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ABSTRACT

The chitin modifying deacetylases (CDA) CDA1 and CDA2 have been reported to play partially redundant roles during insect cuticle formation and molting and
tracheal morphogenesis in various insect species. In order to distinguish possible functional differences between these two enzymes, we analyzed their function
during wing development in the fruit fly Drosophila melanogaster. In tissue-specific RNA interference experiments, we demonstrate that DmCDA1 (Serpentine, Serp)
and DmCDA2 (Vermiform, Verm) have distinct functions during Drosophila adult wing cuticle differentiation. Chitosan staining revealed that Serp is the major
enzyme responsible for chitin deacetylation during wing cuticle formation, while Verm does not seem to be needed for this process. Indeed, it is questionable whether
Verm is a chitin deacetylase at all. Atomic force microscopy suggested that Serp and Verm have distinct roles in establishing the shape of nanoscale bumps at the wing
surface. Moreover, our data indicate that Verm but not Serp is required for the laminar arrangement of chitin. Both enzymes participate in the establishment of the
cuticular inward barrier against penetration of xenobiotics. Taken together, correct differentiation of the wing cuticle involves both Serp and Verm in parallel in

largely non-overlapping functions.

1. Introduction

In order to adapt to external challenges, insects possess a cuticle that
covers the whole body including appendages such as wings. The cuticle
is composed of the polysaccharide chitin, proteins and lipids that are
distributed in three major layers: the envelope, the epicuticle and the
procuticle (Moussian, 2010). Chitin, the linear polymer of B-(1,4)-
linked D-glucosamine, interacts with chitin-binding proteins forming a
higher-order crystalline structure and thereby plays a critical role in
shaping tissues of various forms, sizes and mechanical properties
(Vincent and Wegst, 2004). Chitin deacetylases (CDA, EC 3.5.1.41), a
member of extracellular chitin-modifying enzymes, are secreted metal-
proteins that deacetylate chitin to partially convert chitin to chitosan
(Tsigos et al., 2000). CDAs have been identified in fungi, nematodes,
insects and other arthropods (Heustis et al., 2012; Vollmer and Tomasz,
2000; Xi et al., 2014). In insects, CDAs have been classified into five
groups (group I-V) based on the presence of additional motifs (Dixit
et al., 2008). Group I CDAs (CDA1 and CDA2) are the most studied
enzymes, which have a CDA-like catalytic domain, a chitin-binding
peritrophin-A domain (ChBD) in addition to a low-density lipoprotein
receptor class A domain. Group I CDAs are required for the

* Corresponding author.
** Corresponding author.

development of the tracheae and the cuticle (Arakane et al., 2009;
Luschnig et al., 2006; Wang et al., 2006).

In previous works, it was repeatedly shown that group I CDAs in
some insects have redundant functions. In Drosophila melanogaster, for
instance, both Serpentine (Serp, DmCDA1l) and Vermiform (Verm,
DmCDA?2) are required redundantly for chitin organisation in the cu-
ticle and the tracheal system where they modify the structure of the
luminal chitin matrix for controlled tracheal tube elongation (Luschnig
et al.,, 2006; Wang et al., 2006). Interestingly, Dong et al. found that
Serp, which was expressed in the fat body, was taken up by the tracheal
cells and transmitted to the lumen to regulate tube length. By contrast,
Verm played a key role on limiting tube length by a different me-
chanism (Dong et al., 2014). In the brown planthopper Nilaparvata lu-
gens, injection of double-stranded RNAs against NICDA1 and NICDA2
caused lethality with similar phenotypes such as growth reduction and
molting failure (Xi et al., 2014). Likewise, RNA interference (RNAIi)
against Tribolium castaneum group I CDAs, TcCDA1 and TcCDA2, re-
sulted in molting defects at different developmental stages and lethality
(Arakane et al., 2009; Dixit et al., 2008). Recently, the same group
reported that TcCDA1 and TcCDA2 were both required for the forma-
tion of higher structure chitin bundles in the T. castaneum cuticle (Noh

E-mail addresses: bernard.moussian@unice.fr (B. Moussian), zjz@sxu.edu.cn (J. Zhang).

