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ABSTRACT

The Nimrod gene cluster, located on the secondnebsome oDrosophila melanogaster, is the
largest synthenic unit of th®rosophila genome. Nimrod genes show blood cell specific
expression and code for phagocytosis receptorgpthgta major role in fruit fly innate immune
functions. We previously identified three homologaienesv@jk-1, vajk-2 andvajk-3) located
within the Nimrod cluster, which are unrelated be tNimrod genes, but are homologous to a
fourth gene\ajk-4) located outside the cluster. Here we show thdikelthe Nimrod candidates,
the Vajk proteins are expressed in cuticular stmest of the late embryo and the late pupa,

indicating that they contribute to cuticular barrfienctions.

Keywords. gene cluster, Nimrod, innate immuniy;osophila, cuticle development, trachea

1. Introduction

The protection of organisms from pathogens requivesoncerted action of several layers of
defense, including mechanical and immune componerte first line of defense against
infection comprises a physical barrier, the skime mucosa and chemical barriers that stop
microbes and parasites from entering the bodyhdfgathogens are able to get past the physical
barrier, a constitutive second line of defensecatiadhe pathogens, which involves proteolytic

cascades in the body fluid, as well as phagocytosdiated by a group of immune system cells.
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The third line of defense is comprised of inducibl&imicrobial peptides and effector cells,
differentiating after immune induction, involved separation of large particles. These three
layers of defense are the major components of rthaté immune system, a phylogenetically
conserved module, based on the same principlel muticellular organisms, including insects
and mammals.

The Nimrod gene cluster, on tirosophila melanogaster second chromosome, is a major
component of the innate immune response (Kuruet.£2007; Kurant et al., 2008; Zsamboki et
al., 2013). The distribution of genes in this obusis similar over distantly related arthropod
species, indicating that the cluster remained predantly intact during the last 300-350 million
years (Somogyi et al., 2010). The expression patérseveral genes located here is blood cell
specific, and the encoded proteins play a centdal in the immune response. All Nim proteins
contain a characteristic EGF-repeat, the Nim-donfléurucz et al., 2007; Somogyi et al., 2008).
NimA, NimB1, NimB2 and NimC1 proteins possess baatdinding capacity and are important
for the phagocytosis of bacteria (Kurucz et alQ2®samboki et al., 2013), the NimC4 (SIMU)
protein has role in glial phagocytosis of apoptateurons (Elliott and Ravichandran 2008;
Kurant et al., 2008; Shklyar et al., 2013). Anothiam family member, Hemese, was shown to
play a modulatory role in hemocyte activation arogment (Kurucz et al., 2003).

Besides thdHemese and Nim genes, the cluster also contains candidates veitrugknown
function. Thevajk-1, vajk-2 andvajk-3 genes are located in the large introranée-3, and are
transcribed in the opposite direction. Téree genes were suggested to be involved in immune
defense, as itocusta migratoria hemocytes, their expression is significantly emeanafter
stimulation by bacterial lipopolysaccharides (Masoet al., 2003; Duressa et al., 2016) or
following a Wolbachia infection in the fruitfly (Xi et al., 2008). Theajk-4 gene, a paralogue of
the vajk-1, vajk-2 and vajk-3 genes, is located outside of the cluster, but stil the second
chromosome. Theajk genes were previously suggested to play roleshénitnate immune
defense (Irving et al., 2005; Somogyi et al., 20Y8¢ have therefore carried out a molecular and
immunological analysis of the encoded proteins enckal that they exhibit characteristics of
cuticular proteins and therefore are essential covapts of the cuticle, the mechanical barrier
facing the challenges by pathogen.

2. Materials and methods
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2.1. Drosophila stocks and culturing

The following fruit fly stocks were used: wild ty@regon R, w8, w;actin-GAL4/CyO,GFP
(4414) w;Da-GAL4 (55849), w; alphaTub67C-GAL4 (7063), w;UAS-GFP (4775) from
Bloomington Drosophila Stock Centé(3)mbn-1/TM6B, Tb (Konrad et al., 1994)y;btl-GAL4
(Shiga et al.,, 1996)Flip-FRTy,w,UASFLP;Act5C-FRT-STOP-FRT-GAL4,UAS-GFP lineage
tracing line (Honti et al., 2010JJUASRNAI transgenic stocks were obtained from the Vienna

Drosophila RNAI Center (http://stockcenter.vdrc.at) and fridme National Institute of Genetics

RNAI Center (NIGfly), Kyoto (www.shigen.nig.ac.jp/fly/nigfly/) For the analysis of theajk-1
gene the V102445/KK, V38024, V38026 and 16886-R3tle vajk-4 gene the 36642 and the
15514 UASRNAI transgenic stocks were used. Strains were kepbd on standard yeast-
cornmeal food. Age-synchronizddrosophila populations were used in the experiments. The
early pupae represents 1:1 mixture of 24 and 4l the late pupae 1:1 mixture of 72 and 96 h

pupae harvested after puparium formation.

