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Structure and diversity of
abdominal exocrine glands in
larvae of Leiodidae (Insecta:
Coleoptera: Staphylinoidea)

Aleksandra Kilian'™, Arnold Garbiec?, Jan R0zi¢ka® & Sylwia Nowak*

Epidermal glands are well-known in adult beetles, but their presence and function are less studied in
larvae. This study reveals, for the first time for the family Leiodidae, the morphology and ultrastructure
of epidermal, paired glands of abdominal segments present in larvae. They are documented in all
larval stages of the scavenger beetle Sciodrepoides watsoni watsoni (using a multimodal microscopic
approach: light and scanning electron, and transmission electron microscopy). Overview of these
structures is also documented for other representatives of Leiodidae and Agyrtidae, basal lineages of
the megadiverse Staphylinoidea. Structures differ in their position relative to a transverse cuticle fold,
in the size and shape of the perforate cuticular area, and in the position and form of their openings.
Their ultrastructure in Sciodrepoides watsoni watsoni strongly indicates a secretory function. All
abdominal segmental glands are formed by a complex of (1) regular class 1 gland cells type 1, (2)
modified class 1 cells type 2, with an apical reservoir-like invagination, and (3) class 3 gland units,
consisting of one basal secretory cell plus a canal cell. All these glands have their own openings to the
cuticle surface. Their secretions do not mix before their transport to the surface.

Keywords Agyrtidae, electron microscopy, Sciodrepoides watsoni watsoni, secretion, SEM, TEM,
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Epidermal, exocrine glands are widespread among insects, and their secretions play various important functions,
as reviewed by Betz! and later by Foster and Casas?. Their classification according to their ultrastructure has been
established for all insects®*, and later updated®>*.

Epidermal glands are known in many adult beetles, such as Carabidae’, Cicindelidae®, Ciidae’,
Chrysomelidae!®, Coccinellidae!!, Meloidae'?, Staphylinidae'?, and Tenebrionidae!. Significantly less is known
about their presence in their immature stages'®. Lawrence et al.' suggested that exocrine abdominal glands are
common in larvae but very often overlooked because of their small size. These structures were often described
under various morpho-functional terms (like pores, campaniform sensilla, porous plates, openings, without
histological studies), which complicated the situation!”. However, exocrine abdominal glands are well-known
in larvae of some families of beetles, e.g. Carabidae'®, Chrysomelidae!®, Coccinellidae?, Tenebrionidae®!, and
various Staphylinoidea.

The superfamily Staphylinoidea is one of the largest groups of Coleoptera, with more than 76,000 described
species®?. Currently, itis classified into seven families, with the following hypothesised relationships: Staphylinidae
[incl. Silphinae] + ((Leiodidae + Agyrtidae) + (Colonidae + (Jacobsoniidae + (Ptiliidae + Hydraenidae))))?*2.

Larval glands, placed dorsally on the body segments, were mentioned in descriptions of larvae of two
staphylinoid groups, the aquatic Hydraenidae® and in primitive carrion beetles, Agyrtidae®®. They were also
briefly described in several lineages of megadiverse short-winged rove beetles, Staphylinidae!”?’-2°. Up to date,
only a single currently published study provided ultrastructural and functional documentation®’. In general,
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overall knowledge of staphylinids remains poor, given their enormous species diversity, with over 68,000
described species?. To date, there are no data about the presence of such glands in larval stages of carrion
beetles (Silphinae), feather-winged beetles (Ptiliidae) or Jacobsoniidae, which was only recently transferred into
Staphylinoidea’.

The family Agyrtidae , including only 73 extant species?’, shows a very high morphological and
biological diversity as well as a relict distribution in the mountainous areas of the world>"*2. There is only one
detailed description with illustrations of the larval stage available for one European species®>. The revision of
this family®?, although very valuable and including the characteristics and even a descriptive key to the larvae,
unfortunately lacks any photographs or illustrations of the immature stages.

Its sister family Leiodidae belongs to one of the most interesting groups within the superfamily with a
high ecological and biogeographical diversity’!. However, for many subgroups, their biology is often virtually
unknown?!. Therefore, this family is particularly interesting in a phylogenetic and evolutionary context, as well
as for searching for new morphological features which may bring new phylogenetic signals®.