! These authors contributed equally to this work.

https://doi.org/10.1016/j.ibmb.2019.05.008

Received 16 September 2018; Received in revised form 14 May 2019; Accepted 16 May 2019

Available online 18 May 2019
0965-1748/ © 2019 Published by Elsevier Ltd.


http://www.sciencedirect.com/science/journal/09651748
https://www.elsevier.com/locate/ibmb
https://doi.org/10.1016/j.ibmb.2019.05.008
https://doi.org/10.1016/j.ibmb.2019.05.008
mailto:bernard.moussian@unice.fr
mailto:zjz@sxu.edu.cn
https://doi.org/10.1016/j.ibmb.2019.05.008
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ibmb.2019.05.008&domain=pdf

M. Zhang, et al.

et al., 2018).

In our laboratory, we found that in the migratory locust Locusta
migratoria LmCDA1 and LmCDA2 located in an overlapping region of
the cuticle and the functional differences between these two genes were
observed based on RNAi combined with microscopic and ultrastructural
observations (Yu et al., 2016, 2018). We reported that LmCDA1 regu-
lated the thickness of chitin laminae through controlling chitin amounts
and chitin deacetylation degree, whereas LmCDAZ2 controlled formation
of the chitin laminae.

To explore the functional relationship between CDA1 and CDA2 in
detail, we studied their function in wing cuticle formation in D. mela-
nogaster by using a RNA interference (RNAi) approach. The use of the
wing cuticle combines several advantages. Application of the Gal4/UAS
expression system to generate wings with reduced serp or verm ex-
pression is not lethal allowing analyses of visible phenotypes in a
comparably simple and large cuticular tissue. Indeed, the D. melano-
gaster pupal or adult wings can be conveniently dissected, manipulated
and observed by microscopy. In this study, we combined the Gal4/UAS
expression system with the Gal4-suppressor Gal80 to accurately reg-
ulate serp or verm expression. Using these flies, in histological experi-
ments applying chitosan and chitin staining methods, Eosin Y in pe-
netrations assays and atomic force microscopy (AFM) and transmission
electron microscopy (TEM) in ultrastructural analyses, we demonstrate
functional differences between serp and verm during D. melanogaster
wing development.

2. Materials & methods
2.1. Drosophila strains and genetics

The hairpin RNA (hpRNA) coding uas-serp-RNAi (v15466) and uas-
verm-RNAi (v15464) strains were from the Vienna Drosophila Resource
Centre. The Gal4 driver lines nub-Gal4, tub-Gal80®, en-Gal4 and ap-
Gal4 were a gift from Prof. Jie Shen at the China Agricultural
University. w!??® was purchased from the Bloomington Drosophila Stock
Centre. All D. melanogaster strains are raised at 25 °C with standard corn
medium, while the cross lines of fruit fly are raised at 18 °C and shifted
to 30 °C when the Gal4/UAS system is required to be derepressed.

For Gal80 inactivation experiments, adult flies were first allowed to
lay eggs at 18 °C for 4 h. Next, the embryos were incubated at 18 °C for
24 h. For induction by temperature shift, animals were cultured in an
incubator at 30 °C for 24, 48, 72, 108 or 120 h. Thereafter, they were
placed back in an incubator with 18 °C until eclosion.

2.2. Image acquisition of the D. melanogaster wings and adults

Adults at day 3 after eclosion and their wings were selected for
imaging using a Multifocus Imaging System of Fluorescence Microscope
(MV PLAPO 1X, Olympus, Japan) equipped with a CCD camera
(DFC450 C, Leica, Germany). For each experiment, we set three repeats
and collected at least 35 offspring individuals per repeat. Average re-
spective values of three repeats were calculated after calculating the
average values of individuals in each tube.

2.3. Reverse transcription quantitative PCR (RT-qPCR)

The cDNA sequences of serpentine, vermiform and the reference gene
ribosomal protein 49 (rp49) were obtained from NCBI database. Specific
RT-qPCR primers were designed using Primer Premier 5.0. The primer
sequences are listed in Table 1. Total RNA from the wing discs of the
3rd instar larvae (30 wing discs for each repeat) or the pupal wing buds
(100 buds for each repeat at the white pupal stage, 36 h post pupation
at 30°C) was extracted using Arcturus™ CapSure™ LCM MicroCaps
(Thermo Fisher Scientific, USA) or RNAisoTM Plus (TaKaRa, Japan),
respectively. Of note, RNA extraction of wing buds may have con-
tamination of surrounding tissues. 1pg of total RNA was used to
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Table 1
Primers for PCR amplification.

