scm.3
I sem.1 Endopleurite between the metathorax and abdomen, lateral to IIT scm.2 | Posterolateral part of the hindleg coxa, together with III scm.2
Illscm.2 | Endopleurite between the metathorax and abdomen, medial to I1l scm.2 | Anterolateral part of the hindleg coxa, together with Il scm.3
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Table 3 (continued).
Tabnuua 3 (okoHuarnue).

Abbrev. Origin Insertion

Endopleurite between the meso- and metathorax, together with

I 'scm.3 111 Idvm 2, medial to 111 scm 4 Posterolateral part of the hindleg coxa, together with Il scm. 1
I scm.4 ]15[?(1135113 .l;?izwtr);lt‘:(,) e;:Irll szlrlgsmeso— and metathorax, together with Anterior part of the hindleg coxa, together with I scm.5
MlIsem.5 | Anterolateral part of the metathoracic endopleurite Upper edge of the subcoxa, anterior to Il dvm.5

1T dim. 1 Antecosta II, lateral to ITT dlm.2 Antecosta III, lateral to ITT dim.2

11T dlm.2 Antecosta II, medial to IIT dim.2 Antecosta III, medial to ITT dlm.2

T ism.1 Antecosta I1T Endosternite of the metathorax

1T ism.2 Antecosta III, medial to IIT ism. 1 Endosternite of the metathorax, medial to I ism. 1

1l ism.3 Posterolateral part of the furca-like structure, posterior to 11l dvm.4 Endopleurite between the meso- and metathorax, posterior to 11l dvm.4
1 dvm.1 Midpart of the lateral section of the mesonotum, anterior to IIl dvm.2 | Anterolateral part of the furca-like structure, anterior to Il dvm.2
Il dvm.2 | Midpart of the lateral section of the mesonotum, posterior to IIl dvm.2 | Anterolateral part of the furca-like structure, posterior to Il dvm.2

IIIdvm.6 | Midpart of the metathoracic endosternite, anterior to III dvm.7 Midpart of the metathoracic endopleurite, anterior to III dvm.7
IIIdvm.7 | Midpart of the metathoracic endosternite, posterior to III dvm.7 Midpart of the metathoracic endopleurite, posterior to III dvm.7
Il dvm4 | Posterolateral part of the furca-like structure, anterior to III ism.3 Endopleurite between the meso- and metathorax, anterior to III ism.3
Il dvm.5 | Midpart of the lateral section of the mesonotum, posterior to Il dvm.2 | Endosternite of the metathorax, posterior to III ism.2
1M1 vim.1 Endosternite of the mesothorax, lateral to III vim.2 Endosternite of the metathorax, lateral to IIT vim.2
11 vim.2 Endosternite of the mesothorax, medial to I1T vim.1 Endosternite of the metathorax, medial to IIT vim.1
11 dim. 1 11 ldwrm. 1
. Il dim.2 11 dirn. 1
. I
lism.1 ) Ilism.4 / ;; 11 dvm1 11 dim.2
\ Iwim.1 [ s
lism.2 ! 1tism.3 /! .
Lb dvm.1 I dim.1 Ivim.2 Il ism.2 ,f/ xf jn 2 .
| ) | )‘ ; / Il ism.2
Lb dvm.2 \ / ~
Idvm.1 ) il dvm.6
T
I dvin.2 W dwin_7
T ~ mwim.l
I ldwm.1 _— - lvim2
Ivimd ilism.3
vim5 — —— 1l dym.4
| vim.3 .
R L 11l dwm.5
Ivim1l —
Il scm.4
II'sem.5
. o
I idvm.2 = / Il sem.3
I ldvm.3
-
Lb vim.2” Il sem.1
Il scm.2
11 dyrm, 4 Il scm.2
Il dvm.5 | semn.l X ‘|\

lidvm.2

/ }Scm.B \d 5
VIm.
I scm.3 [/ Wdvm.6 \
4 / \ v 111 kv,
| sem.2 |

! il som.G
Il sem.5 Il som. 1 Il sem.4

100 um '
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Fig. 7. Musculature of thorax in Hypogastrura serrata, 3D.
Puc. 7. Myckynarypa rpyau Hypogastrura serrata, 3D.
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Leg musculature is organized into eight muscles
spanning five functional categories: extensors, flexors,
adductors, depressors, and retractors (Fig. 8, table 4).

