Arthropod Systematics & Phylogeny 79, 2021, 555-567 | DOI 10.3897/asp.79.e70002 555

’PENWFT SENCKENBERG Z gé

world of biodiversity Leibniz

Association

A tarsal spinning organ in glomeridesmid millipedes
(Diplopoda: Pentazonia: Glomeridesmida)

Leif Moritz"?, Thomas Wesener!

1 Zoological Research Museum Alexander Koenig, Leibniz Institute for Animal Biodiversity, Adenauerallee 160, 53113 Bonn, Germany; [moritz.
leiflwgmail.com; ORCID: https://orcid.org/0000-0002-6028-5189], [t.wesener@leibniz-zfink.de; ORCID: http://orcid.org/0000-0002-202§-
3541]

2 Institute of Evolutionary Biology and Ecology, University of Bonn, An der Immenburg 1, 53121 Bonn, Germany
http://zoobank.org/B4953AC3-835B-4241-B782-04B7C755815F

Corresponding author: Leif Moritz (moritz.leif@gmail.com)

Received 11 June 2021
Accepted 10 September 2021 Academic Editors Andy Sombke, Klaus-Dieter Klass
Published 18 October 2021

Citation: Moritz L, Wesener T (2021) A tarsal spinning organ in glomeridesmid millipedes (Diplopoda: Pentazonia: Glomeridesmida). Arthropod
Systematics & Phylogeny 79: 555-567. https://doi.org/10.3897/asp.79.70002

Abstract

The production of sticky threads from spinnerets is known from various myriapod groups including some representatives of the mil-
lipedes (Diplopoda). In Diplopoda the thread-producing glands are mostly seta-like and positioned terminally on the telson, and the
secretion product is typically used to build molting chambers or egg sacs. So far, no such secretions or organs have been documented
for the subgroup Pentazonia. Here we describe thread-producing glands from the species-poor Glomeridesmida. These putative
spinning organs are single circular fields of small pores (spinning fields) positioned on the outer side of the tarsi of all walking legs
of mature and juvenile individuals of both sexes. These pores are the openings of cuticular tubuli (conducting canals), which extend
from the tarsus to an aggregation of cells, a putative gland, within the femur. In several specimens thin threads were observed to
be extruded from the pores. The tarsal spinning fields are present in all 21 investigated Glomeridesmida morphospecies, including
Termitodesmidae and Glomeridesmidae from South East Asia, the Indian subcontinent, Oceania, and South and Central America.
These organs might constitute an apomorphic character of the Glomeridesmida, as similar organs are absent in other Myriapoda.
The function of the extruded threads in Glomeridesmida remains speculative, because observations of living specimens of the group
are almost non-existing. We suggest that the secretion might be used for defense, to build molting chambers or to secure tunnels
burrowed in the substrate.
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1. Introduction

Exocrine glands, which produce superficially silk-like structure and position on the body. Spinning glands are
threads and are often referred to as spinning organs or  not known for Pauropoda but are present in Symphy-
spinnerets, can be found in several Myriapoda taxa, la, where they open on appendages of the preanal seg-
including millipedes (Diplopoda), and differ in their — ment (spinnerets) (Verhoeff 1934; Szucsich and Scheller
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Figure 1. Glomeridesmida and the distribution of the tarsal spinning organ. A: Glomeridesmidae (Glomeridesmus cf. javanicus),

photograph of living specimen in Indonesia by Jan-Philip Oeyen. B: Termitodesmidae (Termitodesmus sp.) in a termite nest in
Malaysia, photograph of living specimen by Munetoshi Maruyama and Taisuke Kanao. C: Habitus of adult female with 35+1 legs,
schematic drawing, each walking leg is equipped with a spinning organ. D: Schematic representation of the spinning organ in a walk-

ing leg. Abbreviations: as = anal shield, co = collum, cx = coxa, fe = femur, gl = glandular cells, L1 = walking leg 1, L35 = walking

leg 35, pof = postfemur, prf = prefemur, sf = spinning field, sL = sensory leg, ta = tarsus, ti = tibia, tu = tubuli, v = stigmatic plate.

2011). In Symphyla the secreted threads can be attached
to the ground and used for abseiling, and as defense by
blocking the passage for predators in narrow crevices
(Verhoeft 1934; Dunger 1983; Betz and Kolsch 2004).
Lithobiomorph centipedes (Chilopoda, Lithobiomorpha)
produce long sticky fibers, which are used for defense
and predation, from telopodal pores on the four dis-
tal podomeres of the posterior leg pairs 12—15 (Blower
1952; Rosenberg and Miiller 2009; Kenning et al. 2019).
When disturbed, many Lithobiomorpha raise their ulti-
mate legs and release a milky secretion, which hardens
immediately and can entangle predators as well as prey
(Verhoeft 1925; Attems 1926; von Byern et al. 2017;
Kenning et al. 2019). Within Diplopoda, exocrine glands
which release threads can be found in the Polyxenida,
Polydesmida, Nematophora, and potentially in the Si-
phoniulida and Siphonophorida. Some male pincush-
ion millipedes (Polyxenida, Polyxenidae) possess coxal
spinning glands on their 2" leg pair associated with their
gonopores (penes), which secrete threads for the place-
ment of sperm (Schomann 1956; Huynh and Veenstra
2016). Furthermore, male Polyxenidae produce guide
threads from glands on leg-pairs 8 and 9 to help females
find fresh spermatophores (Schomann and Schaller 1954;
Schomann 1956). Polydesmida and Nematophora (Cal-
lipodida, Chordeumatida, Stemmiulida) share terminal