Gene Primer Primer Sequences Product Size ( bp )
P49 Forward GACAGTATCTGATGCCCAACA 170
Reverse CTTCTTGGAGGAGACGCCGT
serp Forward CACTGGCGATGGTTTCTTCT 126
Reverse GCTAGGGCTTAGGGTTTGGT
verm Forward GTGGCTGAAGTCGAAGAAGG 205
Reverse GTTGGGCAGAGAGCAGTAGG
Gal4 Forward CACAACCAATTGCCTCCTCT 220
Reverse GGGTTTGGTGGGGTATCTTC

synthesize the first-strand ¢cDNA using M-MLV Reverse Transcriptase
(Promega, USA) with an oligo-(dT) 18 primer (TaKaRa, Japan). The
cDNA samples were diluted 40 times and used for RT-qPCR analysis.
The reaction solution consisted of 10 pl of SYBR Green qPCR Master Mix
(TOYOBO, Japan), 4.4yl of deionized water, 4l of diluted template,
and 0.8l of 0.4uM forward and reverse primers, respectively. The
qPCR conditions were as follows: denaturation at 95 °C for 1 min fol-
lowed by 40 cycles at 95 °C for 155, 60 °C for 31 s on an ABI 7300 real
time PCR machine (Applied Biosystems). A melting curve was de-
termined for each sample to detect the gene-specific peak and checked
for the absence of primer-dimers. We applied the 272Gy method to
quantify gene expression. Three independent biological and two tech-
nical repetitions were performed. t-test was applied for biological sta-
tistics analysis.

2.4. FB28 staining

Fluorescent brightener 28 (FB28), according to Sigma-Aldrich
(Germany) a chitin-detection dye, along with chitin binds weakly to
other polysaccharide such as glycogen and DNA (Moussian et al.,
2005). Adult flies at day 3 after eclosion were selected for dissecting the
wings, and then wings were cut along the antero-posterior (A-P)
boundary for FB28 staining experiments. First, the wings were fixed in
4% paraformaldehyde phosphate buffer (PBT 375ul, 4% paraf-
ormaldehyde 20 ul, 0.1% Trion-X100 3.9 ul) for 6-8 h, subsequently,
using phosphate buffer they were rinsed for 8 h before staining with
FB28 solution (1 mg/ml) for 24 h. After rinsing the specimens in PBT
buffer for 3 h, they were on an inverted Fluorescence Microscope (EVOS
FL, Elife, USA).

2.5. Eosin Y penetration assay

Day 3 adult flies were prepared for the Eosin Y penetration assay.
Whole flies were incubated in the dye solution (Eosin Y 0.5% (W/V)
(Sigma-Aldrich, America) which is a form of Eosin and most commonly
used as an acidic red stain and 0.1% Triton X-100) at 55 °C for 35 min
(Wang et al.,, 2016, 2017) in Thermostatic Metal incubators (Bori,
Hangzhou, China). Flies were then washed with water and the wings
were cut for imaging by Multifocus Imaging System of Fluorescence
Microscope.

2.6. Chitosan staining

A specific chitosan staining method was described to detect chitosan
based materials (Rossomacha et al., 2004), which showed chitin dea-
cetylation through the chromogenic reaction between chitosan (a po-
sitively charged biomaterial) and Fast Green (an anionic dye). Chitosan
with high deacetylation levels is easily detected by this method,
whereas chitin or chitosan with low deacetylation levels are hardly
detected. As shown in Supplementary Fig. 1, wild-type larvae are
stained by Fast Green, while serp, verm double mutant larvae fail to be
stained. Adult fly wings after 1 h of eclosion were dissected for staining.
Besides staining the whole wings, we also cut the wings of the Gal80",
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Fig. 1. Knockdown of serp or verm results in defects of Drosophila adult wings
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(A, E) Wild-type wings of uas-serp-RNAi and uas-verm-RNAi flies are oval shaped. (B) The shape of nub > serp-RNAi wings was normal. (F) Wings from nub > verm-
RNAI flies showed a crinkled phenotype. (C) The 4th wing vein of Gal80%, en > serp-RNAi wings was pale and thin. (G) In verm-knockdown flies, the posterior area
of the wings appeared crinkled. (D) 75% of wings of Gal80®, ap > serp-RNAi flies showed a blistered phenotype. (H) 6% of wings of Gal80", ap > verm-RNAi flies
had a crinkled phenotype. (I, J) Expression of serp or verm in the pupal wing primordia (36 h after pupation at 30 °C) after RNAi using the three different Gal4 drivers.
The red arrowheads point to wing defects compared with wild-type wings. Wing colour differences are due to different genetic backgrounds (Fig. S2). (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

en > GFP, Gal80", en > serp-RNAi and Gal80", en > verm-RNAi fly
lines along the antero-posterior (A-P) boundary. The staining method
was slightly modified as follows: wings were fixed in 4% paraf-
ormaldehyde solution (PBT 375 pl, 4% paraformaldehyde 20 pl, 0.1%
Trion-X100 1.95ul) for 3h. Wings were stained in 0.1% Fast Green
(Sigma-Aldrich, USA) solution (0.1 g Fast Green in 1000 ml ddH,O) for
48 h (Bright green). The chitosan signal of images of the wing cuticle
was acquired by the image studio software (Licor, USA) by using a light
microscope (Olympus, Japan).