Table 4. Leg muscle origins and insertions.
Tabmuna 4. OTX0XK/ICHUE ¥ NPUKPEIICHUE MBIIIIL HOT.

Abbrev. Origin Insertion

Ex Tendon of the coxa Anterolateral part of the femur, anterior to dp.1
Lev.1 Tendon of the coxa, posterior to ex. Tendon of the trochanter

Red Tendon of the coxa Tendon of the femur

Fl Tendon of the femur Tendon of the tibiotarsus

Dp.1 Tendon of the trochanter Base of the pretarsus, anterior to dp.2

Dp.2 Tendon of the tibiotarsus Base of the pretarsus, posterior to dp.2

100 um

Fig. 8. Musculature of leg in Hypogastrura serrata, 3D. Ex — extensors, lev — levators, red — reductors, dp — depressors, fl — flexors. Sections
of the leg: scx — subcoxae, cx — coxae, trch — trochanter, fe — femur, tibt — tibiotarsus, cl — claws.

Puc. 8. Myckynarypa Hor Hypogastrura serrata, 3D. EX — MbIme! pasrudareis, lev — IpuBOAsIIe MBIIIIBI, red — MBIIIBI PEAYKTOPEI,
dp — onyckatomue mbinpl, fl — Mpier crudarean. OTaensl HOTH: SCX — NPEATa3’HK, ¢X — Tasuk, trch — Bepmyr, fe — Genpo, tibt —
roJIeHearnka, ¢l — KOroTok.



Anatomy of the springtail Hypogastrura serrata

The abdomen harbors 88 pairs of muscles, with spe-
cialized subsets comprising 20 ventral tube muscles and
25 furca (jumping apparatus) muscles (Fig. 9, table 5).
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Table 5. Abdomen muscle origins and insertions.
Tabauna 5. OTXOXACHUE ¥ TPUKPETIEHHE OPIOMIHBIX MBIIIIL.

Abbrev. Origin Insertion
Al dlm.1 Antecosta III, lateral to AI dlm.2 Antecosta IV, lateral to AI dlm.2
Al dlm.2 Antecosta III, medial to AI dlm.2 Antecosta IV, medial to AT dlm.2
Al ism.1 Antecosta IV, anterior to Al ism.2 Posterolateral part of the furca-like structure, anterior to
Al ism.2
Al ism.2 Antecosta IV, posterior to Al ism.1 Posterolateral part of the furca-like structure, posterior to
Al ism.1
Al dvm.1 Middle part of the first abdominal segment, anterior | Lateral part of the furca-like structure, anterior to Al
to Al dvm.2 dvm.2
Al dvm.2 Middle part of the first abdominal segment, Lateral part of the furca-like structure, posterior to Al
posterior to Al dvm.1 dvm.1
Al dvm.3 Antecosta III, together with IIT dlm.1, III dlm.2 Upper margin of the subcoxa, posterior to III dvm.4
Al dvm.4 Middle part of the first abdominal segment, Tendon, together with AI dvm.5
posterior to Al dvm.2
Al dvm.5 Antecosta IV, lateral to AI dvim.3 Tendon, together with Al dvm.4
Al dvm.6 Posterolateral part of the furca-like structure, Endopleurite between the metathorax and abdomen,
posterior to 111 dvm.1 posterior to 11T dvm.1
Al dvm.VT Endosternite Lateral surface of the ventral tube, anterior to AI Im.1
Al dm.1 Furca-like structure, together with AT dm.3 Anterior surface of the ventral tube, together with Al dm.3
Al dm.2 Endosternite Posterior surface of the ventral tube