2.2.1solation of RNA and synthesis of the cDNA

The RNA was isolated using TRIzol Reagent (Invieog The contaminating DNA was
eliminated by DNase | treatment (Fermentag)gIRNA was treated with 1 u DNase | and then

reverse transcribed using RevertAid First StrantlAC5ynthesis Kit (Fermentas).

2.3. Reverse transcribed polymerase chain reaction (RT-PCR)

In the RT-PCR 1 pl undiluted cDNA was used as tamephnd 40 cycles were applied. The
primer sets used to detect the transcription ofvéljle genes are listed in Table 1. The vajk-1 fw
and vajk-1 AB rev primers were used to amplify @81 bp fragment representing both, the
CG16886-RA and the CG16886-RRjk-1 transcripts; vajk-2 fw and vajk-2 rev were used fo
detecting thevajk-2 transcript (828 bp), vajk-3 fw and vajk-3 rev tiwe vajk-3 transcript (849

bp) and vajk-4 fw and vajk-4 rev for thajk-4 transcript (1003 bp) respectively. To test the

quality of the cDNA isolated from blood cells weedsthe hemese fw and hemese rev primers,



125 which generate a 175 bp fragment. In case of genddNA contamination, a 354 bp PCR
126 fragment was expected. To analyze the performahtteeoajk specific primer sets, we also used
127 vectors containingajk cDNAs as templates in the PCR. The RH73259, RH04BR02234 and
128 LD27203 cDNA vectors, were obtained from BDGP GoldDNA Collection
129 (https://dgrc.cgb.indiana.edu/vectors/Gold). Fuwth@e, in positive control reactions the
130 housekeeping ribosomal gene specific rp49 fw ad8 rpv primer set was used, which amplifies
131 a 316 bp fragment.

132

133  2.4. Generation of constructs encoding the recombinant Vajk proteins

134

135 To amplify the entire coding region of tivajk genes the RH7325%94jk-1), the RH04334

136 (vajk-2), the HL02234 \(ajk-3) and the LD27203véjk-4) cDNA clones were used as templates.
137 In case of thevajk-1 gene we used the vajk-1 fw and vajk-1 A rev prenéfable 1), which
138 generate an 1137 bp fragment consisting the cadigion of the CG16886-RA, without its stop
139 codon For thevajk-2, vajk-3 and thevajk-4 genes we used the same primer set as in case of th
140 RT-PCR (Tablel). Because the used primers carmptadeestriction sites the obtained fragments
141 were digested with EcoRI and Xbal restriction enegrand cloned in the EcoRI/Xbal site of the
142 pB-FLAG vector (Zsamboki et al., 2013). The obtdigGC22, pGC16, pGC14 and pGC24
143 clones carry thevajk-1, the vajk-2, the vajk-3 and the vajk-4 cDNA fragments respectively,
144  followed in frame by the FLAG tag coding region,otvtop codons and an additional Notl
145 restriction site. DNA sequence analysis was doniegus BigDye Terminator v3.1 Cycle
146  Sequencing Kit (Invitrogen) and a 3500-Genetic Arat (Applied Biosystems). The obtained
147 plasmids were digested with EcoRIl and Notl restictenzymes and after isolation of the
148 fragments containing the whole fusion construdteytwere cloned in the EcoRI/Notl site of the
149 pENTRS3C vector (Invitrogen). pGC44/gfk-1), pGC38 Yajk-2), the pGC42 \ajk-3) and the
150 pGC46 yajk-4) plasmids were obtained. With site-specific recoraton using Gateway
151 reaction the fusion constructs were further tramsteinto the pDEST20 vector (Invitrogen).
152 The pDEST"20 moreover provides a polyhedrin promoter and aerhinal GST tag coding
153 region to the constructs. The obtained pGG&Bk({1), pGC66 Vajk-2), the pGC69 \ajk-3) and
154 the pGC72 Vajk-4) clones were used for transforming DH10BECc coli competent cells

155 (Invitrogen). The DH10Bac cells contain a baculosirshuttle vector (bacmid) that can
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recombine with the pDEST20. The recombinant clooasying the constructs (polyhedrin
promoter, N-terminal GST taggjk coding region, C-terminal FLAG tag, stop codonggre
selected according to the manufacturer’s instrastio

To create the plasmid construct expressing the -G recombinant proteins, the
previously described EcoRI/Notl fragment carryihg ¥ajk cDNA fragment and the FLAG-tag
coding regions, were cloned into the EcoRI/Note sif pFastBad'Dual vector (Invitrogen),
downstream of the polyhedrin promoter. The obtaip&€51 ¢ajk-1), the pGC29\gjk-2), the
pGC32 yajk-3) and the pGC52vgjk-4) clones were used to generate bacmid DNS conssuct

described above.

