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The tracheal system in post-embryonic development of
holometabolous insects: a case study using the
mealworm beetle
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Abstract

The tracheal (respiratory) system is regarded as one of the key elements which enabled insects to conquer
terrestrial habitats and, as a result, achieve extreme species diversity. Despite this fact, anatomical data
concerning this biological system is relatively scarce, especially in an ontogenetic context. The purpose of this
study is to provide novel and reliable information on the post-embryonic development of the tracheal system of
holometabolous insects using micro-computed tomography methods. Data concerning the structure of the
respiratory system acquired from different developmental stages (larvae, pupae and adults) of a single insect
species (Tenebrio molitor) are co-analysed in detail. Anatomy of the tracheal system is presented. Sample sizes
used (29 individuals) enabled statistical analysis of the results obtained. The following aspects have been
investigated (among others): the spiracle arrangement, the number of tracheal ramifications originating from
particular spiracles, the diameter of longitudinal trunks, tracheal system volumes, tracheae diameter distribution
and fractal dimension analysis. Based on the data acquired, the modularity of the tracheal system is postulated.
Using anatomical and functional factors, the following respiratory module types have been distinguished:
cephalo-prothoracic, metathoracic and abdominal. These modules can be unambiguously identified in all of the
studied developmental stages. A cephalo-prothoracic module aerates organs located in the head capsule,
prothorax and additionally prolegs. It is characterised by relatively thick longitudinal trunks and originates in the
first thoracic spiracle pair. Thoracic modules support the flight muscles, wings, elytra, meso- and metalegs. The
unique feature of this module is the presence of additional longitudinal connections between the neighbouring
spiracles. These modules are concentrated around the second prothoracic and the first abdominal spiracle pairs.
An abdominal module is characterised by relatively thin ventral longitudinal trunks. Its main role is to support
systems located in the abdomen; however, its long visceral tracheae aerate organs situated medially from the
flight muscles. Analysis of changes of the tracheal system volume enabled the calculation of growth scaling
among body tissues and the volume of the tracheal system. The data presented show that the development of
the body volume and tracheal system is not linear in holometabola due to the occurrence of the pupal stage
causing a decrease in body volume in the imago and at the same time influencing high growth rates of the
tracheal system during metamorphosis, exceeding that ones observed for hemimetabola.

Key words: endopterygota; holometabola; insects; metamorphosis; microtomography; respiratory system;
tracheal system.

Pohl, 2006), with many more still awaiting discovery (May,
2011; Mora et al. 2011). Among others, this taxon is repre-
sented by such mega-diverse insects groups as beetles, flies,
moths and bees. It is believed that the occurrence of the
pupal stage in the life cycle of Endopterygota is the main
adaptation that has had the most significant effect on the

Introduction

Holometabolous insects (Endopterygota) are a morphologi-
cally and ecologically diverse worldwide radiation of over
850 000 described species (Grimaldi & Engel, 2005; Beutel &
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evolution of this clade (Nicholson et al. 2014; Ferns & Jervis,
2016). However, general understanding of the origin and
the exact role of this unique stadium, especially in an onto-
genetic context, remains unsatisfactory (Ebenman, 1992;
Haug et al. 2015; Urena et al. 2016).
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The tracheal (respiratory) system is one of the key fea-
tures that enabled insects to conquer terrestrial habitats
and as a result achieve extreme species diversity (Bradley
et al. 2009). The tube-based respiratory systems probably
arose independently several times among arthropods (i.e.
Hexapoda, Myriapoda, Arachnida) (Kraus, 1997; Grimaldi,
2010); however, the tracheal system of Endopterygota
seems to be homologous (Tonapi, 1977). The respiratory sys-
tem of holometabolous insects comprises a network of gas-
filled, cuticle-lined tubes (tracheae and tracheoles) located
inside the body, which exchange respiratory gases between
the tissues and the environment (e.g. Tonapi, 1977; Lowe
et al. 2013; Iwan et al. 2015). It is connected to the atmo-
sphere by spiracles, which lie laterally on body segments. In
more detail, spiracles consist of peritreme that surrounds
the atrial orifice, behind which the atrium lies. The closing
apparatus, which separates the spiracles from the tracheae,
is located on the bottom of the atrium (Snodgrass, 1935).
The number of spiracles can vary depending on species or
even stages of life (Snodgrass, 1935; Lawrence et al. 1994,
2011; Gillott, 2005; Duncan et al. 2010); however, a holop-
neustic arrangement (10 pairs) is believed to be the most
primitive (Richards & Davies, 1977). Opening and closing of
spiracles is controlled by muscles that are driven by impulses
from the ventral nerve cord.

During ontogenesis, the tracheal system originates from
the ectoderm (Casanova, 2007). It arises in the embryonic
stage as an invagination of 10 pairs of sacs composed of
approximately 80 cells each (Pitsouli & Perrimon, 2010). This
developmental phase is mainly regulated by the expression
of the trachealess (trh) gene, which encodes the bHLH-PAS
transcription factor (Long et al. 2014). Subsequently, some
of the cell buds from the tracheal sacs in different directions
form the main tracheal branches, which successively sprout
secondary and terminal ramifications (Affolter & Shilo,
2000). Whereas morphogenesis of the primary trachea is
strictly controlled by genetic drivers, which results in relative
structural invariability of this part of the tracheal system
(Pereanu et al. 2007), the development of secondary and
higher order branches (including tracheoles) is more influ-
enced by other factors (e.g. hypoxia) (Wigglesworth, 1954;
Centanin et al. 2010). Nevertheless, ontogenesis of the tra-
cheal system is regulated by a complex network of genes
(e.g. branchless, breathless, knickkopf, membrin, poly-
chaetoid, TSG101, wingless, whacked) (Sutherland et al.
1996; Metzger & Krasnow, 1999; Ghabrial et al. 2011; Long
et al. 2014).

Although the phenomenon of gas exchange is one of
the major research trends in insect physiology (Greenlee &
Harrison, 2005; Harrison et al. 2005; Jogar et al. 2005;
Lease et al. 2006; Greenlee et al. 2009; Contreras & Brad-
ley, 2010; Moerbitz & Hetz, 2010; Nespolo et al. 2011;
Sldama & Jedlicka, 2012), the structure of the tracheal sys-
tem remains poorly investigated. Earlier works addressing
this issue were based on dissections and illustrated with

handmade drawings (e.g. Packard, 1898; Whitten, 1957;
Hafeez & Gardiner, 1964; Tonapi, 1977), and are therefore
prone to artefacts. For instance, Crowson (1981) states that
beetle larval instars are equipped with a single primary
order thoracic trachea on each side, as in the abdomen,
which is not consistent with the most recent findings
(Iwan et al. 2015). This kind of oversight may have great
implications for studies concerning physiology of gas
exchange. Additionally, more detailed descriptions of the
tracheal system were restricted to certain body parts, such
as the head capsule or legs (Locke, 1958; Romer, 1971),
and the anatomy of other elements, such as the wings
and their homologues, have consistently been neglected
(e.g. Hafeez & Gardiner, 1964; however, see Chapman,
1918). Furthermore, in an ontological context, the struc-
ture of the tracheal systems in the different life stages of
a single species were described separately, often by differ-
ent authors — this is the case for both hemi- and holome-
tabolous insects (e.g. Scott, 1905; Snodgrass, 1910;
Kennedy, 1922; Given, 1944). Finally, there is little avail-
able data on morphometric changes of the tracheal system
during post-embryonic development (for hemimetabola
see Harrison et al. 2005; Lease et al. 2006).