Al dm.3 Furca-like structure, together with AI dm.1 Anterior surface of the ventral tube, together with AI dm.1
Al dm.4 Endosternite, medial to AT dm.6 Posterolateral surface of the ventral tube, medial to Al
dm.6
Al dm.5 Endosternite Posterior surface of the ventral tube
Al dm.6 Endosternite, lateral to Al dm.4 Posterolateral surface of the ventral tube, lateral to Al
dm.4
Allm.1 Tendon Lateral surface of the ventral tube, posterior to Al dvm.VT
Al vim.1 Endosternite Intersegmental area between segments 2 and 3
Al vim.2 Posterolateral part of the furca-like structure of the | Anterolateral part of the furca of the second abdominal
first abdominal segment, lateral to I1I vim.2 segment, lateral to I1I vim.2
Al vim.3 Endosternite of the mesothorax, lateral to III vim.3 | Upper margin of the subcoxa of the hind leg
Al vim.4 Endosternite of the mesothorax of the first Endosternite of the metathorax of the second abdominal
abdominal segment, medial to III vim.2 segment
Al vim.5 Endosternite of the mesothorax of the first Endosternite of the metathorax of the second abdominal
abdominal segment, lateral to III vim.1 segment, lateral to III vim.1
Al ldvm.1 Midpart of the endosternite of the metathorax, Endopleurite between the metathorax and abdomen,
anterior to III dvm.4 together with III dvm.1
All dlm.1 Antecosta IV, medial to AIl dlm.2 Antecosta V, medial to AII dlm.2
AIl dlm.2 Antecosta IV, lateral to AII dlm.2 Antecosta V, lateral to AII dlm.2
All ism. 1 Midpart of the sternite of the second abdominal Tendon, anterior to AIIl ism.2
segment, anterior to All ism.2
All ism.2 Midpart of the sternite of the second abdominal Tendon, posterior to AIl ism.1
segment, posterior to AIl ism.1
AlIl dvm.1 Antecosta IV, posterior to AIl dvm.2 Tendon, posterior to AIl dvm.2
AIl dvm.2 Antecosta IV, anterior to AIl dvm.1 Tendon, posterior to AIl dvm.1
All dvm.3 Midpart of the lateral surface of the segment Midpart of the sternite
All vim. 1 Endosternite Intersegmental area between the sternites of segments 2
and 3 of the abdomen
All vlm.2 Endosternite, below AIl vim.3 Intersegmental area between the sternites of segments 2
and 3 of the abdomen, below AIl vim.3
All vim.3 Endosternite, below AIl vim.1 Intersegmental area between the sternites of segments 2
and 3 of the abdomen, below AII vim.1
All vim.4 Endosternite, above AIl vim.1 Intersegmental area between the sternites of segments 2
and 3 of the abdomen, above AII vim.1
All vim.6 Endosternite, together with AIl vim.7, AIl vlm.8 Intersegmental area between segments 2 and 3
All vim.7 Endosternite, together with AIl vim.6, AIl vim.8 Intersegmental area between segments 2 and 3
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Table 5 (continued).
Tabnuua S (npodondicerue).