Our knowledge of the glands on the segments in leiodid larvae is limited to a few illustrations, and descriptions
of the presence of some pores which may be glandular®>3¢ and their photographs using light phase contrast and
scanning electron microscopes® 1. The only scanning electron microscopic documentation of such glandular
structures in larvae of Dissochaetus Reitter was provided by Gnaspini*?. However, their functions have never
been studied, although some sticky material on the surface of the cuticle was detected and documented (Figs. 69,
70 and 71 in*’, Figs. 26 and 27 in?® and their glandular function was discussed®. Some character states of these
structures were used in phylogenetic analyses of Leiodidae: Camiarinae®.

Here, we provide the first documentation of the ultrastructure and the formal reconstruction of abdominal
glands in the family Leiodidae, based on the species Sciodrepoides watsoni watsoni (Spence). We also provide an
overview of the morphological diversity of glandular abdominal structures in several Leiodidae and Agyrtidae,
based on available larval material and a review of published larval descriptions and illustrations.

23,24,31

Results
Detailed description of abdominal glandular structures in larvae of Sciodrepoides watsoni watsoni.

External morphology (Figs. 1 and 2)

A paired complex of morphological structures is distributed on the latero-apical area of the dorsal side of each
abdominal segment (I-X) of the larval body in all three instars, above the transverse cuticular fold (carina)
(Fig. 1A-D).

Each complex consists of four cuticular openings and one large oval perforated structure of ca. 50-58 pm
diameter and 20 pum high (n=2) (Figs. 1C and D and 2A). One of openings, rosette-like, is located in the centre
of the complex, and surrounded by cuticular folds (Figs. 1D and 2A, B and D; ro, cfa). Three cup-like openings
lay close and slightly anterior the perforated oval-shaped region of the cuticle with ca. 300 pores. The fourth,
additional, cup-like opening is lateral to the whole complex (Fig. 1D). Three types of cuticular openings are
distinguished: a cup-like (Fig. 2A, 5 um diameter; co), a rosette-like (Fig. 2A, B, D, ca. 5 um diameter; ro), and
fine pores (Fig. 2C). The fine pores are numerous (ca. 300) but present only on an oval-shaped region of the
cuticle (cuticular perforated / pore plate), which is slightly raised (Fig. 2A; cpa). The rosette-like opening is
surrounded by radially arranged folds of cuticle (Fig. 2A, B, D; ro).

Morphology and ultrastructure

A series of longitudinal and transverse semithin sections through the larval abdomen have been used to
demonstrate a complex of three types of modified glandular epidermal cells between the cuticle and muscles
(Fig. 3A, supplementary Figs. S1, S2). The composition of each glandular complex is as follows: multiple cells of
the C1 type 1, three cells of the C1 type 2, and one class C3 gland unit, composed of terminal cell and canal cell.

The first type of gland cells comprises C1 cells (named C1 type 1 cells). These cells are narrow and elongated,
located in direct contact with the terminal cell of C3 gland unit (Fig. 3B, tc). Each cell forms a protrusion,
that passes through the cuticle towards to the base of the perforated plate (Fig. 3B, asterisk, C). Apical part of
these protrusions forms microvilli, which are located under the oval-shaped part of cuticle perforated by about
300 canals with a diameter of approximately 150 nm, and they are faced towards to the base of the perforated
plate (Fig. 3C). The cytoplasm of C1 type 1 cells has a high electron density and is filled with a high number of
microtubules, and vesicles (Fig. 3C, D).

The second type of gland cells also comprises C1 cells (in this case modified, named C1 type 2 cells) forming a
pouch-like structure (Fig. 3A). These cells apically possess a deeply invaginated reservoir-like extracellular space
bordered by microvilli. The highly invaginated apical membrane forms labyrinth of foldings (Fig. 4B; 1), which
are modified into numerous microvilli that face toward a circular cup-like opening (diameter 5 um). The cuticle
surrounding the opening is deeply folded (Figs. 4B and 6) and forms irregular sieve-like canals by whom the
secretion is transported out of the body. The basal part of the cuticle is invaginated, forming the shallow cupule
faced towards microvilli (Figs. 4B and 6 and c). Secretion in extracellular space forms strands near the microvilli
(Fig. 4B; arrows), and dense homogeneous mass near the cupule (Fig. 4B; sc). The external opening of the gland
is plugged by electron dense secretion (Fig. 4D; s). C1 type 2 cells are characterised by a large, approximately
10 um in diameter, roughly spherical nucleus, which is flattened in the basal part (Fig. 4A; n). A prominent
nucleolus is present in the central part of the nucleus. Cytoplasm of the C1 type 2 cells have a high number of
mitochondria, Golgi complexes and rough endoplasmic reticulum (Fig. 4A, C; m, Gg, rer).