fiber-producing glands or spinnerets, which are located
on the epiproct of the telson, and largely resemble setae
(Verhoeft 1928; Adis et al. 2000; Shear 2008; Enghoff
and Akkari 2011; Enghoff and Reboleira 2013; Blanke
and Wesener 2014; Iniesta and Ferreira 2015; Fiemapong
et al. 2017). A detailed overview of these spinnerets in
Polydesmida and Nematophora was provided by Shear
(2008). In the Polydesmida and Nematophora the (silk-
like) threads produced by the spinnerets are used to build
molting chambers or in some cases egg-sacs (Adis et al.
2000; Shear 2008; Enghoff and Akkari 2011). Similar
telsonian spinnerets can also be found in the enigmat-
ic Siphoniulida (Sierwald et al. 2003; Liu et al. 2017),
although the homology of these terminal spinning or-
gans among the orders remains unknown (Sierwald et
al. 2003; Shear 2008). Furthermore, tergal setae, which
extrude a silk-like substance, might be present in the
Siphonoporida (Marek and Bond 2006; Read and Eng-
hoff 2009; Marek et al. 2012, 2016). The internal mor-
phology of these glands and the chemical composition
of the secreted threads in millipedes is largely unknown,
but staining experiments show, that it is not true silk (i.e.
made of fibrous protein) but consists of mucopolysaccha-
rides in the Polydesmida (Adis et al. 2000).

For the Pentazonia, which include large and conspicu-
ous animals like the Holarctic pill millipedes (Glomerida)
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and the giant pill-millipedes (Sphaerotheriida), as well as
the small and poorly known glomeridesmid millipedes
(Glomeridesmida) (Enghoff et al. 2015), no spinning or-
gans or spinning activity have been reported so far. Sil-
vestri (1902, 1903) probably misinterpreted the tips of the
sensory legs in Glomeridesmida as cylindrical spinning
organs opening on the preanal tergite. The taxon Glome-
ridesmida is among the least-diverse and least-studied
millipede orders, and its members are thought to be par-
ticularly similar to the chilognathan ground-plan (Eng-
hoff 1990). Glomeridesmida comprises 36 described spe-
cies from South-East Asia, India, and South and Central
America (undescribed species are also known from Ocea-
nia: Shelley 2011), classified in two families, Glomeride-
smidae (Fig. 1A) and Termitodesmidae (Fig. 1B) (Jeekel
2003; Enghoff et al. 2015; Wesener et al. 2021). Most of
the few described species are only known from their type
series, the majority of them collected more than 100 years
ago (Jeekel 2003). Unlike Helminthomorpha and Glome-
rida, which possess defense secretions (Shear et al. 2011;
Shear 2015), or the strongly sclerotized Glomerida and
Sphaerotheriida, which can roll into a ball (Blanke and
Wesener 2014; Enghoff et al. 2015), the weakly sclero-
tized Glomeridesmida appear to be relatively defenseless
against predation. Observations of living specimens and
therefore information on the behavior and ecology of this
group are rare and mostly anecdotal (Escherich 1911;
Hirst 1913; Wesener et al. 2021). Observations show that
Glomeridesmus spelaeus Iniesta & Wesener, 2012 is able
to dig tunnels into compact substrate (Iniesta et al. 2012),
and that Termitodesmus Silvestri, 1911 (Escherich 1911;
Hirst 1913) and Glomeridesmus Gervais, 1844 (Wesen-
er et al. 2021) are capable of (relatively) fast and swift
movements, showing great flexibility of the body.

Here we present first evidence for the presence of tar-
sal thread-producing organs (putative spinning organs)
in the Glomeridesmida combining scanning electron mi-
croscopy, histology, and light microscopy.

2. Methods

2.1. Abbreviations

FMNH - Field Museum of Natural History, Chicago,
USA; ISLA — Subterranean Invertebrate Collection of
Lavras, Center for Studies on Subterranean Biology,
Federal University of Lavras, Brazil; LM — Light mi-
croscopy; MHNG — Muséum d’histoire naturelle de la
ville de Genéve, Geneva, Switzerland; NHMD — Natural
History Museum of Denmark, University of Copenha-
gen, Denmark; SEM — Scanning electron microscopy;
SMNG - Senckenberg Museum fiir Naturkunde Gorlitz,
Germany; VMNH — Virginia Museum of Natural His-
tory, Martinsville, USA; ZCSWU — Zoological Collec-
tion of Srinakharinwirot University, Bangkok, Thailand;
ZFMK - Zoological Research Museum A. Koenig, Leib-
niz Institute for Animal Biodiversity, Bonn, Germany.