2.5. Expression and isolation of the recombinant Vajk proteins

The recombinant Vajk proteins were expressed ima@ulovirus expression system (Bac-to-
Bac, Invitrogen). The obtained bacmid DNA constsucescribed above, were isolated and Sf9
cells were transfected using Cellfectin Il reag@mtitrogen). Sf9 cells were grown in TNM-FH
Insect Medium (Invitrogen) supplemented with 10%affealf serum (PAA Laboratories GmbH)
and 5mM glutamine (PAN Biotech). The transfecte@ &tlls produced the recombinant Vajk
proteins. For protein isolation the used lysis buffontained 150 mM NaCl (Molar Chemicals
Kft), 40 mM Tris (Reanal) pH 7.5, 10% glycerol (M&), 0.1 % NP40 (Fluka), 5 mM EDTA
(Sigma), 1mM PMSF (Sigma) and Complete Proteas#itoh Cocktail (Roche) according to
the manufacturer’s instructions. Sf9 cells (8)1@ere suspended in 1 ml lysis buffer and were
three times sonicated for 1 min on ice, each stioitdollowed by freezing (in liquid nitrogen)
and thawing. The protein lysates were centrifuget8®00xg for 10 min at 4°C. Supernatants
containing the GST-Vajk-FLAG recombinant proteinserev incubated with Glutathione
Sepharose 4B (GE Healthcare) 4 h at 4°C. Beads wasbed 3 times with high salt buffer (1M
NaCl, 40 mM Tris pH 7.5, 10% glycerol, 0.1 % NP&0mM EDTA) and three times with low
salt buffer (150 mM NaCl, 40 mM Tris pH 7.5, 10%yatrol, 0.1 % NP40, 5 mM EDTA).
Elutions were done in low salt buffer containing83 gluthatione, reduced (Reanal). Eluted
samples were boiled 5 min in sample buffer contayrd.6 M DTT (Thermo Scientific), loaded
for SDS-PAGE and analyzed with Western blot usingnational mouse anti-FLAG M2
antibody (Sigma) at a dilution of 1:1000. SamplesaMoaded for SDS-PAGE and stained with
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Coomassie Brilliant Blue. Gels were destained Wi@Bo acetic acid followed by washing 4 h in

sterile Millipore water. The respective protein bamvere excised.

2.6. Immunization and analysis of antibody specificity

Gel sections containing the GST-Vajk-FLAG recombingroteins were homogenized in
sterile PBS buffer, and 10 pg recombinant proteas wjected in Complete Freund Adjuvant
(DIFCO) subcutaneously into BALB/c mice. Immuninatiwas repeated monthly, to a total of
four times in Incomplete Freund Adjuvant (DIFCO)n&®week after the fourth immunization
antisera were prepared and tested using Westetratdbysis on lysates of Sf9 cells, expressing
the recombinant Vajk-FLAG proteins. Monoclonal mewsnti-FLAG antibodies (Sigma) were
used as positive controls. In parallel the obtaiaetibodies were also tested Bmosophila
samples. Although each antibody displayed the drgesignals on Sf9 lysates, the anti Vajk2
and the anti Vajk3 antibodies were unreactivédoosophila samples (data not shown).

2.7. Indirect immunofluorescence and immunohistochemistry

Localization of the Vajk proteins was analyzed wittirect inmunofluorescence, as follows.
The chorion of the embryos was removed with 2 moubation in 21 g/l sodium hypochloride.
Samples were washed with water extensively followgdiitelline membrane permeabilization
and fixation for 40 min in a 1:1 mixture of n-hepta(Reanal) and 35% formaldehyde (Reanal).
One volume of -20°C cold methanol was added ts#mples and was shaken vigorously for one
min to remove the vitelline membrane. Liquid comgats of the sample were removed and
embryos were washed 3 times with cold methanolpvwie@dd by washing for 5 min in 2:1
metanol: PBT [PBS, 0.1% Triton X-100 (Sigma)]; 5nm 1:1 methanol:PBT; two times 10 min
in PBT and once 30 min in BBT [PBS, 0.1% Triton B0] 0.1% BSA (Sigma)]. Primary
antibodies were diluted 1:500 in PBT-N (PBT, 1% BSAo fetal calf serum) and incubated with
the samples overnight at 4 °C. Mouse &rtibulin E7 (Hybridoma bank) monoclonal antibody
1:100, and normal mouse serum, 1:500 were usedrasots. Washing was performed 3 times
for 5 min and once for 30 min in PBT. Alexa Flu@&84goat anti mouse IgG (Invitrogen, 1:1000)

was used as secondary antibody and DAPI (SigmaDL#0 visualization of the nuclei, both