Abbrev. Origin Insertion
All vim.8 Endosternite, together with AIl vim.6, AIl vim.7 Intersegmental area between segments 2 and 3
All dvm.4 Posterior part of the segment Intersegmental area, together with AIl dvm.5-7
All dvm.5 Posterior part of the segment Intersegmental area, together with AIl dvim.4, AIl dvm.6,
All dvm.7
AIl dvm.6 Midpart of the segment, anterior to AIl dvm.7 Intersegmental area, together with AIl dvm.4, AIl dvm.5,
All dvm.7
All dvm.7 Midpart of the segment, posterior to Al dvm.6 Intersegmental area, together with AIl dvm.4-6
AITII dlm. 1 Antecosta V, medial to AII dlm.2 Antecosta VI, medial to AIIl dlm.2
AIII dlm.2 Antecosta V, lateral to AII dlm.2 Antecosta VI, lateral to AII dlm.2
AIII ism.1 Midpart of the sternite of the third abdominal Tendon, anterior to AIIl ism.2, AIIl dvm.1-2
segment, anterior to AIIl ism.2
AlIl ism.2 Midpart of the sternite of the third abdominal Tendon, posterior to AIIl ism.1, together with AIIl dvm.1-
segment, posterior to AIll ism.1 2
AlIl dvm. 1 Midpart of the segment, anterior to AIIl dvm.2 Tendon, together with AIIIl ism.1-2, AIIl dvim.2
AIIl dvm.2 Midpart of the segment, posterior to AIIl dvm.1 Tendon, together with AIII ism.1-2, AIIl dvm.1
AIIl dvm.3 Midpart of the segment, posterior to AIIl dvm.5 Intersegmental area, together with AIIl dvm.4-6
Alll dvm.4 Midpart of the segment, anterior to AIIl dvm.5 Intersegmental area, together with AIIl dvm.3, AIII
dvm.5-6
AlIl dvm.5 Midpart of the segment, posterior to AIIl dvm.4 Intersegmental area, together with AIIl dvm.3-4, AIIL
dvm.6
AIIl dvm.6 Midpart of the segment, anterior to AIIl dvm.5 Intersegmental area, together with AIIl dvm.3-5
Alll dvm.7 Midpart of the lateral surface of the segment Midpart of the sternite
AlIl vim.8 Endosternite, together with AIIl vim.9-10 Intersegmental area between segments 3 and 4, together
with AIIl vIim.9-10
Alll vim.9 Endosternite, together with AIIl vim.8, AIIl vim.10 | Intersegmental area between segments 3 and 4, together
with AIIT vim.8, AIII vim.10
AIIl vim.10 Endosternite, together with AIIl vim.8-9 Intersegmental area between segments 3 and 4, together
with AIII vim.8-9
AIIIl vim.11 Endosternite, together with AIII vim.12-13 Intersegmental area between segments 3 and 4, together
with AIIl vim.12-13
AlIl vim.12 Endosternite, together with AIIl vim.11, AIII Intersegmental area between segments 3 and 4, together
vim.13 with AIIl vim.11, AIIT vim.13
Alll vim.13 Endosternite, together with AIII vim.11-12 Intersegmental area between segments 3 and 4, together
with AIIT vim.11-12
AlIl vim.14 Endosternite, together with AIIl vim.15 Intersegmental area between segments 3 and 4, together
with AIIIl vim.15
AIIl vim.15 Endosternite, together with AIIl vim.14 Intersegmental area between segments 3 and 4, together
with AIIl vim.14
ATV dlm.1 Antecosta VI, lateral to ATV dlm.2 Antecosta VII, lateral to AIV dlm.2
AIV dlm.2 Antecosta VI, medial to AIV dlm.1 Antecosta VII, medial to AIV dlm.1
AIV dvm.1 Midpart of the segment, anterior to AIV dvm.2 Intersegmental area, together with AIV dvm.2
ALV dvm.2 Midpart of the segment, posterior to AIV dvm.1 Intersegmental area, together with AIV dvm.1
ALV dvm.3 Midpart of the segment, posterior to AIV dvm.2 Intersegmental area
AIV ldvm.1 Upper anterior margin of the segment, anterior to Anterolateral margin of the ventral surface of the segment,
AIV 1dvm.2 anterior to AIV Idvm.2
ATV ldvm.2 Upper anterior margin of the segment, posterior to | Anterolateral margin of the ventral surface of the segment,
ALV Idvm.1 posterior to AIV Idvm.1
AIV 1dvm.3 Upper anterior margin of the segment, anterior to Anterolateral margin of the ventral surface of the segment,
ATV ldvm.2 anterior to AIV Idvm.2
ALV ldvm.4 Anterolateral margin of the segment, posterior to Anterolateral margin of the ventral surface of the segment,
AIV ldvm.5 posterior to AIV Idvm.5
ALV ldvm.5 Anterolateral margin of the segment, anterior to Anterolateral margin of the ventral surface of the segment,
ALV ldvm.4 anterior to AIV ldvm.4
ATV vim. 1 Endosternite, together with ATV vim.2 Intersegmental area between segments 4 and 5, together
with AIV vim.2
ALV vim.2 Endosternite, together with AIV vim.1 Intersegmental area between segments 4 and 5, together
with AIV vim.1
ALV vim.3 Endosternite, together with AIV vim.5-6 Intersegmental area between segments 4 and 5, together