The third type of gland can be classified as compound class 3 gland, consisting of the terminal secretory
cell that distally connects to the canal cell (Figs. 5 and 6, S1). In the cytoplasm of the terminal cell, there is a
very large nucleus of about 22 pm in diameter (Fig. 5A; n). Cytoplasm is densely filled with cisternae of rough
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Fig. 1. Habitus (dorso-lateral or dorsal aspect) of the third instar larva of Sciodrepoides watsoni watsoni
(Spence) showing the locations of the paired glands, arrows (A, B). External morphology of the epidermal
segmental glands in S. watsoni watsoni, tergite IV(C). Details of glandular complex, tergite IV, left side (D).
Light microscopy. ca, carina; cpa, cuticular perforated area; co, cup-like opening; cs, campaniform sensillum;
ro, rosette-like opening.

endoplasmic reticulum, mitochondria, Golgi complexes and numerous secretory vesicles (Fig. 5B). Cisternae
of the endoplasmic reticulum are very numerous and evenly distributed in the cytoplasm (Fig. 5A; rer),
and the lumen of the cisternae is filled with medium electron density material (Fig. 5B). The terminal cell is
characterized by an internalized extracellular space that is lined with numerous long microvilli (Fig. 5B; mv),
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Fig. 2. Details of external morphology of larval epidermal segmental glandular complex in Sciodrepoides
watsoni watsoni (Spence). Glandular complex (A). Details of openings of cells class 1 and cell class 3 with
cuticular fold area (B). Details of cuticular perforated area — openings of cells class 1 (C). Openings of lamellae
cells and cell class 3 with secretion (D). Scanning Electron Microscopy. ca, carina; cfa, cuticular fold area; cpa,
cuticular perforated area; co, cup-like opening; ro, rosette-like opening.

which disappeared just near the canal cell (Fig. 5C). In the region of the end apparatus of the terminal cell,
numerous highly electron-dense secretory granules, with an average diameter of 5 nm, are gathered near the
microvilli, which surrounded the receiving canal (Fig. 5B). Near the cuticle the terminal cell is connected with
the canal cell, which is filled with numerous microtubules (Fig. 5C; mt). The canal cell forms chitinous duct that
ends in a rosette-shaped opening (Fig. 5D).

A generalised reconstruction of these structures is presented in Fig. 6 whereas differences between three
types of glandular cells in the abdominal glandular complex are summarized in the Table 1.

Overview of diversity of the external morphology of abdominal glandular structures in larvae
of Leiodidae and Agyrtidae
Glandular structures on abdominal segments seem to be widespread in Leiodidae and Agyrtidae. Available
information about the external morphology of abdominal glandular structures in larvae of 77 leiodid and four
agyrtid species is summarized in Table S1 (the Supplementary File) and Figs. 7 - 8. New data, as well as data
from a previous study? and other papers (citations in the Supplementary File) are combined.We found a large
morphological diversity consisting of different characters of perforated cuticular area and gland openings.The
position of the perforated cuticular area (cpa) can be located either anterior to the cuticular transverse fold
- carina (Fig. 7C, D, G, H) or posterior to it (Fig. 7A, B, E, E, see also Zearagytodes sp. and Dictydiella leleupi
Jeannel in Figs. 116 and 122 in’®). The shape of the perforated area of the cuticle (cpa) can be oval (Fig. 7A, B,
E, e.g. in Necrophilus spp. in Agyrtidae, Fig. 7B; Neopelatops spp., Fig. 7G; Eublackburniella Jeannel; Fig. 17 in?®;
Leiodes cinnamomea (Panzer), Fig. 14D and E, 15 A, 16 C in!), bean-shaped (Fig. 7E, F and D. leleupi, Fig. 122
in%®) or elongated like in Prionochaeta opaca (Say) (Figs. 2B and 7H in*°) or in Dissochaetus vanini Gnaspini
(Fig. 20 in*?).