2.2. Material examined

19 morphospecies of the family Glomeridesmidae from
South East Asia, the Indian subcontinent, Oceania, and
South and Central America, spanning the known geo-
graphical distribution of the family, and two morphos-
pecies of the family Termitodesmidae from Vietnam and
Malaysia were studied. Investigated specimens included
mature females (20 tergites (T) + anal shield (AS)) and
males (19 tergites + anal shield) and immatures/juveniles
(9-19 tergites + anal shield) (tergite number including
collum). All material, including mostly undescribed spe-
cies, is deposited in the collections of different museums
(Table 1) and had initially been fixed and stored in eth-
anol (70% or 96%). Additional images are provided as
supplementary files (Figs S1-S5; https://doi.org/10.3897/
asp.79.e70002.suppll).

2.3. Scanning electron microscopy
(SEM)

To study the external morphology and structure of the pu-
tative spinning organs SEM was used. SEM data was ob-
tained for three Glomeridesmus and one Termitodesmus
morphospecies (Table 1). Specimens were dehydrated
in an ascending ethanol series and dried overnight. The
dried samples were sputtered with gold (ca 35 nm) using
a Cressington 108 auto sputter coater (TESCAN GmbH,
Dortmund, Germany). Images were obtained using a
Zeiss Sigma 300 VP SEM (Carl Zeiss AG, Oberkochen,
Germany) at the ZFMK. Furthermore, SEM images pre-
viously obtained for Glomeridesmus spp. (Philippines,
Ecuador) and Termitodesmus sp. (Malaysia) by TW and
for Glomeridesmus sp. (Ecuador) by William A. Shear,
were checked for the absence or presence of the described
structure.

2.4, Light microscopy (LM) and
histology

The legs were examined microscopically with transmit-
ted light to check for the presence of the putative spin-
ning organs and to investigate their internal morphology.
Legs, unstained or stained (Table 1) for 3—4 minutes with
1% Toluidine blue (PanReac AppliChem, ITW Reagents
(Chicago, USA), A3842.0010) to enhance contrast, and
subsequently washed with ethanol, were temporarily
mounted onto microscopic slides, and investigated with
an Olympus BX51 light microscope (Olympus, Shinjuku,
Tokio, Japan).

Histological sections were obtained for mid-body legs
of a female Glomeridesmus cf. sumatranus Pocock, 1894
(SUMO06/08 01). Legs were embedded in epoxy resin
(Araldite CY212, Agar Scientific Ltd (Stansted, UK),
R1030) and semi-thin sections with a thickness of 0.5
um were obtained with a Leica HistoCore NANOCUT
R microtome (Leica Biosystems, Wetzlar, Germany) with
a DIATOME histo Jumbo diamond blade (Diatome Ltd,


https://doi.org/10.3897/asp.79.e70002.suppl1
https://doi.org/10.3897/asp.79.e70002.suppl1

558

Moritz and Wesener: A tarsal spinning organ in Glomeridesmida

Table 1. Material examined. Abbreviations: H = histology, LM = light microscopy without Toluidine, LMT = light microscopy

with Toluidine, SEM = scanning electron microscopy,
previously by William A. Shear.