The structure of a tracheal system significantly changes
through post-embryonic development (Whitten, 1957;
Lowe et al. 2013; Iwan et al. 2015). Functional modifica-
tions are introduced during each ecdysis (Loudon, 1989;
Callier & Nijhout, 2011; Helm & Davidowitz, 2013). The
new tracheal system is built around the old one during
the preceding instar and is fully developed by the time of
ecdysis (Locke, 1958; Snelling et al. 2011). It starts deliver-
ing respiratory gases immediately after the shedding of
the old cuticle. According to the generalised model
described for holometabolous insects, the basic larval pat-
tern of the tracheal system is taken through the larval sta-
dium to the imago, with drastic changes occurring only in
the thorax where the flight muscles and wings develop
(Keister, 1948; Whitten, 1968). Although this model was
proposed for flies, it can be also applied to beetles (lwan
et al. 2015). Another scheme of post-embryonic develop-
ment of the tracheal system was described for the fruit fly
(Drosophila melanogaster) (Whitten, 1957). In this case,
during the larva—pupa transition the posterior half of the
already existing system is histolysed and subsequently
formed de novo in the pupal stadium (Whitten, 1957).
However, this type of tracheal system development seems
to be less common than the first one (see also Nardi &
Ujhelyi, 1998).

Recently, a new era in tracheal system research was initi-
ated by the development of micro-computed tomography
(uCT) (Kaiser et al. 2007; Socha et al. 2008, 2010; Greenlee
et al. 2013; Lowe et al. 2013; Waters et al. 2013; Greco
et al. 2014; lwan et al. 2015). Thanks to this approach, the
respiratory system and other body parts can be visualised in
three dimensions without any risk of deformation by direct
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manipulation (Westneat et al. 2008; Li et al. 2011; Walker
et al. 2014; Smith et al. 2016). Moreover, uCT enables exact
measurements of the features of the tracheal system,
including its total volume or diameters of the particular tra-
cheae etc. (e.g. Kaiser et al. 2007). Potential advantages
and limitations of this method in this context were dis-
cussed by Iwan et al. (2015), who concluded that this
method seems to be a suitable tool for comprehensive anal-
yses of tracheal system, including its developmental aspect.
However, the application of this method to this field has
not yet reached its full potential.

Adults of Tenebrio molitor L. represent the basic morpho-
logical bauplan of Coleoptera (Crowson, 1955; Doyen,
1966). Tenebrio molitor has two pairs of wings, the first of
which is modified into elytra, while the second pair is used
for active flight and is hidden under the elytra during rest
or pedal locomotion. Before pupation, T. molitor under-
goes over a dozen larval instars (Morales-Ramos et al.
2015), which are morphologically similar and differ mostly
in body size. The pupa of T. molitor is of the exarate type,
which means that its appendages (legs, antennae and wing
rudiments) lie free and are not soldered to the body. The
structure of the tracheal system of this species was studied
by a few authors (Table 1), but the available data remains
far from complete. The general arrangement of the main
trachea suggests that the T. molitor may be treated as a ref-
erence model for majority of Endopterygota (Whitten,
1968).

The purpose of this study was to provide novel and
reliable data on the post-embryonic ontogeny of the
tracheal system of holometabolous insects using a
model organism (T. molitor) and pCT methods. Data
concerning the structure of respiratory system
acquired from different developmental stages (larvae,
pupae and adults) of T. molitor is co-analysed in
detail. The dynamics of the tracheal system modifica-
tions throughout metamorphosis was modelled and
illustrated. Based on topological, developmental and
functional criteria, a new nomenclature of particular
tracheae of the insects’ respiratory system is pro-
posed. The results presented here provide a hitherto
unavailable background for various other kinds of
research, including gas exchange physiology.
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Materials and methods

Insect preparation

All specimens of T. molitor were reared at room temperature
(~ 22.0 °C) with full access to food (oatmeal, bread, flour). Ten spec-
imens representing each post-embryonic developmental stage
(older instar larvae, pupae and adults) were randomly selected for
further analysis. However, due to some technical difficulties during
the scanning process, only 29 models (10 larvae, 10 adults and nine
pupae) were obtained. Selected 3D models are provided in the sup-
plementary information to this publication (Ras, 2017: S1-4). Prior
to scanning, individuals were frozen (—20.0 °C) and then stored in a
refrigerator or mounted in a pipette tip or an Eppendorf tube and
processed immediately with the puCT system (for details see lwan
et al. 2015). The reference material, preserved in 70% ethanol, was
deposited at the entomological collection of the Museum and Insti-
tute of Zoology (Polish Academy of Science, Warsaw, Poland).
Additionally, to study the relationships between selected internal
organs (central nervous system, muscles, digestive system) and the
tracheal system, two of the above-mentioned adult individuals were
rescanned after application of CPD (critical point drying) prepara-
tion and procedure, that is, these specimens were fixed in 4% buf-
fered formalin and 2% glutaraldehyde solution prior to transferring
through an ascending alcohol series (35, 50, 75, 96%). Samples were
dried using an E3100 Critical Point Dryer (Quorum Technologies).

MicroCT system and scanning process

X-ray microtomographic analyses were performed at the Museum
and Institute of Zoology of the Polish Academy of Sciences using a
uCT SkyScan 1172 system (SkyScan 2005). During the scanning pro-
cesses, the X-ray source was set to a voltage of 40 kV and a current
of 250 mA. Images were obtained using two binning modes: no bin-
ning and 2 x 2. Due to their specific body shape, the larvae were
scanned using five to seven oversized scans, and three to four over-
sized scans were performed on the pupae and adults (lwan et al.
2015).

Reconstruction was performed using Nreacon software (version
1.6.4.7) and the tracheal system segmentation process was con-
ducted in CTAN (version 1.11.10) using the method proposed by
Iwan et al. (2015) (semiautomatic approach). The final resolution of
the models obtained ranged from 6.3 to 7.7 um per pixel and thus,
to avoid artefacts, the minimal diameter of a single trachea in
—2023574822 the trachea diameter distribution —2023574822 anal-
ysis in all investigated distributional stages was set to 25.0 pym
(Fig. 1B). What is more, for closer examination of a teratology dis-
covered in the tracheal system of the antennae of a single adult

Table 1 List of available publications concerning the structure of Tenebrio molitor tracheal system.

Studied

References Method stadium

Analysed aspects of the tracheal system

Manual dissection Larva
Manual dissection Larva

Romer (1971)
Loudon (1989)

Head and prothoracic trachea
Spiracles with main tracheae; diameter measurements
Tomograms of the whole insect; diameter measurements of head and leg

tracheae; estimation of tracheal system volume

Kaiser et al. (2007) Synchrotron Imago
lwan et al. (2015) Micro-CT Larva, pupa,
imago

Three-dimensional models of the whole tracheal system; estimation of
tracheal system volume

© 2018 Anatomical Society
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Fig. 1 Anatomy of the tracheal system and trachea thickness distribu-
tion in studied developmental stages of Tenebrio molitor. (A) Three-
dimensional models of the respiratory system of larva, pupa and
imago (dorsal views). Red dots indicates the placement of spiracles
and tracheal vestibules. (B) Loess curves fitted to the scatterplots for
trachea diameter distribution in different developmental stages. Lines
corresponds to percentage of whole tracheal system volume occupied
by trachea of given diameter; grey region indicates standard error.
as1-as8, spiracles of abdominal segments 1-8; ts1, mesothoracic spir-
acle; ts2, metathoracic spiracle.

specimen, the head capsule and prothorax of this individual were
disarticulated and rescanned closer to the X-ray source to obtain a
more detailed model (Fig. 2D).

Measurements, visualisation and statistical analysis

The analysis of the tracheal system topology and model optimisa-
tion was performed using sLenper software (version 2.77) on datasets
converted into stereolithography (STL) format. The distances
between spiracle centres and longitudinal tracheae diameters were
measured using DataViewer software (version 1.4.4). The lengths
between spiracles were measured in a 3D environment by placing
markers in the centre of spiracles (marking the shortest path).
Measurements of visceral tracheae lengths and tracheal vesti-
bules volumes were taken in NeuroMoreH extension to BLENDER soft-
ware (Jorstad et al. 2014). Visceral tracheae lengths were measured
using the ‘shortest distance method’, which creates a curve that
runs on a model surface following the shortest distance between
two data points. The direction of each visceral trachea was evalu-
ated based on its longest branch. Volumes of tracheal vestibules

were measured via manual marking of vertices belonging to a par-
ticular vestibule and using the ‘volume’ option. Volumes of the
whole tracheal systems, insects’ bodies and fractal dimension were
analysed in CTAN. The results of the subsequent analysis were visu-
alised in CTVox program (version 3.2.0).