The position of the opening in the perforated area of the cuticle can be central (Agyrtidae, Fig. 7B, G; o),
invaginated below this area (as in Eublackburniella, Fig. 17 in%) or invaginated above (Fig. 7F, H) as in D. leleupi
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Fig. 3. Histology and ultrastructure of the C1t1 cells. Structure and ultrastructure of the larval epidermal
segmental glandular complex in Sciodrepoides watsoni watsoni (Spence). Cross section of larval abdomen with
glandular complex (A). Longitudinal section of C1t1 gland cell (B). Section of the apical part of the C1t1 gland
cell (C). Section of the C1t1 gland cells near the bottom part of the cuticle (D). Semi-thin section stained with
methylene blue (A) and Transmission Electron micrographs (B-D). Asterisk, apical part of C1t1 gland cell;
C1tl, C1tl gland cell; C1t1p, processus of the C1t1 gland cell; C1t2, C1t2 gland cell; C3d, duct of the C3 canal
cell; cpa, cuticular perforated area; cpac, canal of the cuticular perforated area; cu cuticle; ep, epidermal cells;
m, mitochondrion; mt, microtubules; ms, muscle; mv, microvilli; tc, terminal cell; v, vesicle.

(Fig. 122 in®). The presence of cuticular folds of the cuticle near the openings - they are well developed in
species of Myrmicholeva Lea (Fig. 7D and C) and Neopelatops Jeannel (Fig. 27 in?) or slightly less developed
(Figs. 23 and 24 in*?).

Also, the number of openings of the gland cells can vary among leiodids, from one (e.g. Ragytodina tuberculosa
Szymczakowski) up to even 20 pairs (e.g. Catops fuscus fuscus Panzer) (Table S1, Supplementary File).
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Fig. 4. Ultrastructure of the C1t2 gland cells. Longitudinal section of basal part of the C1t2 gland cell (A).
Longitudinal section of central and apical part of the C1t2 gland cell (B). Section of the central part of the C1t2
gland cell (C). Apical part of the cell with lamellae and gland opening (D). Transmission Electron Microscopy.
Arrow, strands of secretion; bm, basement membrane; ¢, cupule; cu, cuticle; ecs, extracellular space; fl,

folds of the central part of the C1t2 gland cell; Gc, Golgi complexes; sc, secretion gathered near cupule; m,
mitochondria; mv, microvilli of the apical part C1t2 gland cell; n, nucleus; no, nucleolus.

The type of openings of glands can be rosette-like (Fig. 8A-D, ro) or cup-like (Fig. 8A, co) or another type
(8D, 0). One type may co-occur on the abdominal segment with others, as we have shown for S. watsoni watsoni
(Figs. 2A and 6). Most probably, accordingly to our results, they belong to different classes of glands.

The inner side of the perforated area of cuticle has a different, rough texture than the rest of the cuticle, which
is entirely smooth (Fig. 8E, F). A short cuticular duct is visible (Fig. 8E, F) on the rough part of the cuticle.

Discussion
The ultrastructure of larval thoracic and abdominal morphology confirms our hypothesis about the glandular
character of these structures in the family Leiodidae. The gland complex of each abdominal segment comprises:

« Several class 1 cells type 1, secreting directly to the exterior through numerous (ca. 300) fine pores 150 nm
diameter,

o Three class 1 type 2 gland cells with infoldings of the apical cell membrane forming an extracellular space and
secreting by cup-like openings,

o One large class 3 cell unit (consisting of the terminal secretory cell and the canal cell), with the secretory duct,
releasing the secretion by the rosette-like opening.

Via our light and scanning electron microscopic studies, a diversity of glandular structures could be revealed
with respect to:

o Their position according to the cuticular transverse fold (carina),
o The shape and size of the perforated area of the cuticle,
o The presence of the cuticular folds surrounding the openings,
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Fig. 5. Ultrastructure of aspects the C3 gland units. Cytoplasm of the terminal cell of the C3 gland unit (A).
Microvilli (embracing the extracellular reservoir) of the terminal cell (B). Apical part of the terminal cell and
the canal cell with the lumen of the duct (C). Canal cell with the chitinized duct (D). Transmission Electron
Microscopy. cc, canal cell; ch, chitinized part of the duct; cu, cuticle; d, lumen of the glandular duct; Ge, Golgi
complexes; m, mitochondrion; mt, microtubule; mv, microvilli; n, nucleus; rer, rough endoplasmic reticulums; s,
secreted material in the lumen of the duct; sg, secretory granules; tc, terminal cell.

o The position of the gland cell class 3 opening according to the perforated area of cuticle,
« The number of cup-like glandular openings.