2.7. Atomic force microscopy

The adult wing membrane was cut into small pieces and pasted onto
a mica sheet (Yasheng Science, China) with a double-sided adhesive
tape. The topography and force-displacement (F-Z) curves on the wing
membrane surface were measured by contact mode using Atomic Force
Microscope Multimode 8.0 from Bruker (USA). The piezoelectric
scanner of the AFM is able to detect a maximum area about 10X10 um?
of the fly wing membrane. In these experiments, samples were kept at
ambient air conditions with a relative humidity of 40% and a tem-
perature of 23 °C. The typical commercial SisN, cantilevers used have a
triangle tip and a force constant of approximately 0.4 N/m. The actual
cantilever stiffness was measured by Thermal Yune's method. To further
understand the wing membrane structure, a comparison of roughness
data on wing membrane surface and mean height of the nanoscale
bumps were analyzed by the Nanoscope Analysis 1.7 software.
Roughness of the surface was calculated from the equation:

Ry =, E(TZ’)Z where Rq is the root mean square average height devia-
tion taken from the mean image data plane, z is the height of surface
point, and N is the numbers of measuring points. Mean height of the
nanoscale bumps showed the absolute height of the bumps within a
specified area.

2.8. Transmission electron microscope (TEM)

TEM was performed as described in (Li et al., 2017). Whole wings of
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day 3 Gal80"; nub > GFP, Gal80"; nub > serp-RNAi, and Gal80";
nub > verm-RNAi flies that were raised at 30 °C after eclosion were
dissected, and fixed with 3% glutaraldehyde for 48 h at 4 °C. Thereafter,
wings were rinsed 3-4 times with phosphate buffer followed by post-
fixation in 1% osmium tetroxide for 3hat 4 °C. The samples were put
into the following concentration of acetone: 50, 70, 80, 90 and 100%
for dehydration in 10 min. After washing twice, wings were embedded
in Epon 812 at room temperature for 2 h. The samples were trimmed to
prepare ultrathin sections. Ultrathin sections of wings from different fly
lines were stained with 4% uranyl acetate and the ultrastructure of the
wing cuticle was observed by a JEM-1200EX transmission electron
microscope (TEM, JEOL, Japan).

3. Results

3.1. Serp and Verm are required for normal D. melanogaster wing
development

In order to better understand the function of Serp and Verm during
D. melanogaster wing development, we performed RNA interference
(RNAI) experiments crossing uas-serp-RNAi or uas-verm-RNAI fly lines
with three Gal4 driver lines that express Gal4 selectively in different
regions of the wing imaginal discs (Fig. S2).

To knockdown serp and verm expression in the whole wing imaginal
discs we used nub-Gal4. After depletion of verm (nub > verm-RNAi),
wings showed a crinkled shape and an ectopic wing vein was present in
one of the wing cells in contrast to the normal wings of uas-serp-RNAi,
uas-verm-RNAi or nub > serp-RNAIi flies (Figs. 1 and S3). Knockdown
of serp or verm in the posterior half of the wing was induced using the
en-Gal4 driver. Knockdown of serp in this region caused a very subtle
phenotype. A portion of the fourth wing vein was missing compared
with the control wing (Figs. 1C and S4E). To quantify this phenotype,
we determined the ratio of the length of the “missing” region to the full
length of the vein (Fig. S5). Knockdown of verm in this region resulted
in 100% of curling of the posterior area of the wings (Figs. 1G and S4F).
To suppress expression of serp or verm in the dorsal half of the wing, we
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Fig. 2. Detection of chitosan after down regulating the
expression of serp or verm in different areas of wings

(A, D, G, J, M) Control wings were light blue after staining
with Fast Green. (B) Reduction of serp expression in the
: .7+ whole wing caused lack of Fast Green staining. (C)
Reduction of verm expression had no effect on Fast Green

1 staining. (E) Reduction of serp expression in the posterior

half of the wing caused lack of Fast Green staining in the
whole wing. (F) Reduction of verm expression in the pos-
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terior half of the wing provoked an unsteady staining. To
enhance staining, we cut the wings with serp or verm sup-
pression in the posterior half along the posterior-anterior
axis. (H, K) The posterior half of wings with posterior serp
suppression, remained unstained in this experiment, while
the anterior half was positively marked. (G, J, I, L) Like
control wings, wings with verm suppression at the posterior
half, were fully stained. (N, O) Suppression of serp or verm in
the dorsal half of the wing did not prevent full staining of the
wing blade.

