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ABSTRACT

The exoskeleton of insects and other arthropods is a very versatile material that is characterized by a
complex multilayer structure. In Sobala and Adler (2016) we analyzed the process of wing cuticle
deposition by RNAseq and electron microscopy. In this extra view we discuss the unique aspects of
the envelope the first and most outermost layer and the gene expression program seen at the end
of cuticle deposition. We discussed the role of undulae in the deposition of cuticle and how the

hydrophobicity of wing cuticle arises.

Introduction

The cuticular exoskeleton of insects is a remarkable
bio-material that"? displays great variation in physical
properties from one body region to another. Three
factors influence this. One is that the structure of the
cuticle is variable with differences in the thickness of
the 3 major cuticle layers and in the number of sub-
layers. The second is local modifications that strongly
influence region behavior. For example, wing vein
cuticle is thicker than general wing blade cuticle and
the veins serve as stiff structural supports that influ-
ence the properties of the wing as a whole.>” The third
is that different sets of cuticle proteins and degrees of
sclerotization are found in different cuticles.

The 3 major cuticle layers (Fig. 1) are the envelope,
which is synthesized first and is external.* The epicuti-
cle, which is synthesized after the envelope and is
located between the envelope and the procuticle. The
protcuticle is the last to be synthesized and is juxta-
posed to the apical surface of the epidermal cells. The
procuticle is generally the thickest layer and it is com-
posed of a series of sublayers formed by arrays of chi-
tin fibers and proteins.” One complication of studying
the molecular basis for cuticle formation is that other
tissues and cell types such as muscle become closely
juxtaposed to the cuticle during the process of deposi-
tion. We took advantage of the Drosophila pupal
wing, which can be dissected in a rather pure form
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without attached other tissues to identify the pattern
of gene expression associated with the deposition of
wing cuticle. This study identified candidate genes for
mediating the deposition of each of the major cuticle
layers.”

The cuticular exoskeleton provides multiple func-
tions for the animal including overall body shape, iso-
lating the internal animal from the environment and
the skeletal elements needed for locomotion."> The
envelope is lipid rich and the lipids are generally
believed to function to minimize water loss and to
boost the hydrophobicity of the cuticle.>**” Since the
envelope is the first layer one might expect that
the pupal wing would become hydrophobic early in
the process of cuticle deposition but that is not the
case. Thus, if the waxy coat is responsible or important
for the hydrophobicity than the lipids that comprise it
will have to be transported across the cuticle. A likely
explanation for this is that the pore canals that con-
nect the epidermal cells to the surface*® are used to
transport lipids to the surface late in cuticle deposition
(Fig. 2). In the fly wing the pore canals ends are found
in the center of cellular projections that remain in the
adult wing after all of the epidermal cells have died
(Fig. 2C). The role of the pore canals in lipid transport
has usually been studied with respect to cuticular
hydrocarbons that are used as pheromones or other
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Figure 1. A diagram of cuticle structure. The outermost layer is
the envelope (En) followed by the epicuticle (Epi). The multilay-
ered procuticle (Pro) is juxtaposed to the epithelial cells.

signaling molecules but it also is likely for the general
lipid coating. The lipids that are transported to the
cuticular surface are thought to be synthesized in
oenocytes and transported in the hemolymph to the
epidermal cells.*”” This model suggests that genes
involved in lipid biosynthesis would not need to be
expressed at a high level in epidermal cells before the
time when the cuticle becomes hydrophobic. Our
RNAseq analysis of wing cuticle deposition provides a
test of this hypothesis.

The deposition of the cuticle seems likely to be the
principal activity of the wing epidermal cells synthe-
sising it. These cells are not growing and indeed they
undergo programmed cell death soon after eclosion of
the adult.'®' Our RNAseq data set also provides a
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test of these hypotheses. In this Extra View we review
our RNAseq data set with regard to these predictions.’