218
219
220
221
222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245
246
247
248

diluted in BBT. Incubation was done for 1 h at rotemperature, followed by three 10 min
washes in PBT. Samples were mounted in Fluorom@un{SouthernBiotech). Culticle
preparations were fixed with 2% paraformaldehydelfd minutes, and blocked with 0.1% BSA
in PBS supplemented with 0.01% Triton X-100 for rath. Following the incubation with the
primary antibodies (as described above) sample® weashed 3 times for 5 min in PBS,
incubated with secondary antibodies for 45 min, heds3 times for 5 min and mounted in
Fluoromount-G. Samples were examined with an epiflsicence microscope (Zeiss Axioskope 2
MOT) or an Olympus FV1000 confocal LSM microscoppeages were edited and analyzed with
the ImageJ program (http://imagej.nih.gov/ij/).

To analyze the tracheolae running along the intifigght muscles of the vajk-1 silenced
pupae, pharate adults were reared at 29°C andcthslsBom the pupal case at stage P15. After
removal of their head and the abdomen, the rengitiioraxes were fixed for 2 hours in PBS
with 4% formaldehyde. The thoraxes were then wésheP’BS and soaked in PBS with 10%
sucrose over night at 4°C, before being embeddé&dim and cryosectioned into 6-10 pm slices.
The sections were labelled with anti-Nidogen (1@,0kindly provided by Ruth Palmer, used
previously by Wolfstetter et al., 2009 and a FIT@jagated chitin-binding probe (1:500, New
England Biolabs #P5211S) and viewed by confocaginta

For immunohistochemistry samples were fixed andubated with the first antibody as
described for the indirect immunofluorescence. Torenmary antibody was detected with
Biotinylated Polyclonal Goat Anti-Mouse Immunogldiou and Streptavidin/HRP (Dako
Denmark A/S). The chromogen was 3-amino 9-ethylzhsole (Sigma).

2.8. Western blot analysis

Whole organisms of different developmental stagesewused to prepare lysates for Western
blot analysis as described under section 2.5. Tio¢eip concentration of the samples was
determined and 300 pg protein was loaded in eadhoiv¢he 10% SDS-PAGE. The sample
buffer contained DTT. Following the separation,tpias were transferred to a PVDF membrane
(Millipore) using a wet electroblotting system (BRad). The membranes were blocked for 1 h
with TBS buffer (10 mM Tris pH 7.5, 150 mM NaCl)rdaining 5% fat free milk powder, rinsed
with TBS and incubated with the primary antibodidsted in TBS containing 1% BSA, for 1 h.
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The membranes were washed 3 times with TBS, 10 eath, followed by incubation with
HRPO-anti-mouse IgG secondary antibodies (GE Heal#) at a dilution of 1:5000. The
reaction was visualized with ECL Plus (GE Healtbgaaccording to the manufacturer’'s

instructions.

2.9. Chitin binding assay

Sf9 cells (8x16) producing Vajk1-FLAG, Vajk4-FLAG, and NimC1-FLA@samboki et al.,
2013) recombinant proteins were lysed in 1 ml Iysidfer containing 150 mM NaCl (Molar
Chemicals Kft), 40 mM Tris (Reanal) pH 7.5, 10%agsol (Merck), 0.1 % NP40 (Fluka), 5 mM
EDTA (Sigma), 1mM PMSF (Sigma) and Complete Praeashibitor Cocktail (Roche),
according to the manufacturer’s instructions. Eigshte was incubated for 2 h at 4°C with 40 pl
Anti-Flag (DYKDDDDK) Affinity Gel (biotool.com). Tke affinity gels were washed 5 times in
1500 pl TBS and the bound material was eluted twed with 100mM glycine HCI pH 2.5, 250
pl each. The obtained samples were dialyzed onlaase membrane (Sigma-Aldrich) against
chitin binding buffer (20mM Tris, 500mM NacCl, 0.05%iton X-100 (Sigma), pH 7.5) overnight
at 4°C. Each protein solution was incubated with @0chitin beads (New England Biolabs), 6 h
at 4°C, then the beads were washed 5 times with ph®inding buffer. To elute chitin bound
protein, the washed chitin beads were incubated°@t for 10 min with 300 pl of 8M urea
(Sigma), twice. Fractions were pooled, precipitatatth trichloracetic acid (CARLO ERBA) and
washed two times with 1500 pl ice cold acetonecipitates were dissolved in DTT sample
buffer and analyzed by SDS-PAGE and Western blot.