Tracheal thickness distribution (Hildebrand & Ruegsegger, 1997)
analysis was performed in CTAn software using an algorithm
which primarily designates a curve running centrally through the
object of analysis (the skeletonisation process) and then builds up
a series of spheres based on the path obtained previously (the
sphere-fitting process). The spheres must meet the following crite-
ria: the centre of a given sphere is located on the curve desig-
nated in the skeletonisation process and the outer layer of a
given sphere is limited by the external surface of the analysed
object. Based on the results obtained, the average tracheal thick-
ness distribution values were calculated for each developmental
stage analysed (Fig. 1B).

The following statistical analyses were performed using r soft-
ware (version 3.2.3) (R Core Team 2013). Analysis of variance (anova)
and Tukey's Honest Significant Difference tests were used to iden-
tify significant contrasts between particular metric features of anal-
ysed structures, i.e. differences in diameter of major longitudinal
tracheae trunks (Fig. 3A), to investigate tracheal vestibules volume
to the whole body volume ratio (Figs 3B and 4), the distance
between the spiracles of a given pair to the head capsule width
ratio (Fig. 3C), the distance between the spiracles of the neighbour-
ing body segments to the total body length ratio (Fig. 3D) and tra-
cheal system volume differences between analysed developmental
stages (Table 2). Level of significance was set to o = 0.05.

To analyse the relation between volumes of the whole tracheal
system and the whole body, a standardised major axis (SMA)
method was used. Calculations were made in smaTrR 3 package
(Warton et al. 2012) after logarithmic transformation of analysed
data. The differences between local regression curves fitted to
the scatterplots for the tracheae diameter distribution were eval-
uated with a non-parametric, two-sample Kolmogorov-Smirnov
test procedure (Sokal & Rohlf, 2011). The results of the above-
mentioned statistical analyses were visualised using the GepLoT2
package (Wickham, 2009). Raw data are available the supplemen-
tary information (Ras, 2017: S5-10).

The input data for the performed analyses and all three-dimen-
sional models obtained here are accessible from the Harvard Data-
verse repository (see Ras, 2017).

Terminology

One of the goals of this paper was to introduce a new nomencla-
ture for particular tracheae of the insect respiratory system; how-
ever, rather than starting de novo, the authors used and further
developed terminological systems proposed by Crowson (1981),
Hafeez & Gardiner (1964), and Whitten (1957, 1968). Nomenclature
of other morphological and anatomical structures follows that of
Doyen (1966). Special terminology was used for the muscular system
(see Beutel & Komarek, 2004).

Results

Topology

Tracheal system terminology
Detailed investigation of the obtained 3D models led to the
identification of some key elements of the tracheal system

© 2018 Anatomical Society
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Fig. 2 Tracheae of pterothorax and head. (A) Meso- and metathorax of pupa, lateral view: fore wing trachea (blue); hind wing trachea (yellow).
(B) Meso- and metathorax of imago, lateral view: fore wing trachea (blue); hind wing trachea (yellow). (C) Meso- and metathorax of imago, lateral
view: anterior part of main leg trachea (yellow), posterior part of main leg trachea (red) and common leg trachea (green). (D) Teratology of head
tracheae (right side) in adult. On right side, trachea heading to antenna are composed of two branches both originating from optico-antenal tra-
cheae (purple); in other specimens (and left side) these tracheae are composed of branches originating from fronto-clypeal (orange) and optico-
antennal tracheae (purple). at, antennal trachea; atv1, tracheal vestibule of one abdominal segment; clt1, mesoleg common leg trachea; clt2, met-
aleg common leg trachea; dbt, dorsal brain trachea; dlt, dorsal longitudinal trunk; dmmt, dorsal mandibular muscle trachea; dwt1.1, 1 distal tra-
chea of fore wing; dwt1.6, 6 distal trachea of fore wing; dwt2.1, 1 distal trachea of hind wing; fct, fronto-clypeal trachea; malt1, main anterior
mesoleg trachea; malt2, main anterior metaleg trachea; mplt1, main posterior mesoleg trachea; mplt2, main posterior metaleg tracheat; mwt1,
main fore wing trachea; mwt2 — main hind wing trachea; oat, optico, antennal tracheal; ttv2, metathorax tracheal vestibule.

for which non-professional terms existed. Therefore, several
new names are introduced here. The newly proposed
nomenclature was formed taking into consideration the rel-
ative location of a given respiratory structure with other
key elements of the body, i.e. tagma (head, thorax, and
abdomen), body axis (anteroposterior, dorso-ventral and
left-right), appendages (e.g. antennae, maxillag, legs and
wings) and internal organs (e.g. central nervous system,
muscles). A comparison of the terminology used in this pub-
lication with that in other works concerning the tracheal
system of insects is presented Table 3.

Common features

Tenebrio molitor is equipped in every developmental
stage with 10 pairs of spiracles (holopneustic arrange-
ment). The first two of them are distributed on the thorax
(ts; — mesothorax; ts, — metathorax) and the remaining
eight on the abdomen (as;—asg — located respectively on
the first eight abdominal segments). Directly behind the

© 2018 Anatomical Society

occluding apparatus of each spiracle, a tracheal vestibule
is located. This is a spherical three-dimensional structure
that gives rise to multiple tracheae which penetrate the
insect’s body.

Neighbouring spiracles of the subsequent body segments
are connected by the dorsal (d/t) and ventral (v/t) longitudi-
nal tracheae/trunks (Figs 5 and 6). Moreover, in the case of
ts;—ts; and tsy,-as;, the existence of an additional longitudi-
nal connection was discovered. This linkage is composed of
the main wing trachea — dorso-lateral path (mwt;, mwt,)
and the main leg trachea (mlt;, mit,).

Spiracles of a single segment are transversely connected
via dorsal (dc) and ventral (vc) commissures (Figs 5B,D and
6B,C). The dc originate directly from particular tracheal ves-
tibules and the vc arise from the ventral longitudinal tra-
cheal trunks (Figs 5B and 6B,C). In earlier larval instars some
of the dorsal commissures do not seem to be fully devel-
oped. A different arrangement is observed in the prothorax
and the head. The prothorax lacks the dorsal commissure
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(dc), and in the head two following commissures were iden-
tified — the ventral head commissure (vhc) and the brain
commissure (bc). Moreover, the first thoracic spiracle pair
(ts;) is additionally connected by the proleg trachea com-
missure (/c) (Fig. 7E).

Visceral trachea, both dorsal (dvt) and ventral (wt), are
directed anteriorly (Figs 6C and 7B). These tracheae are
present in the abdomen, from the second to the last
abdominal spiracle (asy-asg). On the other hand, the first
thoracic (ts;) and the first abdominal spiracle (as;) are only
equipped with a single trachea and the second thoracic
spiracle (ts;) has none. In all developmental stages most
visceral tracheae (dorsal — dvt and ventral — wvt) were
directed anteriorly.

The above-mentioned features of the tracheal system
seem to be invariable across all studied developmental
stages, therefore any deviations from this bauplan are
interpreted here as teratologies. All the observed anoma-
lies in this part of the tracheal system are described
below.

mean =+ SD. as1-as8, abdominal spiracles
1-8; ts1, mesothoracic spiracle; ts2,
metathoracic spiracle; dlt, dorsal longitudinal
trunk; vlt, ventral longitudinal trunk.

Spiracles

Tracheal modules

A comparative analysis of the anatomy of the tracheal sys-
tem enabled designation of a concept of a tracheal module,
which is a fundamental part of the respiratory system com-
posed of a spiracle, tracheal vestibule, and the complex of
tracheae which arise from it (Fig. 6C). Although 20 different
tracheal modules (10 pairs) are present in the body of
T. molitor (Fig. 1A), they can be grouped into three major
types on the basis of their unique structure, functionality
and development (Figs 4 and 8), which correspond to the
general division of the tracheal system.