with ATV vim.5-6
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Table 5 (continued).
Tabnuua 5 (okoHuarnue).

Abbrev. Origin Insertion
AIV vim.4 Endosternite, together with ATV vim.7 Intersegmental area between segments 4 and 5, together
with AIV vim.7
ALV vim.5 Endosternite, together with AIV vim.3, AIV vim.6 | Intersegmental area between segments 4 and 5, together
with AIV vim.3, AIV vim.6
AIV vim.6 Endosternite, together with AIV vim.3, with AIV Intersegmental area between segments 4 and 5, together
vim.5 with ATV vim.3, with ATV vim.5
ALV vim.7 Endosternite, together with AIV vim.4 Intersegmental area between segments 4 and 5, together
with ATV vim.4
AV dlm.1 Antecosta VII, medial to AIT dlm.2 Antecosta VIII, medial to AIT dlm.2
AV dim.2 Antecosta VII, medial to AIl dlm.1 Antecosta VIII, medial to AII dlm.1
AV ism.1 Midpart of the upper margin of the segment Intersegmental area, its lateral part
AV ldvm.1 Endosternite, together with AV vim.1 Intersegmental area, together with AV vim.1
AV vim.1 Endosternite, together with AV ldvm.1 Intersegmental area, together with AV ldvm.1
AVI dvm.1 Upper posterior margin of the segment, together Rectum
with AVI dvm.2-3
AVI dvm.2 Upper posterior margin of the segment, together Rectum
with AVI dvm.1, AVI dvm.3
AVI sm.1 Sternum, posterior to AVI sm.2 Rectum, posterior to AVI sm.2
AVI sm.2 Sternum, anterior to AVI sm.1 Rectum, anterior to AVI sm.1
AVI vim.1 Lower lateral margin of the segment Rectum, below AVI sm.1
Alll dvm.6
Al dim.¢ su[:'” Wi A m4AIIIdIm 1
Aldym.7  Alldim.1 i \lg \ Hll:lld ; Al dim.2 Alll dvin.d
Alism3 Al dym gy, AlTdvm vm. /AII
Alism,a 182 N dvm W [au ism, ”T S Al dvm3
Alism.1 ! "\ "- AV dum.1
X ) AV dvm.1
Alll dvm. 1
Al dim.2 Alll durm.2 Al dlm.1
Al dim.1 - Vd A dvm, AV dum, 2
n: ld;m.d.s v fsm.1
v,
Aldvm.1 dlon- A'u' dim1 AV dum 1 AV dym 2
Aldym.2 .qm = A m.6
Alvim.1 O Aidvm3
Alvim.g . = mﬁi
s ' e AVIsma
it yim3 — Alllism.2
PP e — AVI sm.1
Aldm.1 ' AVl & 3 AVl sm.2
Alvlm,d - R“"‘H—__
Al dvm.3 - AVl vim.1

Al dvm.6

Al dvm VT Awu||m,z AV ldvm.1
AV [dvm.2

Allm 1 dum i AV ulm,1
Aldm.2 .twlduma Aw i) 5

Al dm.6 : l wwm AV Idvmd Ay yim.7

Al drm.4 Al dm.3 | AIII 14\

A dm.§ All vim.4 II Al domlz
mlmmg

A

Allvim.2 ‘.cu Im.3 AV lim.1
*‘“'V"“-ﬁ Al Im 15 Al 1n- AIV.dvm.4

\ AN Idvm,7
Alll ldvm.1 gy dvm ] AV Idvm. &

100 pm

Fig. 9. Musculature of abdomen in Hypogastrura serrata, 3D.
Puc. 9. Myckynarypa Oprouika Hypogastrura serrata, 3D.
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The muscular system occupies 0.629 nL, represent-
ing 5.38% of the total body volume.

Reproductive system

The female reproductive system comprises paired,
sac-shaped ovaries lacking discrete ovarioles (Fig. 10).
Each ovary is differentiated into a germarium, contain-
ing linear clusters of germ cells, and a vitellarium, where
a single central cell within each cluster differentiates
into an oocyte, receiving nutrients via follicular cells.
Paired oviducts originate in the fourth abdominal seg-
ment, converging into a single vagina that terminates at
a genital opening on the fifth abdominal segment.

The reproductive system occupies 1.95 nL, constitut-
ing 16.67% of the total body volume.

Circulatory system and fat body
The organs of the circulatory system (heart, blood
vessels) are absent.

Respiratory system
The respiratory system (trachea) is absent.

Discussion

Comparison of H. serrata and large-sized spring-
tails

The digestive, nervous, reproductive, and excretory
systems of Hypogastrura serrata have a structure typical
of large springtails and contain all the sections identified
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by researchers [Lubbock, 1871; Adams, Salmon, 1972;
Imms, 1977; Hopkin, 1997]. The muscular system of
H._serratacontainssomedifferences fromthepreviously de-
scribed springtails. The muscles of the antennae of entomo-
bryomorph springtails were described earlier [Denis, 1928;
Imms, 1977], whereas H. serrata is poduromorphic.
Therefore, the differences in the number of muscles can be
associated with the differences in the morphology of these
orders: poduromorph springtails have cylindrical, shorter
antennae, while entomobryomorph springtails have lon-
ger, thinner, and often more mobile antennae [Bellini et
al., 2023]. In H. serrata 10 antennal muscles have been
described, as well as the musculature of the antennae of
Orchesella villosa (14 muscles), Isotomurus palustris
(8 muscles) [Imms, 1977]. Other authors focused earlier
on the description of the mandibular and maxillary mus-
cles, so we provide a comparison of the mandibular and
maxillary muscles of H. serrata with the results of previ-
ous works. H. serrata has 10 mandibular and 9 maxillary
muscles, while Anurida maritima described by Walter has
6 mandibular and 10 maxillary muscles [Wolter, 1963].
The genera Hypogastrura and Anurida have been shown
to lack mandibular rotator muscles, so they are not able
to rotate the mandibles, but only perform translational
movements in one plane (forward and backward relative
to the edge of the oral cone). Anurida maritima was cho-
sen as the object of comparison in this work due to the
similarity of the structure of its oral cone with H. serrata.
Differences in the number of pairs of chest muscles are
shown: 63 in H. serrata, 58 in the previously described
Orchesella cincta (Entomobryomorpha: Entomobryidae)