Comparison of ultrastructure of abdominal glands in larvae of Sciodrepoides watsoni watsoni
with other insect glands

The ultrastructure of larval abdominal segmental glands of Stenus Latreille’® shows differences between the
glands of segments I-VII and the glands of the segments VIII and IX but all of them are compound glandular
units consisting of a syncytium of secretory cells with a common reservoir and with a single duct and a single
opening. On the contrary, all abdominal segmental glands of larvae of Sciodrepoides watsoni watsoni are a
complex of two types of class 1 gland cells and a class 3 gland unit. All these secretory cells have their own
openings to the surface of the cuticle. Their secretions do not mix before their transport to the surface. The
ultrastructure of the C1 gland cells and the C3 gland unit are similar to those described by Quennedey” and in
other studies [e.g.>**”8]. The presence of the rough endoplasmic reticulum (rer) and free ribosomes suggest the
production of proteins.

The function of the second type of Cl1 gland cells remains to be elucidated. The strongly infolded apical
membrane of these cells change their organizations and structures from irregular labyrinth near the nucleus to
regular apically located microvilli; similar cells have not previously been described in beetle glands. However, the
ultrastructure of intramandibular glands of ants shows that the microvilli of the C1 cells apparently originated
from irregular folds[®, Fig. 4C].

It is noteworthy that our study reveals that each class 1 gland cell type 2 possesses an epicuticular modification,
in the border of the cuticle and the gland cell, which forms a bowl-like barrier, near which the secretion
accumulates and is transformed from linear strands to a homogenous mass. Quennedey et al.*’ described a
similar modification of class 1 gland cells for paired prototergal glands in the adult of the staphylinid Philonthus
varians (Paykull, 1789) and called it as ‘cupulé’

The presence of a large number of mitochondria and relatively few, compared to C1 type 2 and C3 terminal
cells, rough endoplasmic reticulum (rer) and free ribosomes suggests that these cells may be involved in the
production of substances for organismal defence. Giglio et al.!> reported secretory cells containing numerous,
large, elongated mitochondria arranged adjacent to electron-lucent vesicles, in the defensive abdominal glands
of Carabus lefebvrei Dejean pupae. Similarly, Sanchez et al.** described pheromone-producing glands in
Rhynchophorus palmarum (Linnaeus) as featuring numerous mitochondria. However, a pheromone-producing
function in S. watsoni watsoni is unlikely due to the larval stage of the specimens studied.
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Fig. 6. Schematic reconstruction of the complex of the three types of glands found in abdominal segments of
larvae of Sciodrepoides watsoni watsoni. ¢, cupule; co, cup-like gland opening; cpa, cuticular perforated area; cu,
cuticle; d, duct; ep, epidermis; fl, filaments; 1; ms, muscle fibres; mv, microvilli; n, nucleus; ro, rosette-like gland
opening; s, external homogenous secretion; sc, secretion accumulated near cupule in extracellular space; Clt1,
class 1 cell type 1; C1tlp, processus of the C1 cell; C1t2, class 1 cell type 2; C3cc, class3 canal cell; C3tc, class 3
terminal cell.

Morphological diversity and patterns of exocrine epidermal glands among Leiodidae and
Agyrtidae
Our comparison of the external morphology of the glandular abdominal structures in larvae of Leiodidae
and Agyrtidae indicates certain patterns. In all the studied larvae of Agyrtidae the glandular structures open
posteriorly to the carina, whereas in Leiodidae their position differs. Openings posterior to the carina are present
in Oritocatopini (Cholevinae), Agyrtodini (Camiarinae) and Eublackburniella (Camiarinae: Neopelatopini),
whereas openings anterior to the carina are presented in most of the investigated Cholevinae (Cholevini,
Anemadini, Leptodirini) and other Neopelatopini (Camiarinae). Some leiodid taxa lack a carina, so that their
glandular structures are located in the apico-medial part of the segments (some Camiarinae, Cholevinae:
Leptodirini, and Catopocerinae).

Different positions of glandular openings either anteriorly or posteriorly to tergal carina can support the
evidence of! that Camiarinae: Neopelatopini in the present concept may be paraphyletic.

Potential function of exocrine abdominal glands in larvae of Leiodidae
Beyond their role in cuticle formation, the role of exocrine epidermal glands and their secretions in insects can
be generally divided into three categories, i.e. life history and physiology, communication and sociality, and
protection from predators®. Our study has not addressed the chemistry of these glands, and it is also not yet
possible to compare their function and chemistry with any other leiodid taxa, as none have yet been studied.
However, a recent study of Staphylinidae: Steninae larval abdominal segmental glands*® provides good material
for comparison. Zippel et al.*® described the retreat-spinning behaviour of the larvae of all three instars (for
retreat building behaviours in other rove beetles see’**), employing the abdominal glands of segments VIII and
IX and discuss the adhesive role of glands on the remaining abdominal segments I-VII used in prey-capture.
Also, the larvae of leiodid Agathidiini are known to form cocoons for pupation, but they probably do so in the
way observed in Leiodes cinnamomea, where larvae chewed truftle masses to create cocoons (Figs. 1E and F and
2D in*).