A cephalo-prothoracic type of module develops exclu-
sively around the first thoracic spiracles (ts;) and shows the
highest number of modifications. The spiracles and vesti-
bules composing this module are located in a part of the
mesothorax which is displaced anteriorly to the prothorax —
the spiracles lie directly under the pronotum, behind the
coxal cavity of the prolegs. Dorsal (d/t) and ventral (v/t) lon-
gitudinal tracheae, which are directed towards the body
front, aerate the prothorax and the head. These tracheal

© 2018 Anatomical Society



Fig. 4 Structure and location of tracheal
vestibules in tracheal system of adult
Tenebrio molitor. atv1-atv8, abdominal
tracheal vestibule 1-8; fmt, flight muscles
trachea; It1, proleg trachea; It3, metaleg
trachea; ttv1, mesothorax tracheal vestibule;
ttv2, metathorax tracheal vestibule.

Table 2 Mean fractal dimension value, tracheal system and body vol-
ume (£SD) calculated for studied developmental stages of Tenebrio
molitor.

Tracheal system Tracheal Body

fractal system volume
Stadium dimension volume (mm3) (mm3)
Larva, df =9 2.02" + 0.08 1.08" £ 0.50  173.19 + 70.04
Pupa, df =8 2.10" + 0.04 1.41% £ 032  171.01 + 44.98
Adult, df =9 2.20% + 0.3 3.39% + 0.78 122.99 + 23.31

Different letters indicate significant differences (Tukey’'s HSD
test, P < 0.05).

trunks were noticed to have greater diameters than their
homologues identified in other modules (Fig. 3A). This ten-
dency was observed in all developmental stages; however,
in the case of larvae these differences were not statistically
significant (Tukey HSD test, P > 0.05).

In the prothorax, the ventral longitudinal trunks (v/t) are
connected by a ventral commissure (vc¢) and an additional
connection (leg commissure — Ic) that is present between
the fore leg tracheae (/t) near their proximal end (Fig. 7E).
In the head, ventral longitudinal tracheae are connected in
the anterior ends by the ventral head commissure (vhc). In
the dorsal part of the head, two dorsal brain tracheae (dbt)
are connected by the brain commissure (bc) (Figs 2D and
6A). A dorsal commissure (dc) is absent.

The dorsal longitudinal trachea (d/t) prior to reaching the
occipital foramen divides into two tracheae (Figs 2D, 6A
and 7E), the first heading to the brain (dorsal brain trachea,
dbt) and the second one to mandibular muscles (dorsal
mandibular muscle trachea, dmmt). The dorsal brain tra-
chea is located medially in the dorsal part of the head, orig-
inating just before the occipital foramen. It subsequently
sprouts into many smaller tracheae which form a flat delta-
arranged cluster lying on the brain surface (Fig. 2D). From
the ventral longitudinal trachea, in the vicinity of the occipi-
tal foramen, three tracheae sprout, heading laterally to the
mandibular muscles: anterior (avmt), medial (mvmt) and
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posterior mandibular muscle trachea (pvmt). At the level of
the brain, from vht the ventral brain trachea (vbt) sprouts
outwards (Figs 2D and 6A). This trunk is directed dorsally. It
is a relatively long and straight trachea, which divides into
many smaller ones when it reaches the ventral surface of
the brain. Another trachea which originates from the vit is
named herein as the fronto-clypeal trachea (fct). It is head-
ing antero-dorsally to reach the surface of the head capsule.
Within the dorsal part of the head it divides into numerous
tracheae that are distributed beneath the frons and clypeus,
and also penetrate the labrum. Additionally, one of these
branches heads towards the antenna. In its distal end, the
vit is divided into tracheae that are aerating mouthparts,
i.e. labium trachea (lat), maxillary trachea (mat) and
mandibular trachea (mnt). Moreover, the opto-antennal
trachea (oat) derives from this part of the v/t. This trunk has
branches to the compound eye and antenna (the second
trachea). The suboesophageal ganglion is aerated by a few
tracheae which sprout from the ventral commissure (in the
prothorax) and head anteriorly between ventral longitudi-
nal tracheae.

The fore legs are penetrated by the proleg trachea (/t),
which derives from the ventral longitudinal trachea (Figs 4,
5A and 8). The tracheae aerating muscles, which are respon-
sible for leg movement (e.g. extrinsic leg muscles m. pleuro-
trochanteralis, m. noto-coxalis, m. episterno-coxalis),
originate from the v/t and its direct ramifications. The front
part of these muscles is penetrated by two tracheae — the
first one diverges directly from the v/t (anterior prothorax
muscle trachea vit-apmt;), whereas the second one (ante-
rior prothorax muscle trachea /t;-apmt,) diverges from the
leg trachea (/t;). Both these trunks are primarily headed
anteriorly, changing direction in their distal parts to head
latero-dorsally.

The dorsal longitudinal trachea (d/t) gives rise to numer-
ous (~ 10) trunks that penetrate the muscles of the protho-
rax. These tracheae originate from d/t along the entire
length of prothorax. Additionally, the three largest
branches which aerate these muscles arise directly from the
latero-posterior wall of the first tracheal vestibule (ttv;) —
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Table 3 List of abbreviations and morphological terms used in this publication compared with terms used in other works concerning the tracheal

system of insects.

Abbreviation

Full name

References/Alternative term

adc
adlt
apmt;
apmt;
as;—asg
at
atv;-atvg
avc
avit
avmt
bc

clt
cwit
dat
dbt
dc

dht

dit

dlta
ditp
dmmt
dpmt
dpt
dvt

malt
malt,
malt,
mat
mit
mlt,
mlt2
mnt
mplt
mplt;
mplt,

Abdominal dorsal commissure
Abdominal dorsal longitudinal trunk

Anterior prothorax muscle trachea from v/t
Anterior prothorax muscle trachea from leg

First-eighth abdominal segment spiracle
Antennal trachea

First-eighth abdominal segment tracheal vestibule

Abdominal ventral commissure
Abdominal ventral longitudinal trunc

Anterior ventral mandibular muscle trachea

Brain commissure

Common leg trachea
Common leg-wing trachea
Dorso-anterior trachea
Dorsal brain trachea
Dorsal commissure

Dorsal head trachea

Dorsal longitudinal trunk

Dorsal longitudinal trunk anterior part
Dorsal longitudinal trunk posterior part
Dorsal mandibular muscle trachea
Dorsal prothorax muscle trachea

Dorso posterior trachea

Dorsal visceral trachea

Distal wing trachea
Fronto-clypeal trachea

Flight muscles trachea

Labial trachea

Proleg commissure

Lateral prothorax muscle trachea
Legs trachea

Proleg trachea

Mesoleg trachea

Metaleg trachea

Main proleg trachea

Main anterior mesoleg trachea
Main anterior metaleg trachea
Maxillary trachea

Main leg trachea

Main mesoleg trachea

Main metaleg trachea
Mandibular trachea

Main posterior leg trachea
Main posterior mesoleg trachea
Main posterior metaleg trachea

Newly introduced

Alternative term: large lateral longitudinal trunks (Tonapi, 1977)

Newly introduced

Newly introduced

Snodgrass (1935)

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Alternative terms: dorsal head commissure (Hafeez & Gardiner,
1964), dorsal cervical anastomosis (Whitten, 1968)

Lateral leg trachea (Snodgrass, 1935)

Newly introduced

Newly introduced

Newly introduced

Alternative term: dorsal anastomosis (Whitten, 1968), dorsal
tracheal commissure (Snodgrass, 1935)

Alternative term: dorsal cephalic trachea (Tonapi, 1977), dorsal
cervical (Whitten, 1968)

Whitten (1968)

Alternative terms: lateral longitudinal trachea (Loudon, 1989),
dorsal lateral trunk/lateral trunk (Hafeez & Gardiner, 1964),
large lateral longitudinal trunks (Tonapi, 1977), dorsal
longitudinal trachea (Chapman, 1918), lateral plurisegmental
tracheal trunk (Snodgrass, 1935)

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Tonapi (1977)

Alternative term: visceral trachea (Hafeez & Gardiner, 1964;
Loudon, 1989)

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Whitten (1968)

Chapman (1918)

Chapman (1918)

Chapman (1918)

Basal wing trachea (Snodgrass, 1935)

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Newly introduced

(continued)
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Abbreviation  Full name