Fig. 10. Reproductive system of Hypogastrura serrata, 3D. A — lateral internal view; b — dorsal view. Ova — ovaries; va — vagina.
Puc. 10. TTonosas cucrema Hypogastrura serrata, 3D. A— BHyTpeHHee CTPOCHHE, JaTepalibHO; b — nopcanbHo. Ova — SUYHUKH; Va — BIIarajmIie.
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and 67 in Neanura muscorum (Poduromorpha: Neanuri-
dae) [Bretfeld, 1963]. It can be assumed that such differ-
ences are explained by two factors: 1) Bretfeld's description
of the muscular system of the chest of springtails is incom-
plete and does not include muscles related to the append-
ages, whereas in this work some muscles not described by
Bretfeld are included in the group of “pectoral” and “ab-
dominal”, respectively; 2) the greatest discrepancy is noted
with Orchesella cincta, a representative of another order,
and also the owner of a reduced prothorax, in connection
with which it has significant reductions in the set of mus-
cles. Also, Bretfeld described the abdominal musculature
of Orchesella cincta: 84 pairs of muscles [Bretfeld, 1963].
In AH. serrata, 86 pairs of muscles are described.

The number of muscles is a species-specific feature.
In Hypogastrura serrata, the circulatory and respiratory
systems were not found.

The circulatory system of large springtails is repre-
sented by the heart with 2—6 pairs of ostia and the ce-
phalic aorta extending forward from the heart [Schaller,
1970; Imms, 1977]. The respiratory system is represented
by the tracheal system in the genus Sminthurus [Imms,
1977] and the remains of the tracheal system in Dicyrto-
ma fusca [Lubbock, 1871; Schaller, 1970; Hopkin, 1997].
Davies and Lubbock write that the branches of the trachea
diverge into the head, legs and abdominal cavity, but no
anostomoses are observed between parts of the opposite
body parts [Lubbock, 1871; Davies, 1927]. In springtails
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of the genus Sminthurus, a well-developed tracheal sys-
tem is described, and in the species Dicyrtoma fusca, rem-
nants of the tracheal system are found [Lubbock, 1871;
Schaller, 1970; Imms, 1977; Hopkin, 1997].

Comparison of H. serrata and the miniature Me-
saphorura sylvatica

In the nervous system, unlike those of medium- and
large-sized collembolans, muscles pass through the
brain in M. sylvatica [Panina et al., 2019]. This is due to
the limitation imposed by the nervous system on reduc-
ing the size, due to its conservative morphology and the
existence of lower limits on the size of neurons and the
diameter of axons [Makarova, Polilov, 2013].

The digestive system of medium-sized H. serrata
differs from that of the miniature M. sylvatica in more
clearly defined sections (for instance, the rectum, which
is a section of the hindgut) [Panina et al., 2019].

In the reproductive system of H. serrata and other
medium and large springtails, the ovaries are usually
paired, while in M. sylvatica there is a reduction associ-
ated with a decrease in its size - the miniature springtail
has only one ovary [Panina et al, 2019].

The muscular system of the medium-sized H. serrata
is characterized by a more complete set of muscles, while
in the miniature springtail there are various reductions as-
sociated with its critical sizes [Panina et al., 2019].

The obtained results are summarized in Table 6.

Table 6. Comparison of the internal structure of springtails of different size classes.

Ta6auna 6. CpaBHeHI/Ie BHYTPEHHETO CTPOCHUS HOTOXBOCTOK U3 Pa3HBIX Pa3MEPHBIX KJIACCOB.