In the here investigated larvae of S. watsoni, we could not observe any prey-capture or silk production
behaviour. However, their body is certainly covered by substances, which are difficult for an investigator to clean
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type of gland cell Regular class 1 gland cell type 1 Modified class 1 gland cell type 2 Class 3 unit

; . . 56 . L3 A 5 6 QTAT SOA. 1D;2 A, B,D; 3 A; 5 A-D; 6;
Figures 1D;2 A-G; 3 A-D; 5; 6; S1, S2 1D;2 A, B, D; 3 A; 4 A-D; 5; 6; SLA-J; S2A-M S1A-J; S2F-Q
Number of cells in one complex | Several Three One gland cell, one canal cell, duct
Size of cell Long, narrow 25x20 um 100 28 um

Type of opening, size

Fine pore 150 nm Cup-like (co), 5 pm diameter Rosette-like (ro), 5 um diameter

Number of openings

300 One One

Cuticular folds around opening

Absent Absent Present

Other modification of cuticle

Cuticular porous area (cpa)

50-58 pm diameter and 20 pm high Cuticle duct

Cupule

Presence of canal cell

No No Yes

Extracellular space

Yes, with numerous foldings and microvilli,

No with strands of secretion and its accumulation near the opening

Yes

Large (10 um diameter), roughly spherical, flattened in the basal

Nucleus Located in the basal part part, nucleolus present in the central part Large, 22 pm in diameter

rer Present Numerous Numerous in the terminal cell
Microtubules Numerous No observed Numerous in the canal cell
Microvilli Present under perforated cuticle Present in the apical part flf:stzrrl:ilri:i E}ellel receiving canal in
Golgi apparatus No observed Numerous Numerous in the terminal cell
Mitochondria Present Numerous, present in basal part and in foldings of cytoplasm Numerous in the terminal cell
Vacuoles Numerous Numerous in the terminal cell
Electron density of secretion High High near the cupule High

Table 1. Summary of differences between three types of glandular cells in the abdominal glandular complex of
Sciodrepoides watsoni watsoni.

off in any way (AK, JR, personal observation). Both larvae and adults live in wet habitats, feeding on rotten
animal matter, with abundant pathogenic bacteria and fungi**°. The third category of function (protection?)
also includes protection against predators, parasitoids, and pathogens.

Quennedey?” provided a hypothesis about the prophylactic function of the prototergal glands of adult
Philonthus rove beetles, which feed in decaying substrates, including dung and carrion, where abundant
microbial activity by bacteria and fungi occurs. An antimicrobial function was recently documented for such
glands in Carabidae*®*, Hydraephaga™, Staphylinidae®! and Staphylinidae: Silphinae, whose larvae use also
their oral and abdominal secretions to contribute to resource defence and social immunity®2.

On the other hand, fungi and slime moulds (Myxomycetes) show broad antimicrobial activity>>>4. Larvae
of Agathidiini, which are obligate myxomycetophages®>*, lack a perforated cuticular area (Figs. 18 and 19 in%,
Table S1 in the Supplementary File). This may reflect their adaptation to specific habitats, where antimicrobial
protection is provided by a food source. Currently, the knowledge about the prevalence and diversity of
antimicrobial peptides (AMPs) produced by insect glands is still expanding®”.

Many variable factors influence the interaction of glands in a single complex, and the chemical and physical
properties of secretions, and determine their function?. For example, two-phase secretions can be formed - a
lipoid and a proteinaceous fraction as in adults of Stenus rove beetles®®. Moreover, the chemical composition
of epidermal glandular secretions may vary even within one family®. There are some interesting hypothetical
explanations for glandular complex interactions in adult free-living staphylinids®®. First, secretion from
additional individual glandular cells may improve the effectiveness of the main gland by sealing and enlarging
the secretory area. A second hypothesis is that the secretory products of individual additional glandular cells
enhance the effectiveness of the entire gland or activate other secretions. A third hypothesis is that individual
glandular cells may protect the body surface around the glandular openings from their aggressive secretions.