W —

SEM images obtained previously by TW, VS = SEM images obtained

ZFMK MYR596

Species Locality Method
Glomeridesmus siamensis Wesener, | THAILAND ¢ 1 &, 1 @, 2 juv (19T+AS); Krabi Province, N. of Krabi Town, western | SEM + LM
Wongthamwanich & Moritz, 2021 aspect of Tiger Cave temple (Wat Tham Suea); 08°07'23.8"N, 098°55'18.9"E;
27.VIL.2018; Wesener, Wongthamwanich, Nawanetiwong, Moritz leg.; overgrown
rocks next to rubber plantation; ZCSWU-MyrD000011, ZFMK-MYR10302, ZFMK-
MYR10301; ZFMK-MYR10304
Glomeridesmus spelaeus Iniesta & | BRAZIL » 1 @; Para, Curiondpolis, iron cave SL 31; E 0650189m, N 9339714m; LMT
Wesener, 2012 R.A. Zampaulo, leg.; in bat guana pile far from entrance; ISLA MII GEM 176150
Glomeridesmus cf. sumatranus INDONESIA « 1 &, 1 @, 2 juv (19+AS; 15+AS); Sumatra, West Sumatra Province, SEM + LMT + H
Pocock, 1894 Mt. Merapi, ca. 15 km SE of Bukittinggi; 0°23'32"S, 100°26'54"E; 1650—-1700 m
a.s.l.; 4.VL1.2006; A. Schulz leg.; hill forest; MHNG SUMO06/08 01
Glomeridesmus sp. INDONESIA * 1 4,1 9, 1 juv (19T+AS); Sumatra, West Sumatra Province, Mt. SEM + LMT
Merapi, ca. 15 km SE of Bukittinggi; 0°23'32"S, 100°26'54"E; 1650-1700 m a.s.1.;
4.V1.2006; A. Schulz leg.; hill forest; MHNG SUMO06/08 02
Glomeridesmus cf. javanicus INDONESIA ¢ 1 Q; Java, Jawa Barat, Cikaniki Research Station, Erstes Bachtal von | LMT
Attems, 1907 der Station aus (HAL92); 6°44'54"S, 106°32"21"E; 1082 m a.s.l.; 19.1V.2016; Myria-
poda Team leg.; Winklerextraktion; ZFMK-MYR07870
Glomeridesmus sp. MALAYSIA ¢ 1 juv (19T+AS); Pahang, Cameron Higlands, “Orang Asli vill.* env. LMT
Gunung Perdah [Mt.]; 4°29.2N, 101°22.1E; 1575 m a.s.l.; 2-14.V.2009; Petr Banat
leg.; Sifting leaf litter in shallow ravine; NHMD
Glomeridesmus sp. THAILAND ¢ 1 juv (9T+AS, 8 leg-pairs); Doi Sutep; 1150 m a.s.l.; 29.1X.1958; B. LM
Degerbel leg.; Lok 3a; Zool. Mus. Kbh. 1/7 59; NHMD
Glomeridesmus sp. PAPUA NEW GUINEA ¢ 1 9; New Britain, Valoka; 12.V.1962; Noona Dan Exp. LM
61-62 leg.; NHMD
Glomeridesmus sp. FIJI * 1 juv (19T+AS); Colo-i-Surva Forest Park; 29.111.—6.1V.199?; van Harten A. LM
leg.; NHMD Fiji 580
Glomeridesmus sp. FLJI « 1 juv (15T+AS); Colo-i-Surva Forest Park;9.11.1997; van Harten A. leg.; LM
NHMD glomeridesmids553
Glomeridesmus sp PHILLIPINES ¢ 1 Q; Panay, Sibaliw; 11°49'37"N, 121°56'21"E; 220 m a. s. 1.; 2007; | SEM™
leg. Prof. Curio leg.; SMNG
Glomeridesmus sp. INDIA * 1 @, 1 juv (10T+AS, 13 leg-pairs); Chennai (Madras), Anamalai Hills, LMT
au-dessud d’Aliyar Dam; 1150 m a.s.1.; 18.X1.1972; C. Besuchet & 1. Lobl leg.; tamis-
ages en foret, au pied d'un groupe d’arbras envahis par les lianes; MHNG Inida34
Glomeridesmus sp. INDIA ¢ 1 @; Meghalaya, Khasi Hills: en-dessous de Cherapunjee;1200 m a.s.1.; LMT
26.X.1978; C. Besuchet & 1. Lobl leg.; MHNG India28
Glomeridesmus sp. SRILANKA « | &; Sinharaja; 400 m a.s.l.; 2.XI1.1979; V. Mahler leg.; NHMD LM
Glomeridesmus sp. PANAMA « 1 juv (19T+AS); Gamboa; 01.X1.1983; W. Netwig leg.; NHMD; PR4 B
Glomeridesmus sp. ECUADOR « VMNH SEMWS
Glomeridesmus sp. ECUADOR - 1 @; Pichincha, Rio Palenque Station, 47 km S Santo Domingo; 700 ft; | SEM™
18.V.1975; S. B. Peck & J. Kukalova-Peck leg.; FMNH INS 0000 011 916
Glomeridesmus sp. COLOMBIA * 1 &; Nevada del Ruiz; 3700-3800 m a.s.I; 10.X.1978; H. Sturm leg. LM
(78/94); under Calamagrostis; NHMD Colombia78/94
Glomeridesmus sp. BRAZIL ¢ 1 juv (18T+AS); Taperinka, Santarém; 3./11.70, Pr. 9-10 Myriapoda, S.I. | LM
Tuxen & O. Densen; NHMD
Termitodesmus calvus Attems, 1938 | VIETNAM ¢ 1 @; Cat Tien; 16.1.2012; Semenyuk leg.; termite nest; ZFMK SEM + LM
Termitodesmus sp. MALAYSIA ¢ 1 @; 06.V1.2012; M. Maruyama leg.; Odontotermes termite nest; SEM™

Nidau, Switzerland). Semi-thin sections were stained 2.5. Terminology
with 1% Toluidine blue for 2 minutes. The mounted legs

and histological sections were photographed with a Zeiss
AxioCam HRc camera mounted to a Zeiss Imager.Z2m
light microscope (Carl Zeiss AG, Oberkochen, Germa-
ny). The histological sections are deposited at the ZFMK
(ZFMK-HIST00001).