Organ system Large-sized springtails
[Lubbock, 1871; Bretfeld, 1963;
Wolter, 1963; Imms, 1977; Hopkin,

1997]

Miniature
M. sylvatica
[Panina et al., 2019]

Medium-sized
H. serrata

thoracic ganglia

Digestive Foregut, midgut and hindgut, Foregut, midgut and The intestinal sections are less pronounced,
salivary glands, acinary glands hindgut, salivary glands the salivary glands are not detected

Excretory Labial nephridia Labial nephridia Labial nephridia

Nervous Brain, suboesophageal and three Brain, suboesophageal and | Brain, suboesophageal and three thoracic

three thoracic ganglia

ganglia, muscles pass through the brain, the
ganglia are displaced by one segment

Reproductive

Paired ovaries

Paired ovaries

Reduction of one ovary

(number of muscles)

?: 6 mandibular,
10 maxillar

Circulatory Heart with 2—6 pairs of ostia, the Absent Absent
cephalic aorta extends forward
Respiratory Sminthurus: well-developed Absent Absent
tracheal system;
Dicyrtoma fusca: remnants of the
tracheal system
Muscular
head Anurida maritima 54: 10 mandibular, 48: 9 mandibular,

9 maxillar

6 maxillar

thorax

(pairs of muscles, in
brackets sequentially: pro-,
meso-, metathorax)

Orchesella cincta: (15+32+11)=58;
Neanura muscorum:
(24+21422)=67

(21420+22)=63

(14+19+18)=51

abdomen
(pair of muscles)

Orchesella cincta: 84

88

61

Legend: ? — no data
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Comparison of relative organ volumes of H. ser-
rata, M. sylvatica and insects

The relative volume of the skeletal structures of
H. serrata (2.38%) is smaller than that of the miniature
springtail M. sylvatica. The volume of its skeletal struc-
tures relative to the body is 5.8% [Panina ef al., 2019]. In
insects of the same size class (about 1 mm), for instance,
in adult Coleoptera, it varies from 10 to 20%, and in
Paraneoptera adults it is 6% [Polilov, Makarova, 2017].

The relative volume of the muscles of H. serrata
(5.4%) is smaller than that of the miniature springtail, in
which it is 5.2% [Panina et al., 2019]. It is also smaller
than that of Paraneoptera adults (about 6%) and Coleop-
tera adults (10.5-12%) [Polilov, Makarova, 2017]. Such
differences may be due to the high specialization of the
muscular system in springtails.

The relative volume of the digestive and excre-
tory systems of H. serrata (1.2%) is smaller than that
of M. sylvatica (8.6%) [Panina et al., 2019], Coleop-
tera (about 9—10% digestive and 0.3—2% excretory) and
Paraneoptera (about 21% digestive and excretory about
1%) [Polilov, Makarova, 2017].

The relative volume of internal tissues in H. ser-
rata (73%) is greater than that in M. sylvatica (52.2%)
[Panina et al., 2019], Coleoptera (30-60%) and Para-
neoptera adults (56%) [Polilov, Makarova, 2017].
The fat body serves as an accumulation of metabolic
products [Hopkin, 1997], which can explain such a
discrepancy.

The relative volume of the reproductive system in
H. serrata (16.67%) is comparable to that in M. sylvat-
ica (18.9%) [Panina et al., 2019]. In Coleoptera adults,
the volume of the reproductive system is about 20-30%,
and in Paraneoptera adults it is about 15% [Polilov, Ma-
karova, 2017].

Conclusion

This study of the anatomy of the medium-sized
springtail Hypogastrura serrata allowed us to identify
key features of its internal structure and compare them
with data on miniature and larger springtails. The results
confirm that medium (1-3 mm) and large (3—10 mm)
springtails can be considered in the same size class,
since their internal structure shows no fundamental dif-
ferences. However, H. serrata lacks the organs of the
tracheal and circulatory systems that were previously
discovered in some larger springtails.

Our results demonstrate that the obtained morpho-
logical data significantly refine the interpretation of
miniaturization effects in springtails. In particular, the
presence of reductions and oligomerizations in the organ
systems of the miniature M. sylvatica is confirmed. The
results can serve as a basis for further studies of evolu-
tionary trends and their impact on the morphology of
springtails. Thus, this work makes a significant contribu-
tion to the understanding of the anatomy of springtails
and provides important comparative data for the study
of miniaturization in this group.
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