2.10. Electron microscopy

Tissue samples were fixed overnight at 4°C in a @H solution of 3.2%
paraformaldehyde, 0.5% glutaraldehyde, 1% sucragd, 0.028% CaCl2 in 0.1 N sodium
cacodylate. Postfixation was carried out in 0.5%niosn tetroxide for 1 h, followed by
embedding in Durcupan (Fluka) according to the rfagsturer's recommendations. 90 nm
sections were made by Reichert Ultracut ultramara and stained in Reynold’s lead citrate.
Sections were viewed in a JEM-1011; JEOL transims&lectron microscope, and pictures
taken with a Morada; Olympus camera and iTEM safew®lympus).
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3. Reaults

3.1. Molecular characteristics of the Vajk proteins

The D. melanogaster vajk-1, vajk-2, vajk-3 andvajk-4 geneqCG16886, CG16885, CG16834
andCG30101) encode proteins with relatively small size (besaw@70 and 373 amino acids) and
similar sequence properties (Somogyi et al., 20Ib6¢ analysis of the Vajkl, Vajk2, Vajk3 and
Vajk4 protein sequences reveals several repetsgnents (Fig. 1A). The presence of the low
complexity regions and short repetitive sequensegadrticularly characteristic of cuticular
proteins (Cornman and Willis 2009, Mun et al., 20X%omparison of the Vajk sequences using
the Kalign Multiple Sequence Alignment Tool (Lassmaand Sonnhammer, 2005),

(http://www.ebi.ac.uk/Tools/msa/kalign/), revealtPb to 50% identity. Moreover, we identified

a consensus region in each Vajk protein, which siggies the presence of repetitive segments
(Fig. 1B). According to flybaseyww.flybase.org, Vajkl has two isoforms, of which Vajk1-PA is
15 amino acids longer at the C-terminal region t¥ajk1-PB.

By using NCBI and UniProt BLAST the Vajk proteinemg found to be 49 to 80% identical
to several cuticular proteins identified in othasect species, such Bsmbyx mori (Ali et al.,
2015; Futahashi et al., 2008; Suetsugu et al., 2@M8&naus plexippus (Zhan et al., 2011),
Operophtera brumata (Derks et al., 2015)Anopheles gambiae (He et al., 2007)Papilio polytes
(Futahashi et al., 2012) aidpilio xuthus (Futahashi and Fujiwara, 2008; Futahashi et QL2
The repetitive sequences found in the Vajk protéiig. 1A) are present in these orthologs
(Table 2.). Moreover, the consensus sequence fouthee Drosophila Vajk proteins (Fig.1B) is
also present in the orthologs (Fig. 1C).

3.2. Expression pattern of the vajk genes
As several Nimrod-cluster genes are expressedmobges (Kurucz et al., 2003; Kurucz et
al., 2007; Kurant et al., 2008; Zsamboki et al.1 20 we tested whether tivajk genes are also

transcribed in these cells. RT-PCR analysis of Rt hemocytes of the homozygadi3)mbn-
1 mutant larvae, carrying all blood cell types, acbabt detect any of thegjk transcripts (Fig.

10
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2A). Developmental analysis revealed that all feajk transcripts are present in the embryo, in
the first and second larval stages, in pupae amsh&day-old adults (Fig. 2B). In third instar
larvae, lowvajk-2 andvajk-3 mRNA levels were detected, while thk-1 andvajk-4 transcripts

were undetectable. Only thejk-4 genewas still expressed in 10-day-old adults.

3.3. Vajk protein localization

To analyze the expression pattern of the Vajk pmeiethe generated anti-Vajk sera were
tested on Sf9 cells expressing the respective rbe@mt proteins, as well as on fly extracts
obtained from different developmental stages. Altdio all four antibodies reacted with the
corresponding Sf9 cells, antibodies to Vajk2 angk¥alid not react with fly extracts. For this
reason we carried out subsequent analysis witN#jil and Vajk4 specific antibodies.

In 16-17 stage embryos the Vajkl protein is exmess the esophagus, the ducts of the
salivary glands, the trachea and the denticle h¥lithe ventral epidermis (Fig.3A). It is not
expressed in any larval stages but is presentte) &2 h old pupae (P9-P11 pupal stages).
Analysis of the late pupae (Fig. 4) for Vajkl exgmien with indirect immunofluorescence
revealed staining of a branching structure, thestigping trachea, on the surface of the indirect
flight muscles (Fig. 4A"). To confirm the trachea{pression we used the tracheoblast-specific
btl-GAL4 driver in combination wittJAS-GFPn. As thebtl promoter exhibited low activity at 72
h after puparium formation (at which stage the agkotein signal was the most intense), we
applied lineage tracing (Ito et al., 1997; Hontakf 2010) with thdtl-GAL4 driver. As shown in
Fig. 4A the expression of the Vajkl protein ovepeg with the lineage traced cells. Surface plot
analysis (Fig. 4C) of the images of the stainedheales revealed that the Vajkl1 signal (far red)
intensity is higher at the region located betwédenhigh intensity GFP signals, indicating that the
Vajkl protein is located inside the tracheolar tuberrounded by tracheoblasts.