The terminology for the podomeres of the walking legs
follows Iniesta et al. (2012) and Wesener et al. (2014)
with a basal coxa fused to a ventral sclerite (stigmatic
plate) followed by prefemur, femur, postfemur, tibia and

tarsus. Terminology for the musculature follows Manton

(1961).
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3. Results

3.1. External morphology

The investigated mature males, mature females, and juve-
niles of the 19 Glomeridesmidae morphospecies and two
Termitodesmidae morphospecies (Table 1, Figs S1-S5)
carried a single circular field of pores, hereafter referred
to as a spinning field, on the tarsi of all walking legs (Figs
1C, 2, 3). A spinning field was absent on the modified
posterior legs of mature individuals (telopods in males;
sensory legs in males and females). Already in the ear-
liest stadium studied, a juvenile from Thailand (NHMD
1/7 59) with 9 tergites + anal shield, 8 leg pairs and ca.
1 mm in length, the tarsal spinning fields were present on
all walking legs (Fig. S1). Each spinning field was locat-
ed on the dorsal/outer side of the tarsus. In the studied
Glomeridesmidae it was located ca at mid-length of the
tarsus distally of a faint suture and the most apical se-
tae (Fig. 2B). In Termitodesmidae, where the podomeres
were generally shorter and thicker (Fig. 3A), the spinning
field was located in the distal third of the tarsus, distally
of the most apical setae (Fig. 3B).

The tarsal spinning fields were 3—5 pm in diameter,
slightly recessed into the tarsal cuticle, and comprised of
20-30 pores, which faced distally. Each pore had a di-
ameter of ca 0.35 um in the studied specimens (Figs 2C,
3C). In Glomeridesmus sp. (SUM06/08 02) from Suma-
tra the field of pores appeared clean on the SEM imag-
es and only in few pores small buds (the tips of threads)
could be seen (Figs 2C, S2A, B). In Glomeridesmus cf.
sumatranus (SUMO06/08 01), from the same locality as
the previous species, thin threads with a regular diameter
of'ca 0.35 pum were extruded from the pores of some legs.
The threads coiled up separately (Figs 2D, S2C, D) or
unified distally to a larger mass (Fig. 2E). In some cases
small particles stuck to the threads (Fig. 2D). In Glomeri-
desmus siamensis Wesener, Wongthamwanich & Moritz,
2021 (Fig. S3) and Glomeridesmus spp. from Ecuador
(Fig. S4A—C) and the Philippines (Fig. S4D) the separate
pores could not be identified on the SEM images, as these
were obscured, but a depression was present at the corre-
sponding position.

3.2. Internal morphology

In the 16 Glomeridesmidae and the single Termitode-
smidae species studied with light microscopy (Table 1),
thin cuticular tubuli (conducting canals), which arose in-
ternally from the pores of the spinning field, were visi-
ble through the translucent cuticle (Figs 3D, 4A, B, S5).
These tubuli ran in a bundle proximally within the tarsus
(Figs 3D, 4B). In the stained mounts of the whole legs,
the femur appeared to be filled by a granular mass be-
tween well-defined muscular strands in Glomeridesmidae
(Fig. 4A) and Termitodesmidae. The histological sections
show suboptimal preservation of soft tissue and a clear
or reliable identification of glandular tissue is not pos-

sible. Nevertheless, the cuticular tubuli arising from the
sieve plate can be discerned. The cuticular tubuli run as
a bundle from the tarsal sieve plate (Fig. 4C, D) through
the tibia (Fig. 4E) and postfemur into the femur, where
they lead to an accumulation of tissue (Figs 1D, 4F, G),
probably the secretory cells of the gland.

4. Discussion

4. A tarsal spinning gland in

Glomeridesmida

We suggest that Glomeridesmida possess tarsal spin-
ning organs in the form of exocrine glands, which re-
lease threads through a field of pores on their walking
legs’ tarsi. Such threads are thin filaments of unknown
composition and were observed to be extruded from the
pores on some legs (Fig. 2D, E). The buds observed in
some of the pores (Fig. 2C) are the tips of these filaments.
Furthermore, in the figures of Iniesta et al. (2012; fig.
2A, C), the first publication of photos of a living Glo-
meridesmida specimen, threads can be observed on the
substrate close to Glomeridesmus spelaeus Iniesta &
Wesener, 2012, although it is not clear if these threads
have been produced by the glomeridesmid. The putative
tarsal spinning organs could be observed in all 21 Glo-
meridesmida morphospecies studied here, which span
the whole biogeographic distribution of the group, and
include Glomeridesmidae as well as Termitodesmidae
(Table 1). Therefore, we suggest that Glomeridesmida in
general possess tarsal thread-producing organs, although
the recently described genus Glomeridesmoides Mau-
riés, 2020 needs to be studied in this respect. Although
the legs of some Glomeridesmidae have been studied and
depicted before (e.g. Silvestri 1903; Carl 1942; Iniesta
et al. 2012; Wesener et al. 2014; Mauries 2020) and Carl
(1942) described glandular tissue within the syncoxite of
the first leg-pair of a female, this spinning organ has not
been reported. This is mainly due to the small size of the
external structure (3—5 pm in diameter) and its position
in a depression on the outer side of the tarsus, as it is not
clearly visible in anterior or posterior views, which are
typically depicted in taxonomic description. We initially
discovered the sieve plate only by means of SEM and it
is only visible at certain angles (Fig. 2). Only then we
were able to also locate the organ using transmitted light
microscopy of whole legs (Figs 3D, 4A, B, S5). Further-
more, the sieve plates are often obscured by dirt, the se-
cretion, or setae.