References/Alternative term

mvmt Median ventral mandibular muscle trachea
mwt Main wing trachea

mwt; Main fore wing trachea

mwt, Main hind wing trachea

mawt Main anterior wing trachea

mpwt Main posterior wing trachea

oat Optico-antennal trachea

pvmt Posterior ventral mandibular muscle trachea
rit Rudimentary leg trachea

rwt Rudimentary wing trachea

sp Spiracle

stg Suboesophageal ganglion trachea

tdc Thoracic dorsal commissure

ts; Mesothorax spiracle

ts, Metathorax spiracle

ttv, Mesothorax tracheal vestibule

ttv, Metathorax tracheal vestibule

tv Tracheal vestibule

vbt Ventral brain trachea

vc Ventral commissure

vhc Ventral head commissure

vht Ventral head trachea

vit Ventral longitudinal trunk

vita Ventral longitudinal trunk anterior part
vitp Ventral longitudinal trunk posterior part
vpmt Ventral prothorax muscle trachea

vvt Ventral visceral trachea

wt Wing trachea

Newly introduced

Alternative term: transverse basal trachea +
costo-radial + cubito-anal (Chapman, 1918)

Newly introduced

Newly introduced

Alternative term: costo radial trachea (Chapman, 1918)

Alternative term: cubito-anal trachea (Chapman, 1918)

Newly introduced

Newly introduced

Newly introduced

Newly introduced

Snodgrass (1935)

Newly introduced

Newly introduced

Snodgrass (1935) and Hafeez & Gardiner (1964)

Snodgrass (1935) and Hafeez & Gardiner (1964)

Newly introduced

Newly introduced

Alternative term: spiracular trachea (Hafeez & Gardiner, 1964;
Tonapi, 1977)

Newly introduced
Hafeez & Gardiner (1964) and Tonapi, (1977)

Alternative term: ventral tracheal anastomosis/ventral
ganglionic (Whitten, 1968), ventral tracheal commisure
(Snodgrass, 1935)

Hafeez & Gardiner (1964)

Alternative terms: ventral cephalic trachea (Tonapi, 1977),
ventral cervical (Whitten, 1968)

Alternative terms: ventral lateral trunk (Hafeez & Gardiner,
1964), lateral longitudinal trunk (Whitten, 1968), ventral
longitudinal trachea (Chapman, 1918), ventral plurisegmental
tracheal trunk (Snodgrass, 1935)

Newly introduced

Newly introduced

Newly introduced

Alternative terms: visceral trachea (Snodgrass, 1935;
Hafeez & Gardiner, 1964; Loudon, 1989)

Whitten (1968) and Tonapi (1977)

the ventral prothorax muscle trachea (vomt) heading ven-
tralo-posteriorly then sprouting a trachea headed anteri-
orly, which aerates the posterior and latero-ventral part of
prothorax; the lateral prothorax muscle trachea (ljpmt)
located laterally and sprouting a trachea in an anterior
direction; the dorsal prothorax muscle trachea (dpmt) direc-
ted dorsally at the proximal end and then heading anteri-
orly, aerating the lateral part of the prothorax muscles.

Metathoracic type is characterised as follows. All tracheae
which branch from the metathoracic (ttv,) and the first
abdominal (as;) segment tracheal vestibules construct a
coherent and consistent system, which is connected to the
flight apparatus and meso- and metalegs. This part of the
tracheal system is composed of a unique type of tracheal
module (Figs 2A-C and 6B).

© 2018 Anatomical Society

Dorsal and ventral longitudinal tracheae have a specific
topology around the ttv,. Prior to connecting with a tra-
cheal vestibule, each pair of dorsal (dlta-dltp) and ventral
(vlta-vitp) trunks merges into a single trachea. In conclu-
sion, the metathoracic vestibule is connected to only two
tracheal trunks (dorsal and ventral), not four (d/ta, ditp,
vlta, vitp) as in other tracheal vestibules (Fig. 5A,C).

Respiratory gases are transported into the middle leg pair
via tracheae which arise in meso- (ts;) and metathorax (ts),
whereas metalegs are aerated by trunks originating in
metathorax (ts;) and the first abdominal segment (as;)
(Figs 2C, 5A and 6B). Specifically, a particular tracheal vesti-
bule gives rise to the anterior (malt) and posterior part of
the main leg trachea (mplt), which then connects, forming
the main leg trachea (ml/t) (Figs 2C and 6B). In larval forms,
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Fig. 5 Anatomy of larval tracheal system. (A,C) Meso- and metathorax (A) lateral and (C) dorsal views. (B, D) Abdomen, segments 4-5, (B) lateral
and (D) dorsal views: dorsal (red) and ventral (yellow) longitudinal tracheal trunks. atv1, tracheal vestibule of first abdominal segment; atv4—atv6,
abdominal tracheal vestibule 4-6; dc, dorsal commissure; dlt, dorsal longitudinal trunk; dvt — dorsal visceral trachea; It1, proleg trachea; It2, meso-
leg trachea; 1t3, metaleg trachea; rlt4—rlt5, rudimentary leg trachea in 4-5 abdominal segment; rwt5, rudimentary wing trachea in 5 abdominal
segment; ttv1, mesothorax tracheal vestibule; ttv2, metathorax tracheal vestibule; vc, ventral commissure; vit, ventral longitudinal trunc; wvt, ventral
visceral trachea wt1, fore wing trachea; wt2, hind wing trachea.

dit lateral symmetry

tv latera

dbt lateral symmatry

vht Tatoral symmetry

vitp lateral symmetry

vit lateral symmetry

Fig. 6 Schematic organisation of different types of tracheal modules. (A) Cephalo-prothoracic, (B) thoracic and (C) abdominal module. Dotted
lines in the case of hind wing present trachea which undergo loss in pupa-imago transition. avmt, anterior ventral mandibular muscle trachea; bc,
brain commissure; cwlt, common leg-wing trachea; clt1, common mesoleg trachea; clt2, common metaleg trachea; dat, dorso anterior trachea;
dbt, dorsal brain trachea; dc, dorsal commissure; dlta, anterior part of dorsal longitudinal trunk; dltp, posterior part of dorsal longitudinal trunk;
dmmt, dorsal mandibular muscle trachea; dpt, dorso posterior trachea; dvt, dorsal visceral trachea; dwt1-6, distal wing trachea 1-6; fct, fronto-cly-
peal trachea; lat, labial trachea; mat, maxillary trachea; mit1, main anterior mesoleg trachea; mlt2, main anterior metaleg trachea; mnt, mandibular
trachea; mvmt, median ventral mandibular muscle trachea; mwt1, main fore wing trachea; mwt2, main hind wing trachea; oat, optico, antennal
trachea; pvmt, posterior ventral mandibular muscle trachea; rlt, rudimentary leg trachea; rwt, rudimentary wing trachea; stg, suboesophageal gan-
glion trachea; tv, tracheal vestibule; vbt, ventral brain trachea; vc, ventral commissure; vita, anterior part of ventral longitudinal trunc; vhc, ventral
head commissure; vitp, posterior part of ventral longitudinal trunc; vvt, ventral visceral trachea.

these tracheae have similar diameters and lengths (Fig. 2C), A comparative study of different stages of development
whereas in adults they differ from one another (Fig. 7B). In in T. molitor revealed that the tracheae responsible for
meso- and metaleg malts are much wider and shorter than wing aeration are also present in larvae (Figs 5A,C and 7B).
mplts. In summary, the middle pair of legs is mostly aerated These trunks are composed mainly of the main wing tra-
by malt; from the ttv, and the metaleg by malt, from atv1 chea (fore wing, mwt; and hind wing, mwt,) with three to
(Fig. 7B). four short distal ramifications (dwt). The main wing