Indirect immunofluorescence analysis of the embifgosVajk4 protein expression revealed
that it is present in the denticle belts of thettarepidermis and trachea of 16-17 stage embryos
(Fig. 3B), similar to Vajkl. The protein was alsetected in the epidermis of the 72 h old pupae,
expressed homogenously in the cytoplasm of thedadis and showed a granular distribution in
the rest of the epidermal cells (Fig. 5A).
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Western blot analysis of Vajkl showed that botHasas (41 and 43 kDa) were present in
late embryos and in 72 h old pupae (P9-P11 pupgks) (Fig. 6) in agreement with the indirect
immunoflurescent data. The Vajk4 signal (38.1 kiday detected in the embryo, in the pupa and
the adult (Fig. 6). Neither protein was detectethimae (Fig. 6).

3.4. Slencing the vajk-1 and the vajk-4 genes with RNA interference

To silence thevajk genes,UASvajk-RNAI constructs and the ubiquitoi®a-GAL4 driver
were used. For embryonic gene silencing ahghaTub67C-GAL4 driver was applied, which
possesses exclusive maternal expression.

Thevajk-1 gene was silenced by crossing the V102445/KK, \238¥38026 and 16886-R3
lines to the ubiquitous driver at 29°C. The F1 gatiens exhibited a pupal lethal phenotype.
When using the V102445/KK line lethality did notpaar until the late pupal stage, hence we
used this line to study Vajkl protein levels in @2ld pupae after RNA silencing. For this
purpose we used02445/KK/UAS-GFP;Da-GAL4/+ flies, where the GFP marker helped with
accurate selection of the live pupae at 72 h opdpvelopment. We tested the presence of the
Vajkl protein using immunohistochemical stainingd aWestern blot analysis in theajk-1
silenced flies. The protein was not detected intthehea (Fig. 4D). The Western blot analysis
confirmed this finding, as the Vajkl protein waseatt in lysates obtained from 72 h old pupae
(Fig. 4E).

Thevajk-4 gene was silenced using the 15514 and the B@¥2RNAI transgenic stocks. As
revealed by indirect immunofluorescence (Fig. 5BJ 8Vestern-blot analysis (Fig. 5C), silencing
with the Da-GAL4 driver resulted in strong decrease of the Vajk#align the epidermal cells of
the 72 h old pupae, yet no visible phenotypic cleangere observed in the pupae or adults.

Following gene silencing, both proteins showed eased levels in the late embryos in
immunofluorescence and Western blot analysis, hewae phenotypic changes were observed

(data not shown).

3.5. Vajkl and Vajk4 proteins bind to chitin and absence of the Vajk1 causes remarkable changes

in the structure of the cuticle
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The insect cuticle is composed of two main lay#rs,epicuticle and the procuticle, providing
a mechanical barrier and ensuring strength, as agefirotecting the organism from dehydration
and infection. The epicuticle, built up of lipidadafibrous proteins, is the thin upper layer,
constituting the envelope of the cuticle. The ptmbel is the thick inner layer, which is mainly

composed of chitin and proteins. Chitin is a payrof N-acetylglucosamine monomers and is

embedded in a protein mesh. Several cuticular proteave been shown to bind to chitin (Rebes
and Willis, 2001; Dong et al., 2016). We analyzdtkether theD. melanogaster Vajkl and Vajk4
proteins also have chitin binding capacity. VajllAG and Vajk4-FLAG recombinant proteins
were produced in Sf9 cells and isolated by Anti-l& Affinity gel, before being used in chitin
binding assays. As a negative control we used NHRCAG recombinant protein (Zsamboki et
al., 2013). Samples were analyzed by SDS-PAGE asdt&h blot, using monoclonal mouse
anti-FLAG antibodies. As shown in Fig. 7A the Vajiid Vajk4 proteins bind to chitin.