Of note, due to the long incubation time, Fast Green staining
is variable. Detection of chitosan after Fast Green staining is
therefore difficult to quantify between individual wings.
Because of the thicker cuticle, wing veins appear darker
within the same wing than wing membranes. Scale bar is 0.1
mm. (For interpretation of the references to colour in this
figure legend, the reader is referred to the Web version of
this article.)
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used the ap-Gal4 driver. Wings of ap > serp-RNAi flies were blistered
in 75% of cases (Figs. 1D and S4H). By contrast, only 6% of ap > verm-
RNAI flies exhibited overt changes in wing shape (Figs. 1H and S4I).
Interestingly, defects in notum formation were observed in these flies
(Fig. S4I). These results suggest that Serp and Verm are essential for
wing formation and that their functions differ during wing develop-
ment.

To verify whether RNAi induced down-regulation of serp and verm
expression was successful, we examined the expression profiles of their
transcripts in the wing primordia of respective RNAi flies at 36 h (30 °C)
after pupating (Fig. 1I and J). Wing primordia of uas-serp-RNAi and uas-
verm-RNAI flies were used as controls. Of note, during wing primordia
preparation, we were unable to avoid contamination from surrounding
tissues. We found that serp and verm expression was partially down-
regulated in the respective flies with a silencing efficiency higher than
65% compared with transcript levels in wild-type flies. We additionally
determined the efficiency of serp and verm RNAIi in 3rd instar larval
wing discs during serp and verm hpRNA expression by the three dif-
ferent Gal4 drivers (Fig. S6). We found that serp and verm expression
was down-regulated in the respective imaginal discs. Especially,
nub > Gal4 driven hpRNA expression considerably suppressed serp or

verm expression. As expected because of tissue portions without sup-
pression, wing discs with ap > Gal4 and en > Gal4 had comparably
higher serp and verm transcript levels after RNAi induction.

3.2. Knockdown of serp, not verm, disrupts chitin-chitosan conversion

To determine the deacetylation ability of Serp and Verm, we ana-
lyzed the deacetylation degree of serp or verm-depleted wings applying
a Fast Green staining protocol (Rossomacha et al., 2004). The whole
wing was stained by Fast Green in the three different Gal4 control fly
lines as well as in the Gal80™; nub > verm-RNAIi, (Gal80%, ap > verm-
RNAi) and (Gal80%, ap > serp-RNAi) fly lines (Fig. 2A, C, D,M and O).
The posterior wings of the Gal80®, en > verm-RNAi flies were also
stained (Fig. 2F). By contrast, the wings of Gal80%; nub > serp-RNAi
and Gal80%, en > serp-RNAi flies remained unstained after incubation
with Fast Green (Fig. 2B and E).

Unexpectedly, both the anterior and posterior areas of Gal80%,
en > serp-RNAi wings and the anterior half of Gal80%, en > verm-
RNAi wings were unstained (Fig. 2E and F). We reckon that the genetic
background of Gal80®, en > serp-RNAi or en > verm-RNAi blocked
Fast Green penetration through the cuticle. In order to allow dye
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Fig. 3. The functional period of serp or verm during
Drosophila wing development

(A, B) Eosin Y penetrates two areas in the posterior half of
the control wing at 55 °C. Suppression of serp or verm caused
excessive Eosin Y penetration in the area of suppression in-
duced during larval stages (upper panels). Suppression of
neither serp nor verm induced during pupal development
changed the Eosin Y penetration pattern (lower panels).

penetration, we cut the wings along the anterior-posterior boundary
before staining with Fast Green. The posterior area of the wings was
faintly stained in Gal80®, en > serp-RNAi flies, while the anterior area
of these wings was clearly stained (Fig. 2H and K). By contrast, both
halves of Gal80®, en > verm-RNAi and Gal80®, en > GFP control
wings were stained (Fig. 2G, J, 2I and 2L). Taken together, we carefully
conclude that the function of Serp might be to convert chitin to chitosan
whereas Verm does not seem to have any detectable deacetylation ac-
tivity.