The glandular complex of larvae of Sciodrepoides watsoni watsoni is formed from two classes (C1 and C3) of
secretory cells. The class 1 gland cells type 2 possess an extracellular space, which allows storage of the secretion.
Moreover, the other modification of these cells, the cupule, allow the secretion to transform before reaching
the surface of the cuticle. Epidermal class 1 gland cells, which are important part of the glandular complex of
S. watsoni watsoni, are the prevailing type of adhesive glandular cells in insects'. Epidermal class 3 gland units
always co-occur with at least one canal cell and a duct, and can also perform adhesive functions'. Adhesive
glands can play many roles: in locomotion, in defence, in water balance, capturing prey or building cocoons and
others!- belonging to the first and the third category designated by Foster and Casas?, although they have never
been described in Leiodidae®!.

Our preliminary study of the ultrastructure of glands of S. watsoni watsoni, and an overview of their presence
and diversity in the sister families Leiodidae and Agyrtidae indicate the need for further studies concerning
their ultrastructure and function. These structures were visible under the optical light microscope in the larvae
of many investigated species. However, this only provides indirect evidence. Only detailed histological and TEM
studies could answer the question of what exactly these structures are. This is not possible unless the larvae are
fixed directly in glutaraldehyde in proper conditions (see Material and methods). Conventionally stored larvae
(in alcohol or Pampel’s fluid) are not suitable for such studies.
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Fig. 7. Diversity of external morphology of larval epidermal abdominal segmental glands in Necrophilus
hydrophiloides Guérin-Méneville, tergites VI and VII (A, B); Myrmicholeva sp. 1, tergites II and III (C) and
tergite IX (D); Cholevomorpha sp., tergites VII and VIII (E) and tergite IX (F); Neopelatops sp. 1, tergites IV
and V (G); Prionochaeta opaca (Say), tergites VI and VII (H). Photographs A, C, E, G, H shows gland openings
(black arrow). Photographs B, D, F shows details of external gland morphology. Light microscopy. ca, carina;
cfa, cuticular fold area; co, cup-like opening; cpa, cuticular perforated area; o, gland opening.
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Fig. 8. Details of the external morphology of the larval epidermal abdominal glandular complex in other
Leiodidae and Agyrtidae. Dictydiella sp. (Leiodidae, Camiarinae) with numerous cup-like openings (co)
anterior to carina (ca.), tergite IV (A); details of rosette-like opening and cuticular fold and perforated areas,
tergite IV (B); Myrmicholeva sp. 1 (Leiodidae, Camiarinae), tergite V (C); Myrmicholeva sp. 2 (Leiodidae,
Camiarinae), tergite VII (D); Necrophilus pettiti Horn (Agyrtidae) (E); Leiodes cinnamomea (Panzer)
(Leiodidae, Leiodinae) (F). Scanning Electron Microscopy. ca, carina; cd, cuticular duct; cfa, cuticular fold
area; co, cup-like opening; cpa, cuticular perforated area; o, opening; ro, rosette-like opening.
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Although the thoracic exocrine glands were not subject to histological examination in our publication, we
would like to note that they are present in S. watsoni watsoni, as well as in many of the species of Leiodidae. This
could provide data for clarifying phylogenetic relationships and evolutionary scenarios within this basal lineage
of the superfamily Staphylinoidea. Previous studies, in which character states of epidermal glands were used in
phylogenetic analyses, both in adults®!® and larvae®, encourage further investigation.

Materials and methods

This study is based on larvae of all stages of Sciodrepoides watsoni watsoni. Adults were collected in the Czech
Republic (detail data below), bred in the laboratory on Petri dishes with wet soil and provided with chicken
meat ad libitum at a constant temperature of 10 °C. Larvae were frequently collected from Petri dishes and
preserved in 2.5% glutaraldehyde for TEM analysis or preserved in 75% ethanol for light microscopy slides and
SEM analysis, and kept in 4 °C. Larval instars were identified based on head width of larvae according to®” and
setation pattern®.

Material examined. Czech Republic, Bohemia bor., Lomnice nad Popelkou - PlouZnice, 540 m, 50°30.7’N
015°23.0’E, 4.VI. 2022, baited pitfall trap (fish meat), ecotone of old orchard and margin of deciduous forest,
temp. 18-22 °C, Jan Ruzicka leg; Czech Republic, Bohemia bor., Litoméfice env.,, Mentaurov, 420-440 m,
50.5711°N 014.1216-1225°E, 29.V.-1.VL. 2023, baited pitfall traps (chicken meat), margin of deciduous forest,
temp. 20-22 °C, Pavel Jakubec leg.