Gene expression during the synthesis of the
envelope

The 2 temporal transitions during the synthesis of
wing cuticle that had the greatest changes in gene
expression were also the 2 time points with the most
dramatic developmental changes. These were the tran-
sitions from 42 to 52 hr after white prepupae (awp),
which coincided with the expansion and flattening of
the wing and from 88 to 96 hr awp when the wings
became highly hydrophobic, more highly pigmented
and the thickening of the cuticle was no longer
obvious.

In transmission electron micrographs the first sign
of wing envelope deposition is seen around 35 h awp
but it is not complete until around 48 hr awp. The first
sign of envelope deposition is the accumulation of
patches of diffuse extracellular material on projections
(undulae) of the apical surface of the wing cells
(Fig. 3).” The diffuse material disappears and is
replaced by patches of the trilaminar envelope that
eventually covers the entire apical surface (Fig. I,
Fig. 3). The envelope retains this morphology until
late in the pupal period when the trilaminar structure
becomes somewhat less distinct. We examined RNA
from 42 hr awp pupal wings during the middle of the
period of envelope deposition and from 52 hr awp
during the formation of the epicuticle. Dramatic
changes in gene expression were seen between the 42
and 52 hr time points. Significant changes in gene
expression were seen for 1624 genes, and 334 genes
were identified where their expression level changed
more than 10-fold between 42 and 52 h awp. There

A, Tk 52 hr

Figure 2. Pore canals connect the epithelial cells to the envelope and the outside. A. A pore canal in a 52 hr pupal wing during the
deposition of the epicuticle. The arrow points to material that appears to be secreted from the pore. B. A pore canal in a relatively
mature wing (80 hr). The arrow points to the pore canal. C. The remnant of a pore canal is seen as a bump on a fractured adult wing
visualized by SEM. The arrows point to several such bumps. Since the epithelial cells have died back these pore canals are no longer

functioning.
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Figure 3. Undulae and the deposition of cuticle. A. In a 35 hr
pupal wing undulae (arrows) are visible and a somewhat ampor-
phous material accumulated above them. The large arrow points
to a hair. The arrow also points to a region where trilaminar enve-
lope is visible. Hair cuticle formation is somewhat advanced com-
pared with the wing blade. Note that no undulae are visible. In a
72 hr wing the multilayered procuticle is obvious (asterisk) and
many undulae are visible (arrows). A hair seen in a cross section
in a proximal part of the hair is visible (large arrowhead). Note
the lack of undulae. A cross section through the distal part
of a hair is also seen (small arrowhead). Once again notice no
undulae. C. Undulae (arrow) are prominent in 52 hr wing cells
that are in the process of depositing the epicuticle.

were 67 genes where greater than 90% of their total
FPKM (fragment per kilobase per million reads) val-
ues were from the 42 hr sample. We call these genes
“42 hr genes” and we consider them to be candidates
for mediating the formation of the envelope. Of the 40
most highly expressed 42 hr genes 37 encode proteins
predicted to contain either a signal sequence or a
transmembrane domain (or both) placing at least part
of these proteins extracellularly as expected for a pro-
tein that is either a component of the envelope or a
protein that in some other way mediates the formation
of the envelope. Two families of 42 hr proteins stood
out. One was the family of ZP domain proteins."***
Mutations in several of these are known to disrupt the
formation of wing cuticle.'>'> The ZP domain is
known to mediate polymerization and ZP domain
proteins are usually thought of as organizers /compo-
nents of the apical extracellular matrix.'>'*'® The sec-
ond family that stood out was the Osirus family,
which comprises a set of genes that are only found in
insects.'” Little is known about the function of this
gene family. Genetic experiments established that 13
out of 16 42 hr genes tested showed a mutant cuticle
phenotype.>'>!> Among these were 4 members of the
ZP domain family. Although none have yet been
tested we think it likely that members of the Osirus
gene family will also have an important role in enve-
lope deposition.