3.3. Serp and verm are needed for wing cuticle impermeability and wing
vein stability

To investigate whether Serp and Verm function is required for wing
cuticle impermeability, we incubated the wings of the RNAi flies in an
Eosin Y solution (Wang et al., 2016). In control wings, two areas in the
posterior half were stained by Eosin Y at 55°C (Fig. 3A, 3A’, 3E and
3E’). Suppression of serp or verm expression in the entire wing of
Gal80%; nub > serp-RNAi or Gal80"; nub > verm-RNAi flies at the
larval stage caused penetration of Eosin Y in the whole wing (Fig. 3B
and F). Likewise, the whole wing of Gal80%, ap > serp-RNAi or Gal80",
ap > verm-RNAi flies with reduced serp or verm expression in the
dorsal half of the tissue induced at the larval stage, respectively, were
stained by Eosin Y (Fig. 3D and H). Finally, Eosin Y penetrated the
posterior half of the wings of Gal80®, en > serp-RNAi or Gal80,
en > verm-RNAi flies which were driven at larval stages (Fig. 3C and
G). These results together indicate that reduced expression of Serp and
Verm enhance local wing cuticle permeability.

To characterize the influence of Serp and Verm on wing vein cuticle,
we investigated the penetration of FB28, a polysaccharide-specific dye,
into the cut wing vein cuticle (Fig. S7). In control Gal80"; nub > serp-
RNAi, Gal80%; nub > verm-RNAi and Gal80%, ap > verm-RNAi fly
wing veins, penetration of FB28 is restricted to the veins (a-b’ in Fig.
S7A and S7B, d and d’ in Fig. S7B), whereas in (Gal80%, en > serp-
RNAIi), (Gal80%, en > verm-RNAi) and (Gal80%, ap > serp-RNAi) flies
FB28 flowing through the veins laterlly diffused to some extent into the
blade cuticle (¢’ in Fig. S7A and S7B, d and d’ in Fig. S7A). In summary,
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Serp and Verm are needed for wing vein cuticle integrity.

3.4. Larval expression of serp and verm is essential for wing cuticle
formation

To determine the precise period of serp or verm gene requirement,
we sought to induce Gal4 activity at different time points during fly
development using the temperature-sensitive Gal4 suppressor Gal80" in
combination with nub-Gal4, en-Gal4 and ap-Gal4 in RNAi experiments.
To monitor serp or verm activity, we observed the areas of Eosin Y pe-
netration after knockdown of serp or verm in Eosin Y penetration assays
during (Figs. 3 and S8). Deactivation of Gal80" during pupal stages of
nub > serp/verm-RNAi, en > serp/verm-RNAi or ap > serp/verm-
RNAI flies did not have any effect on Eosin Y penetration into wings.
This unexpected result may be due to low RNAI efficiency during pupal
stages when Gal4 expression declines (Fig. S2). Deactivation of Gal80"
during larval stages did not induce Eosin Y penetration into wings of
serp-RNAi expressing flies until 108h post-hatching (third instar
larvae). Ectopic penetration of Eosin Y into these wings occurred when
Gal80"™ was deactivated 120 h post-hatching. Eosin Y penetration into
the wings of verm-RNAi was observed when Gal80" was deactivated
96 h post-hatching or later (Fig. S8). These data suggest that Serp and
Verm are needed for the construction of the wing barrier at different
time points.

3.5. Suppression of serp or verm affects the structure of the wing surface

The wing membrane is decorated with bristles and nanoscale bumps
(Lietal., 2017; Wagner et al., 2012). Changes in the wing cuticle matrix
may result in changes in the shape of surface structures. To test this
hypothesis, the wing membranes of nub > serp/verm-RNAi, en >
serp/verm-RNAi or ap > serp/verm-RNAi lines were imaged with an
atomic force microscope (AFM). There were regularly spaced nanoscale
bumps on the wing surfaces of the different control fly lines (Fig. 4A).
On the wings of Gal80™; nub > serp-RNAi flies, the nanoscale bumps
were quasi absent (Fig. 4B), while on Gal80; nub > verm-RNAi wings,
they appeared to be thicker than those on the control wings and
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Mean of height of

Fig. 4. Long range atomic force microscope (AFM) topography scans of wing membrane surfaces of control, serp or verm down-regulating flies