The spinning organ of the Glomeridesmida is an ag-
gregated gland with several secretory units; cells are
clustered within the femur, but open via separate tubuli
(conducting canals), which run through the podomeres to
the tarsus (Figs 1D, 4C—G). To understand the detailed
structure of these glandular units, ultrastructural investi-
gations are needed. Aggregated glands are known from
various myriapods, like the defense glands of millipedes
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o\ B ) ’ MRGE N . b
Figure 2. The putative spinning organ in the Glomeridesmidae, external morphology, SEM. A—C: Glomeridesmus sp. (SUM06/08
02), female, mid-body leg. A: Overview of leg. B: Detail of tarsus. C: Detail of spinning field. D, E: Glomeridesmus cf. sumatranus
(SUMO06/08 01), female, spinning fields on tarsi of leg pair 2 with extruded threads/secretion. Abbreviations: cx = coxa, fe = femur,
pof = postfemur, prf = prefemur, se = secretion, sf = spinning field, st = stigmata, su = suture, ta = tarsus, ti = tibia, v = stigmatic plate.

(Weatherston and Percy 1969). The various aggregated
glands of centipedes have been summarized by Rosen-
berg et al. (2011), and include the vesicular glands (Hilk-
en and Rosenberg 2009), the maxillary organ gland (Hilk-
en et al. 2003), the epidermal maxilla II-gland (Hilken
et al. 2005) and the poison gland (Rosenberg and Hilken

2006), as well as the sternal glands of Geophilomorpha
(Turcato and Minelli 1990) and the telopodal glands of
Lithobiomorpha (Keil 1975). In the latter two the con-
ducting canals open directly to the outside and not into a
common duct or lumen, as is also the case in the spinning
organs of the Glomeridesmida.



Arthropod Systematics & Phylogeny 79, 2021, 555-567

561

Figure 3. The putative spinning organ in the Termitodesmidae, mid-body leg of Termitodesmus calvus Attems, 1938, female. A—C:

External morphology, SEM. A: Overview of leg. B: Detail of tarsus. C: Detail of spinning field. D: Detail of the spinning field with

the underlying tubuli, mid-body leg stained with Toluidine blue, light microscopy. Abbreviations: fe = femur, pof = postfemur,

prf = prefemur, sf = spinning field, ta = tarsus, ti = tibia, tu = tubuli.

Exocrine glands positioned on the legs are known
from several millipede taxa but are typically restricted to
males and differ in their position (i.e. on which legs and/
or podomeres) from those in Glomeridesmida, in which
pores are present in both sexes and in juveniles on the
tarsi of all walking legs (Fig. 1C). Thus, pores can be

found on the coxae of leg-pairs 7 and 9 in male Chordeu-
matida (Verhoeff 1928), leg-pairs 8 and 9 in male Polyx-
enida (Schomann and Schaller 1954; Schomann 1956)
and on the posterior gonopods in male Julida. In the lat-
ter, these glands release long and viscose threads (zédhe
Sekretfdden sensu Verhoeff 1928). Furthermore, exo-
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Figure 4. The putative spinning organ of the Glomeridesmidae, internal morphology of a mid-body leg of Glomeridesmus cf. suma-
tranus (SUMO06/08 01), female, light microscopy. A, B: Mid-body leg stained with Toluidine blue. A: Overview, terminology for the
musculature follows Manton (1961). B: Detail of the spinning field with the underlying tubuli, as indicated in A. C—G: Histological
sections. C: Sagittal section through tarsus. D: Cross section through tarsus. E: Cross section through tibia. F, G: Sagittal sections
through postfemur and femur. Abbreviations: cl = claw, fe = femur, gl = putative glandular tissue, m1 = depressor femoris, m2 =
flexor femoris, m3 = flexor postfemoris, m4 = flexor tibiae, m5 = flexor tarsi, m6 = flexor unguiculi, pof = postfemur, prf = prefemur,
sf = spinning field, ta = tarsus, ti = tibia, tu = tubuli.