Only 2 of the 40 most highly expressed genes in 42 hr
wings encoded annotated cuticle proteins. These 2 genes
represented less than 2.5% if the total FPKM value for the
42 hr time point. This suggests that the envelope cuticle is
to a large extent composed of other types of proteins. In
contrast in 62 hr pupal wings, during the deposition of
the procuticle, 9 of the 40 most highly expressed genes
including the first and third most highly expressed were
annotated cuticle protein encoding genes. These 9 genes
represented ~26% of the total FPKM value for this time
point. This is as expected as the procuticle is the thickest
segment of the cuticle.

Gene expression during the last hours of pupal life

The second transition that showed the greatest changes in
gene expression was between 88 and 96 hr awp. By the
88 hr time point the wing cuticle appeared largely com-
plete by transmission electron microscopy. The 96 hr
time point was just before the eclosion of the pupa. We
found 1639 genes that showed a significant change in
gene expression between 88 and 96 hr and 270 of these
showed a 10-fold or greater change in expression. The
96 hr time point had the largest number of genes (87
genes) where >90% of their total FPKM was at that one
time point. The 96 hr genes did not show the extreme
bias in subcellular location that we saw in the 42 hr genes.
Consistent with cuticle deposition being largely complete
by this time only one of the 40 most highly expressed
genes was an annotated cuticle gene (CG3402) and the
expression of that gene peaked at 62 hr at a level more
than 10 times higher than its 96 hr value. The FPKM
value for CG3402 at 96 hr represented only about 0.5%
of the total 96 hr FPKM value. There were no families of
genes that were very highly represented and most the
highly expressed genes did not contain a signal sequence
or transmembrane domain suggesting that many of the
96 hr genes had internal cellular functions. Several nota-
ble features were detected among both 96 hr genes and
genes that were primarily expressed at a high level in
96 hr wings even if they did not fit the strict >90%
FPKM criteria. Most notable were several genes that
based on mutant phenotype are known to play a role in
pigmentation. Included among these are ebony (e), black
(b), Punch (Pu), pale (ple) and dopa decarboxylase
(Ddc)."® This makes sense as the darkening and scleroti-
zation of the adult wing takes place both at the end of the
pupal period and in the first few hours of adult life. There
were also several genes involved in apoptosis and



autophagy including hid, Dronc, Atgl3, Drep4 and
Drice.'® This also makes sense as the wing cells die soon

after eclosion stimulated by Bursicon signaling.'*""

Chitin synthesis and undulae

During the synthesis of cuticle, epidermal cells contain
cytoplasmic protrusions called undulae."” The undulae
are arranged as parallel units each of which extends over
a long section of the apical surface of the cell. A popular
model is that the undulae are sites of chitin deposition
with cuticle proteins being secreted from the valleys
between the undulae.'” We used transmission electron
microscopy to assay the morphology of the epidermal
cells and cuticle at various times during wing cuticle for-
mation. Our observations support the idea that the undu-
lae are sites for the secretion of cuticle contents but the
results suggest at least a strict version of the popular
model is incorrect. We observed undulae with closely
associated amorphous material before the time when we
could detect the trilaminar envelope (~35 hr awp)
(Fig. 3A). A few hours later we observed the amount of
amorphous material was reduced and instead we
detected trilaminar envelope directly over the undulae
(~42 h awp). It seems likely that the amorphous material
was a precursor to the envelope but that remains to be
determined. We also observed undulae closely juxtaposed
to the cuticle during the deposition of the epicuticle
(~52 hr awp). However, in other experiments we failed
to detect any chitin over the apical surface of wing cells
until the deposition of the procuticle had started (~62 hr
awp).”® Thus, undulae are present and appear to be sites
of deposition of cuticle material more than day before
when chitin starts to be deposited. This suggests that
undulae are sites of cuticular protein secretion. In con-
trast to the situation over the apical surface of wing cells
we did not routinely see undulae on developing wing
hairs (Fig. 3) even though they contain chitin. Thus,
undulae are not likely to be essential for the deposition of
chitin. We think the most likely explanation is that undu-
lae are part of the general mechanism for the secretion of
cuticle components over the apical surface of epidermal
cells but that this mechanism is modified for the forma-
tion of cuticle over specialized cellular structures such as
hairs.