The cuticle also forms the internal lining of thadheal tubes. The structure of this cuticle is
different from the epidermal cuticle due to thesamece of the taenidial forlds, forming a helical
structure protruding into the lumen, providing diband flexibility to the respiratory tubes.
The taenidial folds include taenidia, which provitem reinforcement (Matusek et al., 2006;
Oztiirk-Colak et al., 2016). As the Vajkl proteinsashown to be present in the tracheolae
running along the indirect flight muscle, we analyzhe structure of these tracheolaeajk-1
silenced pupae. A FITC-conjugated chitin-bindingh® and an anti-Nidogen antibody were used
on cross sections of the indirect flight muscle® b stage pupae to visualize the chitin and the
basement membrane respectively in indirect immuioo#iscence. A striking reduction was
revealed in chitin-marked tracheoles innervating thuscles of thevajk-1 silenced samples,
compared to the parental strains (Fig. 7 B). Moeeoglectron microscopy pictures reveal
remarkable differences in the appearance of theleun Vajkl silenced specimens (Fig. 7C). In
the electron microscopy sections both parentalrobphenotypes are characterized by a strictly
regular cuticular lining with an evenly spaced wiike appearance of the epicuticular layer; the
basal procuticular surface on the other hand iy ey slightly wavy. As a result of this
arrangement the thickness of the procuticle getseased right under the crest of the wave, in
addition, a taenidium can be observed in each eddhtaenidial folds (thicker regions). In the
vajk-1 silenced samples each cuticular layer followswiagy course, the waves are less regular,

the thickening of the procuticknd theaenidium is practically missing.
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4, Discussion

We previously described that several Nimrod clugtres encode proteins with roles in the
innate immune responsesDf melanogaster (Kurucz et al., 2003; Kurucz et al., 2007; Zsambok
et al., 2013). As the cluster has been presenttimagpod genomes for more than 300 million
years (Somogyi et al., 2008; Somogyi et al., 2000 possible that the genes located in this
cluster might be involved in a common biologicalogess (Hurst et al., 2004; Lee and
Sonnhammer, 2003), therefore we analyzed new catadicbf the cluster, theajk genes. We
found that unlike the previously analyzeitdn andHemese, thevajk genes are not transcribed in
hemocytes. Previously, it was shown that each \fajtein contains an N-terminal signal
peptide, suggesting that they are secreted anceg®extracellular function. Their amino acid
sequences contain about 20% valine, being the astdant amino acid (Somogyi et al., 2010).
Moreover here we found that they are homologoub wiher proteins described to be cuticle
components. It is known that the insect cuticlanposed primarily of low complexity proteins
(Cornman and Willis, 2009) and the polysaccharibeirg represents the first barrier against
invading microorganisms; meanwhile, it also pratdtie organism from environmental damage
and dehydration (Tzou et al., 2000; Vincent and 8¥e2004).

The cuticle ofD. melanogaster is first produced during embryonic developmentahe 16
(Ostrowski et al., 2002), and it is present noyam the body surface, but also forms the internal
lining of the tracheae, the salivary ducts and gbe (Moussian et al., 2006). We detected the
presence of the Vajkl protein in all these striegun late (16, 17) embryonic stages (Fig.3A).
The Vajk4 protein showed a similar expression pedb Vajkl (Fig.3B). It was observed in the
denticle belt areas and in the trachea, but itccaot be detected in the esophagus or the ducts of
the salivary glands, where the Vajkl was also esq@é. The/ajk-4 (CG30101) RNAIn situ
hybridization data (available in the BDGP databasegals RNA expression in the denticle belt

and the trachea of embryos in 13-16 developmentafjes (http://insitu.fruitfly.org/cgi-

bin/ex/report.pl?ftype=1&ftext=CG30101), where hetlater stages we detected the presence of

the Vajk4 protein. Our Western blot data also suigpthe presence of the Vajkl and Vajk4
proteins in the late embryonic developmental st§ge&s6). Moreover, the BDGP and Fly-FISH
databases also contain embryonic RINAsitu hybridization data on theajk-2 (CG16885)
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(http://insitu.fruitfly.org/cqgi-bin/ex/report.plApe=1&ftext=CG16885) and the vajk-3
(CG16884) (http://insitu.fruitfly.org/cgi-bin/ex/pert.pl?ftype=1&ftext=CG16884). Signals can

be observed in the denticle belts and the trachk&h suggests that the expression pattern of the

vajk genes overlaps in these tissues.

Following embryogenesis, cuticle differentiatiorvatves complete renewal during larval and
pupal stages (Truman and Riddiford, 1999). Thecaldr proteins are generally secreted by the
epidermal epithelium (Ostrowski et al., 2002), outhe tracheae and tracheoles several cuticular
proteins were shown to be transported through piithedial cells from the hemolymph (Sass et
al., 1994; Dong et al., 2014). We observed thegmes of the Vajkl in the 72 h old pupae in
tracheoles connected to the developing indireghflimuscles. The tracheoles invading the
indirect flight muscles of the pharate adult depellmm the dorsal air sac already present in the
third instar larvae (Cabernard et al., 2004). Adewy to the literature, the indirect flight muscle
invasion ends after the terminal branches entefthéules, extending within the myocyte and
encircling the mitochondria of the flight muscleni§ process is completed at 70 h after puparium
formation (Peterson and Krasnow, 2014), at whiclintpthe Vajkl protein appears in the
cuticular layer of the tracheoles. With indirecthmmnofluorescence the protein can be detected in
96 h old pupae, but the signal is weaker compareddat observed in 72 h old pupae, which may
be the consequence of the conformational changethanprotein as a result of cuticle
sclerotization, leading to the masking of the ac®pitopes for the antibody (Locke et al., 1994).
We could not detect the presence of the Vajkl proteh Western blot in 96 h old pupae, which
may be due to the sclerotization that probably kdahe possibility for the Vajkl to enter the
protein lysates used for the Western blot. To iaseethe protein isolation efficiency, beside the
homogenization of the pupae we also applied saoitaif the samples but the Vajkl protein
could still not be detected in the protein lysates.