© 2018 Anatomical Society
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Fig. 7 Anatomy of tracheal system. (A) Abdomen of imago, dorsal view. Specimen has extruded ovipositor and aerating trachea are pulled with
it. (B) Mesothorax of larva lateral view. In colour, mesoleg (brown) and fore wing trachea (red) and common wing leg trachea (yellow). (C) Abdo-
men of larva, segment 5, dorsal view. In colour, dorsal visceral trachea (blue) and ventral visceral trachea (blue). (D) Tracheal vestibule of abdomi-
nal segment 4 of imago, lateral view. In colour, leg homologues trachea (yellow), wing homologues trachea (blue) and common wing leg
homologue trachea (red). (E) Head and prothorax of larva, dorsal view. In color, longitudinal tracheal trunks, dorsal (red) and ventral (yellow). atv4,
tracheal vestibule of 4 abdominal segment; atv6-atv8, tracheal vestibule of 6-8 abdominal segment; bc, brain commissure; lwt, common leg-wing
trachea; cwlt, common leg-wing trachea; dc, dorsal commissure; dlt, dorsal longitudinal trunk; dvt, dorsal visceral trachea; dvt6 and dvt8 — dorsal
visceral trachea of 6 and 8 abdominal segment; Ic, proleg commissure; It1, proleg trachea; rlt, rudimentary leg trachea; rwt, rudimentary wing tra-
chea; ttv1, tracheal vestibule of mesothorax; vc, ventral commissure; vit, ventral longitudinal trunc; vvt, ventral visceral trachea; wt6 and wt8 —
ventral visceral trachea of 6 and 8 abdominal segment; wt1, fore wing trachea.

tracheae in larvae prior to connecting to the tracheal vesti-
bule merge with the main leg tracheae (mwt;—mlt;, mwt,—
mwt;). In pupae and adults, wing and leg tracheae connect
to tracheal vestibules separately (Fig. 2A-C). In pupae, each
wing is penetrated by six distal wing tracheae (dwi),
whereas in larvae by only three or four (Fig. 2A). Con-
versely, in adults these trunks were reduced to a single one,
which runs parallel to the subcostal vein (Fig. 2B). The num-
ber of trachea penetrating the adult fore wing is the same
as in the pupa (dwt; ;—dwt; ). Three distal wing trachea
(dwt; 4, dwt; s, dwt; ) that lie medially in the wing, diverge
from the main wing trachea (mwt;) as a one branch. The
same topology can be seen in hind wing for distal trachea
(dwt, 4, dwt, s, dwt;6). The respiratory system of each wing

© 2018 Anatomical Society

is connected to two tracheal vestibules i.e., fore wing with
ttv; and ttv, and hind wing with ttv, and atv, (Fig. 2A,B).
Abdominal type. The tracheal module originates on spir-
acles occurring on the abdominal segments from the sec-
ond to the eighth (as>-ass) (Figs 1A and 8) and is opposed
to the following tracheae: the dorsal longitudinal trunk
(dIt) (anterior dita and posterior ditp part), the ventral
longitudinal trunk (vit) (anterior vita and posterior vitp
part), dorsal commissure (dc), the dorsal (dvt) and ventral
visceral trachea (wvt), the common leg-wing trachea, or
the common leg-wing trachea (cht or cwit) and the dorso-
posterior trachea (dpt). Moreover, the ventral commissure
(vc) derives from the ventral longitudinal trunk just after
the tracheal vestibule. Similar topology has been observed
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abdomen
1

cephalo-prothoracic part metathoracic part

1*t abdominal spiracle

head

first thoracic spiracle

second thoracic spiracle

proleg mesoleg

in the case of the dorso-anterior trachea (dat), which
derives from the dorsal longitudinal anterior trunk (d/ta)
(Figs 6C and 5B,D).

All developmental stages were observed to possess
Y-shaped tracheae (cwlt which subsequently divide into rft
and rwt) that arise from the posterior wall of particular tra-
cheal vestibules (Figs 6C and 7D). These trunks are struc-
tured in the same manner as the common leg-wing
tracheae (cwit It, wt) of the modules of the metathoracic
and the first abdominal spiracles (Fig. 7B). Cht are most
noticeable in the pupal stage when they aerate the denticu-
lar outgrowths of the abdomen.

In adults, visceral tracheae originating from atv,-atvs
extend beyond mesothorax and aerates the digestive sys-
tem. On the other hand, the visceral trunks of atvg connects
with the terminalia and can be projected with them
(Fig. 7A).

As far as the diameter is concerned, ventral longitudinal
tracheal (v/t) trunks occurring in abdominal segments from
the first to the eighth have the smallest diameter compared
with their homologues in the other body segments (Tukey
HSD, P > 0.05; Fig. 3A).

Teratologies

In the case of a single larval specimen, a few additional lon-
gitudinal connections between tracheal vestibules atv;,—
atv,, atvr-atvz and atvs-atvg were identified. Those tera-
tologies are restricted to one side of the body, whereas the
other half remains unchanged. In all of the above-

abdomninal part

dorsal view

Fig. 8 Tracheal system of adult

Tenebrio molitor. In colour, parts of tracheal
system characterized by different type of
tracheal modules (cephalo-prothoracic — red,
thoracic — green, abdominal — blue).

metaleg

lateral view

mentioned spiracle pairs, the additional linkage is made up
of the fusion of dorsal-posterior tracheae and dorsal com-
missures (Fig. 9A). Longitudinal tracheal connections of the
same nature were also reported between tracheal vestibule
pairs atv;—atv, and atv,-atvs of a single pupa (Fig. 9B). Simi-
larly to the larval specimen, only one side of the body was
affected. Moreover, concerning the same pupa specimen,
the tracheal system of the hind leg is unusually made up of
an outgrowth of the ttv,-atv; ventral longitudinal trunk.
The main leg trachea (mlt;) trachea is present; however, the
common leg trachea (c/t;) does not originate from it
(Fig. 9B). On the contrary, the trachea that penetrates the
leg arises from the ventral longitudinal tracheal trunk (v/t).
This teratology was identified on the same body side as the
previous one.

Teratological modification of the antennal trachea was
reported in the case of a single adult. In this individual, the
right antenna is aerated by a pair of tracheae sprouting
from a single basal trunk (optico-antennal trachea, oat). In
all the other investigated specimens (larvae, pupae and ima-
gos) antennae are supported by two separate tracheae orig-
inating respectively from fronto-clypeal (fct) and optico-
antennal tracheae (oat) (Fig. 2D).

As was mentioned before, the development of higher
order branches (including tracheoles) is mostly influenced
by non-genetic factors (e.g. hypoxia). This part of the tra-
cheal system was extremely variable across the individuals
analysed and therefore its structural variability is not
described at present.
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Development

Spiracles distribution
Distances between the spiracles change significantly
through metamorphosis (longitudinally, F = 70.67, df = 2,
P < 0.001; transversally, F = 24.8, df = 2, P < 0.001) (Fig. 3C,
E). The investigation of the relative distance between spira-
cles of the neighbouring body segments revealed a more
complex image. Anova showed a significant effect of sta-
dium (F = 4.55, df =2, P < 0.05) and spiracle (F = 168.98,
df =8, P<0.001). In larvae, the distances of subsequent
spiracles slightly increase, reaching the maximum value in
the last abdominal pair (Fig. 3E). The images acquired for
pupae and adults are similar (Fig. 3E). Both of them show
statistically significant higher values for ts;—ts, and ts,-as;
(P < 0.05), and lower values for as,-asg (P < 0.05) compared
with larvae. The post hoc pairwise comparison revealed that
the distances reported for pupae and adults differ signifi-
cantly in each investigated pair of spiracles (P < 0.05).
Relative distances between spiracles in the transverse
plane (distance of spiracles from the same segment to the
head capsule width) varied between studied developmental
stages (anova, F= 180.55, df =2, P<0.001) and pairs of
spiracles (anova, F= 191.78, df =9, P < 0.001). When com-
paring the relative width between the spiracles of the same
body segment, it was noted that the distance within ts,-asg
pairs greatly increases (Fig. 3E). However, post hoc pairwise
comparison did not reveal significant differences among ts,
and asg in pupae and adults (P > 0.05). The relative width
reported between the spiracles of the first thoracic and sev-
enth abdominal pair are relatively constant across all stud-
ied developmental stages (Tukey HSD, P> 0.05) (Fig. 3E).
On the other hand, the relative width between the eight
abdominal spiracles of the opposite body sides decreases
during metamorphosis (P < 0.05). In adults, asg are
directly responsible for supplying terminalia with respira-
tory gases.