crine glands open on the inner side of the femur of single Although spinning organs are reported from various
or several walking legs of some male Polydesmida and  millipede (Diplopoda) taxa, these differ largely in their
Julida and might be related to mating (Verhoeft 1928). location and structure from the putative spinning organs
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found in Glomeridesmida. In Glomeridesmida these are
porous fields on the tarsi (Fig. 2B, C), while Polydesmi-
da (Adis et al. 2000; Shear 2008), Nematophora (Shear
2008; Enghoff and Akkari 2011; Enghoff and Reboleira
2013; Blanke and Wesener 2014; Iniesta and Ferreira
2015; Fiemapong et al. 2017) and possibly Siphoniulida
(Sierwald et al. 2003) carry terminal seta-like spinnerets
on their epiproct, Siphonophorida carry potential seta-like
spinning organs on their tergites (Marek and Bond 2006;
Read and Enghoff 2009; Marek et al. 2012, 2016), and
polyxenid millipedes have ‘silk-producing coxal glands’
(Schémann and Schaller 1954; Schémann 1956; Huynh
and Veenstra 2016). The internal structure of these spin-
ning glands in millipedes remains largely unknown.

In addition to the structure of the putative spinning
organ, the structure of the threads observed in Glomer-
idesmida differs from that found in other millipede taxa
with spinning abilities. Thus, the threads released from
telsonian spinnerets are rather flattened in Chordeumatida
(Enghoff and Reboleira 2013) or can have regular swell-
ings in some Chordeumatida (Verhoeff 1928: p. 1061,
figs 601-603), Callipodida (Enghoff and Akkari 2011)
and Polydesmida (Adis et al. 2000; Shear 2008), while
the threads in Glomeridesmida are of a uniform circular
diameter (Fig. 2D, E).

From the other pentazonian taxa Glomerida and
Sphaerotheriida, which are comparatively well-studied,
including SEM images of the legs (e.g. Wesener and
VandenSpiegel 2009; Wesener 2012; Oeyen and Wesener
2015; Wesener 2016; Wesener 2018), similar structures
are unknown. Therefore, we suggest that the putative
spinning organ of the Glomeridesmida constitutes an
apomorphy of the group and supports the monophyly of
Glomeridesmida (Glomeridesmidae + Termitodesmidae).
Other characters supporting the monophyly of Glomer-
idesmida are a strongly elongated membranous fringe on
the mandible molar plate, the presence of 20 tergites, and
modifications of the penultimate and ultimate leg pairs
in females (Oeyen and Wesener 2018). Apart from these
characters, the Glomeridesmida are mainly characterized
by reductive or supposedly plesiomorphic traits (Enghoff
1990; Iniesta et al. 2012).

4.2. Function of the putative tarsal
spinning organ

The actual function of the extruded threads in the Glome-
ridesmida remains speculative because the biochemical
composition of the threads (as for most millipedes) is un-
known, and no spinning activity or spinning product has
been observed so far in living specimens. For Polydesmi-
da, it has been shown by staining experiments that the
threads are not true silk (i.e. made of fibrous protein) but
consist of mucopolysaccharides (Adis et al. 2000), while
the threads in lithobiomorph centipedes are apparent-
ly a lipoid-protein complex or mixture (Blower 1952).
Because small particles adhere to some threads in the
studied Glomeridesmida (Fig. 2D), we suggest that the
threads are adhesive. As tarsal spinning organs were not

only found in mature male and female Glomeridesmida,
but also in the smallest juveniles studied here (Fig. S1),
we suggest that the threats are not primarily used for mat-
ing or brood care (although they might additionally play a
role in it), but are rather used to build molting chambers,
as is the case in Polydesmida and Nematophora (Adis et
al. 2000; Shear 2008; Enghoff and Akkarin 2011), or as
defense against predation as in Symphyla (Dunger 1983)
and Chilopoda-Lithobiomorpha (Rosenberg and Miiller
2009; Kenning et al. 2019). Glomeridesmida neither pos-
sess defensive glands as present in Glomerida and Hel-
minthomorpha (Blanke and Wesener 2014; Enghoff et al.
2015; Shear 2015), nor can they roll up into a tight ball
like Glomerida and Sphaerotheriida (Blanke and Wesener
2014; Enghoff et al. 2015) to ward off predators.

In insects thread-producing or spinning organs can
be found on the apical podomeres of several taxa, like
webspinners (Embioptera), dance flies (Diptera: Empi-
didae), and some ants (Hymenoptera: Formicidae). In
these insects the secretions serve to build tunnels as in
Embioptera (Mukerji 1927; Biisse et al. 2015) and poten-
tially in some ants (Billen and Peeters 2020), or to wrap
nuptial gifts, as in dance flies (Young and Merrit 2003;
Sutherland et al. 2007). Furthermore, thread-producing
organs opening on apical podomeres are also known
from some marine crustaceans, like the corophioid am-
phipod Crassicorophium bonellii (Kronenberger et al.
2012) and the order Tanaidacea (Kakui and Hiruta 2014;
Kaji et al. 2016), in which the secreted threads (i.e. silk)
are involved in tunneling and building tubes. Similar to
the Glomeridesmida, the glands of these crustaceans are
located in proximal podomeres or within the body, and
ducts lead to the distal podomere.