Collecting data and deposition of additional larvae of Leiodidae and Agyrtidae used for comparative purposes
(Table S1) are listed in the Supplementary File.

Light microscopy

Larvae were briefly macerated in warm 10% KOH, washed in distilled water, and mounted in glycerol-gelatin
on semi-permanent slide mounts with cover slips. Photographs of habitus and details of larvae were made using
Keyence” VHX6000 or VHX7000 digital microscope (University of Wroclaw, Poland and University of Life
Science Prague, Czech Republic). Additionally, some of the images were documented at magnifications up to
1,000x using Nikon' Eclipse 80i Phase Contrast microscope by a Nikon Coolpix 4500 digital camera.

Scanning electron microscopy

Larvae were rinsed in distilled water and dehydrated in graded series of ethanol baths. To achieve the inner
side of the cuticle, larvae of Leiodes cinnamomea and Zearagytodes sp. were cut longitudinally, treated in NaOH
solution, and the fat body and gastrointestinal tract were removed. The integument was rinsed in water once
again and dehydrated in graded series of ethanol baths. Then, the larvae and the prepared cuticle were dried
using Hexamethyldisilazane, mounted on an SEM stub with carbon tab, coated with gold using Bal-Tec SCD 050
and examined at magnifications up to 20,000x with a Scanning Electron Microscope (JEOL' 6380 LV, Akishima,
Tokyo, Japan) and magnifications up to 33,000x under HR SEM JEOL' IT800, Akishima, Tokyo, Japan (Vini¢na
Microscopy Core Facility, VMCEF of the Faculty of Science, Charles University, Prague, Czech Republic).

Histological analyses and transmission electron microscopy of abdominal segments

Larvae of S. watsoni watsoni were fixed in 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for a few days
at 4 °C. After fixation, the specimens were repeatedly rinsed with phosphate buffer. For better tissue preservation
and contrast, the material was subsequently postfixed in a mixture containing 1% osmium tetroxide and 0.8%
potassium ferrocyanide (according to%). After dehydration in an acetone series, larvae were embedded in Epon
812 (Serva, Heidelberg, Germany).

Next, the material was cut using an RMC PowerTome XL microtome (RMC Boeckeler) (Laboratory of
Microscopic Techniques, University of Wroctaw) for semi-thin sections. Semi-thin Sect. (0.6 pm) were stained
with 1% methylene blue and examined with an Olympus” BHS light microscope equipped with ColorView ITlu
CCD colour camera and Olympus’ Cell A imaging software (Olympus, Germany, Hamburg, RRID: SCR_014342).
Whole mount observations were conducted using an Olympus SZ61 microscope equipped with SC30 camera
and Stream Start 1.6.1 software. Using this staining method, methylene blue stains nonspecifically lipid droplets
green. Selected fragments of abdominal segments of larvae were cut into ultra-thin Sect. (70 nm) for examining
their ultrastructure (RMC  PowerTome XL, Laboratory of Microscopic Techniques, University of Wroctaw).
Ultrathin sections were contrasted with uranyl acetate and lead citrate® and examined under the transmission
electron microscope Talos L120C (Thermo Fisher Scientific) (Laboratory of Microscopic Techniques, University
of Wroctaw).

Terminology

The classification of classes of epidermal gland cells are defined according to®=°. To distinguish between the two
types of cells classified as class C1 according to Quennedey (1998)°, we use the terms C1 type 1 and C1 type
2. The term “rosette-like” structure was used for structures found in Archaeognatha and Thysanura, which are
openings of epidermal glands class 3 epidermal gland units®® and in the description of the glandular complex
described in the staphylinid Steninae®’. Terminology of larval morphology follows!®?”. Terms used in?%7:3
follow™*: “pretergal and tergal glands” - secretory openings of glandular cells, “reservoirs” - perforated cuticular
area.

Data availability
Data generated and/or analysed during the current study are available from the corresponding author upon
reasonable request. Larvae of S. watsoni watsoni in alcohol are deposited in the collections of Aleksandra Kilian
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(Department of Biology, Evolution and Conservation of Invertebrates, Faculty of Biological Sciences, Univer-

o vy

sity of Wroclaw, Poland) and Jan Rtizi¢ka (Department of Ecology, Faculty of Environmental Sciences, Czech
University of Life Sciences Prague, Czech Republic). Histological slides are deposited in the collection of Arnold
Garbiec (Department of Animal Developmental Biology, Faculty of Biological Sciences, University of Wroclaw).
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