Tracheal vestibule volume and connections
While comparing the relative size of tracheal vestibules
within developmental stages, significant differences were
identified (anova, F = 334.56, df = 2, P < 0.01). It was noted
that the volume of the first three pairs (ts;, ts,, as;) strongly
increases after the pupal stadium. The highest value of ves-
tibule to the body volume ratio was reported for as;, then
ts, and finally ts; (Fig. 3B). Post hoc pairwise comparison
revealed significant differences among these vestibules
(P < 0.001). In adults ts, (ttv,) and as; (atv,) are directly
responsible for supporting the flight muscles with respira-
tory gases (Figs 2B,C, 4 and 10). The tracheal vestibules of
larva, pupa and these in adults’ abdomens are homoge-
neous (Fig. 3B) and showed no differences when analysed
with Tukey HSD (P > 0.05).

The investigation of the number of tracheal ramifications
originating in a particular vestibule revealed similar
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dynamics. Significant differences were reported between
the studied developmental stages (F=28.33, df =2,
P < 0.01). The highest number of ramifications was revealed
for as; and ts; in adults (Fig. 3D). Post hoc pairwise compar-
ison revealed significant differences among the vestibules
of these spiracles (P < 0.001). However, in this case ts;
showed no differences when compared with the majority
of abdominal spiracles, i.e. ass-as, (P> 0.05). The lowest
number of ramifications was reported for the last abdomi-
nal spiracle in larvae (Fig. 3D).

Tracheal thickness distribution

An anova test revealed significant differences in the mean
maximal diameter of tracheae across developmental stages
investigated (F=46.68, df =2, P<0.001): larvae -
x=0.18 £+ 0.04 mm, pupae — x = 0.21 £+ 0.05 mm, adults —
x =0.36 + 0.05 mm. However, post hoc pairwise compar-
ison revealed significant differences between larvae-adults
and pupae-adults (P < 0.001), which were non-significant
for larvae-pupae (P = 0.32).

Trachea diameter ranged between 0.025 and 0.220 mm
in larva, 0.025 and 0.260 mm in pupa and 0.025 and
0.410 mm in adults. The highest count of tracheae (~ 19%)
was noted for a diameter of 0.065 mm for the larval stage,
whereas in pupa and imago, dominant (~ 15 and ~ 13.5%,
respectively) the tracheal diameter is 0.039 mm.

The Kolmogorov-Smirnov test indicated significant differ-
ences in the trachea thickness distribution between adults
and the remaining stages (Fig. 1B): pupae-adults (D = 0.27,
P < 0.001), larvae-adults (D = 0.32, P < 0.001). On the other
hand, disparities observed between larvae and pupae
proved to be non-significant (D = 0.15, P = 0.15).

Visceral trachea

An anova test showed significant differences in lengths of
the visceral tracheae within different developmental stages
(F = 64.55, df = 2, P < 0.001). The mean values of the trunks
measured in larvae (x =2.48 + 0.84 mm) and pupae
(x = 2.54 + 1.04 mm) were lower than those reported for
adults (x = 3.81 + 1.47 mm) (Tukey’s HSD test, P > 0.05).

In pupae and adults the pairwise comparison showed sig-
nificant differences between the mean lengths of the dorsal
and ventral visceral trunks (Tukey’s HSD test, P < 0.05). In
both those cases, higher mean values were reported for the
ventral trunks: pupae — dorsal tr. x = 2.22 + 0.96, ventral tr.
x =297 + 1.01; adults — dorsal tr. x = 3.55 + 1.71, ventral
tr. x = 4.16 £+ 1.00. The differences reported for larvae are
non-significant (P > 0.05): dorsal tr. x = 2.43 + 0.93, ventral
x = 2.56 + 0.72 (Fig. 10B).

Tracheal system volume

Even though the mean total body volume decreases in sub-
sequent developmental stages (larva - x=173.19
+ 70.04 mm> pupa — x=171.01 + 44.98 mm>, adult —
x = 122.99 + 23.31 mm?), the mean active volume of the
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tracheal system increases throughout metamorphosis
(F = 47.66, df = 2, P < 0.001): larva — x = 1.08 &+ 0.50 mm>,
pupa — x=141+032mm?® and adult - x=3.39
+ 0.78 mm?3 (Table 2).

Growth of the whole tracheal system in the case of the
larva—pupa transition in relation to the body was isometric
(scaling coefficient 1.16, r=0.18, df =17, P> 0.05),
whereas in the pupa-imago transition, positive allometry
was registered (scaling coefficient = —2.18, r = 0.68,
df = 16, P < 0.01) (Fig. 10A).

Fractal dimension index

Values of the fractal dimension index showed a rising trend
when comparing the whole tracheal system of the subse-
quent developmental stages. Reported average values were
as follows: larva — x = 2.02 + 0.08, pupa — x = 2.10 + 0.04,
imago — x =220 + 0.3 (Table 2). The fractal dimension
analysis revealed significant differences in the trachea den-
sity and topology across the investigated developmental
stages (F = 27.42, df = 2, P < 0.001). Tukey's HSD revealed
significant differences between larva-imago and pupa-
imago (Table 2).

Discussion

Until now, only a few studies have been made of the anat-
omy of the tracheal system (e.g. Szwanwicz, 1956; Whitten,
1957, 1968; Hafeez & Gardiner, 1964; Srivastava, 1975; Ton-
api, 1977) and its elements (e.g. Wigglesworth, 1954; Lou-
don, 1989; Affolter & Shilo, 2000; Pereanu et al. 2007). For
this reason, and because of methodological differences, the
comparisons of the results presented above with current

Fig. 9 Tracheal system teratologies in larva
and pupa. (A) Opposite sides of larval
abdominal segment 6, lateral view. Normal
arrangement presented on upper image. (B)
Opposite sides of pupal abdominal segments
1-3, lateral view. In colour, trachea which
have different arrangements in same body
segment of a single specimen. atvi-atv6,
tracheal vestibule of 1-6 abdominal segment;
dc, dorsal commissure; dlt, dorsal longitudinal

1 mm trunk; dpt, dorso-posterior trachea; It3,
metaleg trachea; vc, ventral commissure; vit,
ventral longitudinal trunk.

knowledge of the tracheal system can only be made on a
general level. It can be stated that puCT systems provide
more reliable and testable data (Supplements: Ras, 2017) on
the anatomy of insect respiratory systems than traditional
sectioning — especially when comparing whole systems
simultaneously.

The role of the haemolymphatic system in oxygen distri-
bution in the insect body is almost negligible, unlike in ver-
tebrates whose vascular system is the main means of
delivery of respiratory gases to tissues (Pick et al. 2009). The
tracheal system combines two roles — the uptake and deliv-
ery of respiratory gases — which are separated in vertebrates
(to respiratory and circulatory system, Maina, 2002). This
property had led to a complex anatomy of the insect respi-
ratory system (Figs 1A and 9). The three-dimensional struc-
ture of the tracheal system reflects the demand for oxygen
of specific tissues and, therefore, indirectly indicates the
function and metabolic rates of certain parts of the body.
As was revealed here, the brain, mandibular muscles, flight
muscles and reproductive system are all connected to their
own specific tracheae (Figs 2D, 4, 6A,B and 7A).