(A-C) Regularly spaced bumps cover the surfaces of control and serp or verm-reduced wings. (arrow, A, D) These bumps are dome-shaped (arrow) with a height of
around 30 nm in control flies. (B, D) They are shorter (arrow, around 10 nm) or thinner after serp suppression. (C, D) They are taller (arrow, around 60 nm) or thicker
when verm is down regulated. Compared to control, surface roughness is also significantly changed when serp or verm expression is suppressed (E).

occasionally split into two parts (Fig. 4C). Using these images, we
measured the mean height of the nanoscale bumps in dependence of
Verm or Serp function (Fig. 4D). Nanoscale bumps were dramatically
reduced in size (0.31 fold) on Gal80™; nub > serp-RNAi wings. By
contrast, nanoscale bump size was increased (1.94 fold) on Gal80%;
nub > verm-RNAi wings. Consistently, roughness of the wing surface is
significantly raised in Gal80"; nub > verm-RNAi flies, but is sig-
nificantly reduced in Gal80%; nub > serp-RNAi flies (Fig. 4E). Thus,
Serp and Verm have distinct effects on wing surface structure.

3.6. Verm but not Serp is needed for laminar organisation of the wing
procuticle

We next analyzed the effects of verm and serp down-regulation on
the wing cuticle ultrastructure (Fig. 5 and Fig. S9). The wing cuticle of
Gal80%; nub > GFP control flies consists of a thick laminar procuticle
and a thin epicuticle. In Gal80"; nub > serp-RNAi flies, the wing cu-
ticle matrix structure was normal. By contrast, in Gal80"; nub > verm-
RNAI flies, the laminar organisation of the procuticle was lost. In
summary, Verm is required for the laminar organisation of the wing
cuticle while Serp is not.
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4. Discussion

In a series of articles, the laboratory of Matthias Behr reported that
in the assembly zone of the D. melanogaster cuticle, where chitin fibres
are deposited and organised adjacent to the apical plasma membrane,
the chitin deacetylases Serp and Verm, the chitin organising factors
Knickkopf (Knk) and Obst-A and Chitinase2 interact during cuticle
formation in D. melanogaster larvae (Pesch et al., 2017). As shown here
and previously (Li et al., 2017), Knk, Serp and Verm are also active
during wing cuticle formation. As we know that at least Chitinase2 is
also present in this tissue (Sobala and Adler, 2016), we conclude that
the chitin organisation machinery is conserved in larvae and the wing.
Interestingly, at least knk and serp/verm expression is under the control
of different signalling pathway suggesting a more complex situation at
the transcriptional level (Gangishetti et al., 2012). Our data presented
here indicate moreover that the two chitin deacetlyases Serp and Verm
have non-redundant functions during cuticle formation, but common
roles in cuticle barrier function.

4.1. Serp is the major chitin deacetylase in the fly wing

CDAs, which belong to the family of carbohydrate esterases (CE 4),
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modify chitin to chitosan. Neville (1975) speculated on the importance
of this reaction in defining the physical properties of the cuticle. Among
others, he proposed that different proteins may bind to either poly-
saccharide. Although it was repeatedly shown that the group I CDAs
CDA1 and CDA2 are both essential for normal insect development
(Arakane et al., 2009; Campbell et al., 2008; Luschnig et al., 2006;
Quan et al., 2013; Wang et al., 2006), the enzyme indeed responsible
for chitin deacetylation had not been identified. Using a chitosan
staining assay, we demonstrate that Serp is the major chitin deacety-
lase, while Verm has no detectable effect on chitosan levels in the wing
cuticle. This finding is in line with a recent report on the function of
CDAL1, the orthologue of Serp and CDA2, the orthologue of Verm in the
nymphal cuticle of the migratory locust Locusta migratoria (Yu et al.,
2018). Moreover, the Verm CDA domain lacks important amino acids
arguing that it is not a functional CDA (Luschnig et al., 2006). Thus, we
propose that in insects in general CDA1 is the major chitin deacetylase
in the cuticle.