To clarify the function of the spinning product in Glo-
meridesmida, behavioral observations of living speci-
mens are needed. Until now such observations of living
specimens are rare and mostly anecdotal (Escherich 1911;
Hirst 1913; Wesener et al. 2021) and spinning activity has
not been reported. Glomeridesmus spelaeus Iniesta & We-
sener, 2012 specimens have been observed to dig small
tunnels into compact guano substrate, despite their deli-
cate appearance, and to shelter themselves in these small
passages (Iniesta et al. 2012). Possibly the spinning prod-
uct is used to secure the walls of these tunnels, as might
be the case in some tunneling ants, which have similar
exocrine glands and pores (the so called Delage-Darchen
gland in Melissotarsus Emery, 1877) on the basitarsi of
their walking legs (Delage-Darchen 1972; Billen 2009;
Holldobler et al. 2014; Billen and Peeters 2020). In these
ants, solid ‘toothpaste like’ threads are excreted through
the pores (Billen 2009; Holldobler et al. 2014; Billen and
Peeters 2020) and rubbed along the walls and roof of the
ant’s tunnels, which are made of silk (from a cephalic
gland) and wood fragments (Delage-Darchen 1972; Bil-
len and Peeters 2020). As the thread-producing organs
found on the basitarsi of ants and on the tarsi of the Glo-
meridesmida are superficially similar in their position
and structure, they might be used in a similar manner in
Glomeridesmidae; i.e. the threads secreted serve in sta-
bilizing the walls of their molting chambers or even tun-
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nels. However, the latter function would not explain their
presence in the termitophilous Termitodesmidae, which
exclusively inhabit termite mounds (Silvestri 1911; Hirst
1911, 1913; Enghoff et al. 2015), in which tunnels are
maintained by the termites, thus making tunneling and
(if they are involved in this) the putative spinning glands
obsolete. Therefore, a defensive function either during
molting or against predation seems to be most plausible
at the moment, although it might have multiple (e.g. tun-
neling and brood care) rather than a single function.

4.3. No terminal spinnerets in
Glomeridesmida

For Glomeridesmida Silvestri (1902, 1903) reported
paired cylindrical glands that open on the preanal terg-
ite, and interpreted these as mucus glands (ghiandole
mucipare sensu Silvestri 1902), which are possibly ho-
mologous to the spinnerets of Callipodida and Chorde-
umatida. We could not identify any such organs in the
studied specimens using SEM or light microscopy. We
suggest that Silvestri (1902, 1903) interpreted the apical
podomeres of the ultimate legs, which are modified into
sensory legs (Fig. 1C), as gland openings. The apical
podomeres of the sensory legs are cylindrical, equipped
with a terminal spine, and protrude (visible in dorsal
view) from underneath the preanal tergite (tergite 19/20)
beyond the anal shield, while its basal podomeres remain
hidden (Iniesta et al. 2012; Enghoff et al. 2015; Mauriés
2020; Wesener et al. 2021), thus appearing superficially
similar to telsonian spinnerets of other millipedes. There-
fore, we conclude that such preanal glands are absent in
Glomeridesmida.

4.4, Outlook

For this study we only had access to material from muse-
um collections, which has been initially fixed and subse-
quently stored over a long period in ethanol (70% or 96%
EtOH), resulting in the suboptimal preservation of soft
tissue and in artefacts, as visible in the histological sec-
tions (Fig. 4). Therefore, the histological data presented
here have to be taken with caution. To better understand
the structure and function of the putative spinning glands
in Glomeridesmida, future studies should focus on ultra-
structure using transmission electron microscopy (TEM),
as has been done for the cephalic glands and nephridia
of several millipede taxa (e.g. El-Hifnawi and Seif-
ert 1971, 1972; El-Hifnawi 1973, 1974) and epidermal
glands in centipedes (e.g. Sombke and Miiller 2021). A
more complete series of postembryonic stadia might shed
light on the first appearance and changes within the or-
gan during development. In this study the earliest stadium
has 9 tergites + anal shield and 8 leg pairs. Furthermore,
the biochemical composition of the secretion should be
analyzed, and, most importantly, the behavior of living
specimens should be observed to better understand the
function of the organ and the extruded threads.

5. Conclusion

Glomeridesmida possess exocrine glands in their walking
legs, which open through a field of pores (spinning field)
on their tarsi and extrude threads. These putative spinning
glands, are present in both major groups of the Glomeride-
smida, the Glomeridesmidae and Termitodesmidae, and
are probably an apomorphic character of the group. The
function of these threads remains speculative, but we sug-
gest that the threads serve for a defensive function against
predation and during molting, or that they are involved
in tunneling. To clarify the structure and function of the
glands and their excretion ultrastructural examination and
behavioral observations of living specimens are needed.
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