Arrangement of the tracheal system

The general scheme of the tracheal system is founded on
spiracles and tracheal vestibules connected via longitudinal
tracheal trunks. As the spiracles of subsequent body seg-
ments are considered serial homologues (Pitsouli & Perri-
mon, 2010) based on the principle of connections and
similar development, the same assumption was made here
concerning their major ramifications (Fig. 6). According to
Wagner's (1996) conception, such structured biological

© 2018 Anatomical Society
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Fig. 10 Scaling of tracheal system and relative visceral trachea length in studied developmental stages of Tenebrio molitor. (A) Scaling of tracheal
system volume with body tissues volume. Lines represent result of SMA (standardised major axis) calculated separately for two pairs of developmen-
tal stages larva—pupa (solid line) and pupa—imago (dotted line). Numbers near lines indicate scaling coefficient of tracheal system. (B) Relative length
of visceral tracheae to body length originating from particular spiracles in analysed developmental stages. Boxplots visualize median, upper and lower
quartile, greatest and lowest value excluding outliers. as1-as8, abdominal spiracles 1-8; ts1, mesothorax spiracle; ts2, metathorax spiracle.

systems should be treated as modular units of evolutionary
transformation. A modular arrangement of the tracheal sys-
tem can lead to higher rates of evolvability (Yang, 2001;
Lehoux & Cloutier, 2015; Londe et al. 2015), as modular
units enable changes of certain body parts without interfer-
ing with the functions of the other parts (Wagner, 1996;
Klingenberg, 2002, 2009; Sharma et al. 2016). Moreover, it
is hypothesised that this phenomenon contributes to opti-
misation of the whole network by lowering connection
costs compared with non-modular builds (Clune et al. 2013)
and a high rate of co-option of modules (Monteiro & Pod-
laha, 2009). During metamorphosis, selected modules
undergo various changes (i.e. development/reduction of
structural complexity/volume) and in some cases particular
units can create higher grade groups, which have the same
purpose (e.g. metathoracic modules co-operate to aerate
the flight muscle complex) (Fig. 8). Integrations between
modules were more developed bilaterally in the anterio-
posterior axis than in the transverse axis, mainly because of
relatively wide longitudinal tracheal trunks (d/t, vit).

Serial homologues

Under Hox RNA interference conditions, Ohde et al. (2013)
identified dorsolateral denticular outgrowths on the pupal

© 2018 Anatomical Society

abdomen of T. molitor as wing serial homologues. Tracheae
aerating these structures were identified here. By compar-
ison with the tracheal arrangement of metathoracic mod-
ules they were recognised as serial homologues of wing
and leg tracheae (r/t, rwt) (Fig. 7D). Furthermore, tracheae
with the same structure and relative location were also
identified in abdominal modules of other developmental
stages (i.e. larvae and adults). The presence of these tra-
cheae supports the assumption of the uniformity of the
above-designated tracheal modules (Fig. 6C) and is compat-
ible with observations of developmental potential of differ-
ent appendages (e.g. wings) on the abdomen under
specific genetic conditions (Lewis et al. 2000). Serial homo-
logues of wing and leg trachea can be interpreted as rudi-
mentary, remaining adapted from the common hexapoda
ancestor, which has been proved to possess lateral out-
growths on the thorax and the first eight abdominal seg-
ments (Kukalova-Peck, 1983; Haug et al. 2015). However,
future studies of different species are required to test this
hypothesis. The basal connection of wing and leg trachea
and their serial homologues can be seen to support the
dual origin of insect wing hypothesis proposed by Clark-
Hachtel et al. (2013), in which some parts of notum (paran-
otal lobes) and ancestral exite merge into one functional
appendage. From the methodological perspective, the
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concept of a tracheal module seems to be a reliable refer-
ence for future comparative studies.

Growth rate of tracheal system during metamorphosis

The scaling coefficient is widely used as an indicator for
growth patterns of specific systems in relation to body mass
or volume (Kaiser et al. 2007; Klingenberg, 2009). Until
now, this type of analysis for the whole tracheal system
had been performed for only two insect species (Lease
et al. 2006; Callier & Nijhout, 2011): the hemimetabolous
Schistocera americana (Orthoptera) and the larval stages of
the holometabolous Manduca sexta (Lepidoptera). Investi-
gation of the scaling exponent for all developmental stages
of the T. molitor tracheal system in a single analysis was
methodologically challenging because of the decrease in
body volume occurring between pupal and adult stages
(Fig. 10A, Table 2). To overcome this obstacle, the obtained
data were divided into two separate sets (larva—pupa and
pupa-imago) which enabled the calculation of the scaling
factor separately for each transition. The scaling pattern of
the tracheal system and body volume for the larva-pupa
transition is isometric, whereas a positive allometry was
registered for the pupa-imago transition. Results obtained
for the first transition are consistent with the ones pro-
vided by Callier & Nijhout (2011), who studied the tracheal
system of M. sexta larvae from the second to the fifth
instar (mass-scaling coefficient 1.04). On the other hand, in
hemimetabolous insects, the tracheal system grew hyper-
metrically compared with the body mass (mass-scaling coef-
ficient 1.3) (Lease et al. 2006). This trend also occurred in
T. molitor between pupa and imago but it reached a
higher value (Fig. 10A). In conclusion, the development of
the body volume is linear in hemimetabolous insects,
whereas in holometabola the occurrence of the pupal
stage causes a decrease of body volume in the imago.
Moreover, changes in the complexity of the structure have
been noted by comparison of the fractal dimension index,
which was the highest for the imaginal stage and statisti-
cally different from the larva and pupa (Table 2). The last
ecdysis can be considered to be the most significant in
ontogenetic development from the point of view of the
tracheal system. The most drastic changes are introduced
in the prepupa-pupa stage. The role of the pupal stage in
the tracheal system metamorphosis is also highlighted in
the number of qualitative changes observed in the locomo-
tory organs (see Chapman, 1918), e.g. reduction of the
number of distal wing tracheae (from six to one) in the
hind wings of adults (Fig. 2A,B).

Noticeable changes of trachea

The number of the trachea aerating the middle pair of legs
seems to vary among Coleoptera. Chapman (1918) stated
that in the case of Monochamus sp. (Cerambycidae) a single

mesoleg is penetrated by a branching trachea, while in
T. molitor the meso- and metalegs are aerated by two tra-
cheae (mplt, malt) that connect to form a common leg tra-
chea (clt) before entering the leg. The latter image was also
observed by Hafeez & Gardiner (1964) in a relatively close
relative of T. molitor, Tribolium anaphe. Material analysed
suggests that at the time of metamorphosis, the differentia-
tion of mplt and malt occurs in the meso- and metalegs
(Figs 2C and 7B). The main role of gas transfer seems to be
directed to malt, which is shorter and has a larger diameter
than the corresponding mplt (Fig. 2C). These changes are
connected with a modification in the mutual position of
legs and spiracles, i.e. legs change their relative location
through metamorphosis from between subsequent spiracles
(ts;—ts,, ts;-as;) to posterior spiracle (ts,, as;), from which
the malt sprouts (Fig. 2C). Development of visceral trachea
during metamorphosis is probably linked to the require-
ments of the developing flight muscles (Figs 1A and 9). The
second thoracic and the first abdominal spiracles are
devoted to supporting the high demand for respiratory
gases during flight (Crowson, 1981; Lehmann & Schutzner,
2010; Snelling et al. 2011). Because of that role, these spira-
cles lose or reduce visceral tracheae. In response, spiracles of
the subsequent abdominal segments take over the function
of alimentary canal aeration in the mesothorax and
metathorax (Fig. 8).

Conclusion

The structure of the tracheal system is composed of spiracle-
oriented modules, which undergo changes during meta-
morphosis reflecting the development of other systems and
tissues. Although 20 different tracheal modules (10 pairs)
are present in the body of T. molitor, they can be grouped
into the three following types on the basis of their unique
structure, functionality and development: cephalo-prothor-
acic (spiracles ts;), metathoracic (ttv, as;) and abdominal
(as>-asg).

During metamorphosis, the main topological modifica-
tions concern tracheae penetrating the middle and hind
legs, and aerating muscles of the flight apparatus. More-
over, elongation of the visceral trachea which penetrate
the thorax and the abdomen should be treated as a ten-
dency for separation of the tracheal system of the gut from
the flight apparatus system.

Additionally, several quantitative changes were reported
through metamorphosis, i.e. relative distances between
spiracles, number of tracheal ramifications, maximal diame-
ter of tracheae, and dramatic (almost two-fold) volume
increase of the whole tracheal system. Most of these modifi-
cations occur during the pupal stage, e.g. development of
flight muscle tracheae. Development of specific modules
leads to formation of higher grade complexes of tracheae
connected to specific tissues. Such organ-trachea complexes
are most visible in the metathorax, where the metathoracic

© 2018 Anatomical Society



and the first abdominal spiracle form an exceptionally
developed complex of flight muscles.
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