4.2. Procuticle laminar organisation is independent of Serp but requires
Verm

According to a theory formulated by Neville (1975), chitosan and
chitin are recognised and bound by different proteins thereby defining
the physical properties of the cuticle. A central question is as to what
extent the chitin-chitosan ratio accounts for procuticle laminar struc-
ture. We show that down-regulation of Serp (CDA1l) and by con-
sequence lack of bulk chitosan does not interfere with the laminar or-
ganisation of the procuticle. Down-regulation of Verm (CDA2), by
contrast, that does not cause detectable reduction of chitosan, has a
dramatic effect on procuticle laminar structure and the chitin matrix
loses its compactness. The situation is identical in L. migratoria, a
hemimetabolous insect (order Orthoptera), which is only distantly

Gal80%; nub>verm-RNAI
(30°C)
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Fig. 5. Ultrastructure of the wing cuticle in con-
trol and serp or verm suppressed flies

The ventral and dorsal cuticles of control and serp
suppressed wings at the position of the L2 vein and in
the wing membrane consists of a laminate procuticle
and the above epicuticule (A, B, D, E, G, H). The
procuticle of the ventral and dorsal cuticle of verm
knock-down wings at the same positions is not la-
minate (C, F, I). Additionally, it has lost its com-
pactness. The irregularities at the surface of this cu-
ticle may stem from the nanoscale bumps. In the
membrane of control wings and of wings with re-
duced serp expression, the dorsal and ventral cuticles
are laminar and contact each other (G, H). In the
membrane of wings with reduced verm expression,
the dorsal and ventral cuticles detach from each other
.

The outermost envelope is not visible in these elec-
tron-micrographs. L2V: longitudinal 2 vein, Epi:
Epicuticle; Pro: Procuticle.

related to D. melanogaster (order Diptera): CDA2 like Verm is needed for
the laminar organisation and compactness of the procuticle in nymphs
(Yu et al., 2016), while CDA1 like Serp is dispensable for this process
(Yu et al., 2018). The situation is different in T. castaneum, a holome-
tabolous insect (order Coleoptera), which is, compared to L. migratoria,
closely related to D. melanogaster. Noh et al. observed a severe loss of
laminar organisation in the cuticle of the soft hindwing and the rigid
elytron after RNAi against TcCDA1 or TcCDA2 (Noh et al., 2018). They
found that short chitin fibrils are enriched upon depletion of TcCDA1
and TcCDA2. Of course, the chitin deacetylation capacity of TcCDA1
and TcCDA2 remains to be tested. In summary, they proposed that
elongation of chitin nanofibers and their as well arrangement at the
higher order structures depends on deacetylation. This is apparently not
the case in D. melanogaster wings and in L. migratoria nymphs. Taken all
these findings and observations together, we hypothesize that CDA1
and CDA2 activities vary in insect orders irrespective of the evolu-
tionary relationship.

4.3. Cuticle barrier function depends on Serp and Verm

Wang et al. found that the insect cuticle inward barrier involves
surface lipids and is temperature-dependent using an Eosin Y penetra-
tion assay (Wang et al., 2016, 2017). Here, we found that knockdown of
serp or verm transcripts increased the penetration area of Eosin Y on the
adult fly wings. Surprisingly, this knockdown induced during larval
stages was sufficient to interfere with the cuticle barrier function.
Possibly, transcript accumulation or protein storage in the cells of wing
imaginal discs during larval development is a crucial process for Serp
and Verm function. In any case, we conclude that an — not necessarily
morphologically - intact procuticle is essential for the inward barrier
function of the cuticle. Our previous finding that Knickkopf (Knk), a
chitin-organising protein is required to prevent xenobiotic penetration
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into the wing cuticle supports this conclusion (Li et al., 2017). The
ultrastructural differences between serp and verm depleted wings allows
moreover concluding that the laminar organisation of the procuticle is
not per se contributing to the barrier function.

4.4. Serp and Verm change the surface of Drosophila wing membrane

Nanostructures on the wing surface of insects have been reported to
be involved in self-cleaning, hydrophobicity, and aerodynamic drag
reduction of the wing (Byun et al., 2009; Watson et al., 2008, 2010). In
D. melanogaster, different types of wing surface structures have been
described (Wagner et al., 2012). 100 nm bumps corresponding to the
nanoscale bumps presented in this work, are proposed to contribute to
surface hydrophobicity. Penetration problems in serp and verm depleted
wings, hence, may be due to changes in the wing surface structure. In
serp-less wings, the nanoscale bumps are almost missing probably
causing loss of penetration protection. In verm-less wing, by contrast,
the nanoscale bumps are misshapen and bigger than on control wings.
This defect may reduce optimal protection against penetration. Con-
sistently, the nanoscale bumps on wings with down-regulated knk ex-
pression are comparably small and xenobiotic penetration into these
wings is enhanced (Li et al., 2017). Together, these findings suggest that
the procuticle may contribute to the inward barrier function of the
cuticle by ensuring correct structuring of the wing surface.
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