The development of wing hydrophobicity

If one drops an anesthesized Drosophila into a dish of
water it floats and indeed it does not wet. This is common
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among insects. This is also true for wings that have been
removed from a Drosophila. During the dissection of
pupal wings for both transmission electron microscopy
and for isolating RNA for RNASeq we observed that
88 hr wings wet while 96 hr pupal wings (and the wings
of freshly eclosed adults) did not. Thus, something about
how this tissue interacts with water changed during this
8 hr period. Two factors have been implicated in produc-
ing highly hydrophobic surfaces. One is the microstruc-
ture of the surface.”’ ** An array of projections has been
found to be able to trap air and prevent the wetting of a
surface. In the case of the wing this is the array of parallel
cuticular hairs. In transmission electron microscopy the
hairs are well formed in both 88 and 96 hr wings so a
change in their shape is unlikely to be important for the
change in hydrophobicity. The second factor found to be
important is a hydrophobic waxy coat that covers the
external surface of the cuticle.*" This coating is usually
thought of as being important for both preventing desic-
cation and for pheromone signaling.” The external sur-
face of cuticle, the envelope is synthesized first but it
remains accessible by epithelial cells as pore canals pro-
vide a channel for this. Indeed, in our transmission elec-
tron micrographs we often observed what appeared to be
material being secreted from pore canals (Fig. 2). We sug-
gest that the deposition of a lipid coating happens
between 88 and 96 hr awp and this is essential for the
strong hydrophobicity of the fly wing.

What is the source of the lipids?

A set of large cells (oenocytes) located below the epi-
dermis is thought to be the source of the long chain
alkanes, alkenes and branched alkanes that form the
waxy coating that epidermal cells provide to the cutic-
ular surface.>>** The evidence for this is strong for
hydrocarbons that are used for pheromone signaling
but somewhat less so for the lipids that provide for
hydrophobicity. In the case of the wing and a variety
of other body regions the oenocytes are not located
close to epidermal cells so long distance intercellular
transport would need to play a major role in delivering
the lipid. If the oenocytes provide the coating lipids
then the wing epidermal cells would not need to
express genes that encode enzymes that modify the
structure of lipids although they would presumably
need to express genes that are used for lipid transport.
Since the change in hydrophobicity takes place in the
short period between 88 and 96 hr we predict that if
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the epidermal cells express genes that encode lipid
modifying/synthesising enzymes large increases in the
expression of these genes would take place very late in
pupal development. We assembled a list of 110 Dro-
sophila genes that are either annotated as having a
role in lipid metabolism/transport or that show
sequence similarity to genes known to have such a
role in other organisms. This list is likely incomplete
but it serves as a useful starting point. Based on our
RNASeq analysis at least 61 of these genes are
expressed in pupal wings. Some of these genes show a
decrease in expression late in pupal wing develop-
ment. For example, CG30427, CG5065 and CG8306
all of which encode fatty-acyl-CoA reductases. Among
these 61 genes were 15 that showed a dramatic
increase in expression level late in pupal wing develop-
ment (> 80 hr awp). These genes are good candidates
for playing a role in forming the hydrophobic coating
that likely plays a role in making the wing non-wet-
ting. The cuticular lipids of several insects have been
analyzed and they appear to be a complex mix-
ture.>”** Included are several waxes that contain long
chain fatty acids. Interestingly, among the 12 candi-
date genes are 5 fatty acid elongases (CG33110,
CG2781, baldspot, CG31523 and bond). The roles of
these genes in the development of cuticular hydropho-
bicity will need to be directly tested in the future. Our
data suggests that the wing epithelial cells are likely to
modify fatty acids transported from the oenocytes.
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