Vajk4 protein, similar to Vajkl, is not expressedthe third instar larva, and shows the
highest expression level in 72 h old pupae, whed&ect immunofluorescent analysis revealed
its presence in the epithelial cells of the bodfesze. Although Western blot analysis still shows
the presence of the protein in 96 h old pupae aridd adult, at these stages we could not detect
the protein in the epithelial cells with indirentmunofluorescence.

Several Vajk protein orthologs are considered tocbgcular proteins of different insect

species. Three Vajk orthologs Ahopheles gambiae (Fig. 1, Table 2) were isolated from cast
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cuticles (He et al., 2007). Moreover it was formahown that two Vajk orthologs, CPG12 and
CPG13 fromBombyx mori, bound chitin (Dong et al., 2016)Jsing chitin binding assays, we
show that thé. melanogaster Vajkl and Vajk4 proteins also bind chitin (Fig. )7A&urthermore
immunofluorescence experiments revealed a strikimduction in chitin marked tracheoles
innervating the indirect flight muscles of thgk-1 silenced flies (Fig. 7B). Significantly, these
data were reinforced by electron microscopy, remgah disordered structure of the cuticular
lining of these tracheoles (Fig.7C). We hypothesimzd in the absence of the Vajkl, the chitin
cannot be properly embedded in the cuticle, hepsalting in a disorganized structure to the
cuticular layer.

In our opinion the classification of the Vajk prote in a cuticular protein family is not
completely clear. Many Vajk protein orthologs (Fiy. Table 2) were assigned to the CPG
family. Moreover the three Vajk orthologs froAmopheles gambiae (Fig. 1, Table 2) belong to
the CPLCP family. Members of this family have ahhidensity of PV and PY pairs (Cornman
and Willis, 2009; Willis, 2010), which is also chateristic for each Vajk protein. Surprisingly
the Vajk consensus sequence shown in Fig. 1C septan the listed CPG and also CPLCP
proteins.

In this work we show that allajk genes are transcribed in the embryo, first andrestage
larvae, pupae, as well as in one day old adultsremeer, we show that the Vajk proteins are
present in structures known to contain cuticlesltonceivable that in the tracheoles running
along the indirect flight muscles of the pharatellesd the presence of the Vajkl protein is
essential, because the observed cuticular struig@ecompanied with pupal lethality. Moreover
we suppose that the cuticular localization of th&KkVproteins might also serve as the first,
mechanical barrier to protect the organism fromhtaenful environmental aspects, thus achieved

a concerted action with the previously characterzmteins encoded by the Nimrod cluster.
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Figure and table captions:

Fig. 1. Sequence analysis of the Vajk proteins and theimotogs. (A) The identical repetitive
segments are marked with the same colors in baltbaare underlined. (B) In the alignment, the
identified consensus sequence is highlighted ird kasid the sequences including repetitive
segments are underlined. (C) The Vajk specific enggs sequence is also present in the Vajk
orthologs of other species. The residues indicatigd regular characters on gray background
share similar properties with the consensus sgeaifiino acids. Abbreviationgg, Anopheles
gambiae; Bm, Bombyx mori; Dp, Danaus plexippus, Ob, Operophtera brumata; Pp, Papilio
polytes; Px, Papilio xuthus. Sequence analysis was done using CLUSTALW Mudtipéquence

Alignment (http://www.genome.jp/tools/clustalw/).

Fig. 2. Analysis of thevajk gene expression in the (A) hemocytes of the timstiar|(3)mbn-1
larvae and in (B) different developmental stagethefOregon RD. melanogaster. Agarose gel
electrophoresis of the RT-PCR products obtainetl witmer pairs specific for both RA and RB
vajk-1 transcriptsthe vajk-2, vajk-3 and vajk-4 transcripts, generating 1031, 828, 849, and 1003
bp fragments respectively. As positive controlstfe@ cDNA, theHemese specific (175 bp) (A)
and rp49 specific (316 bp) (B) primer sets weraduge test the/ajk specific primer sets, vectors
containingvajk cDNAs were used as templates (positive contrdi€gative control reactions

include water as templates.

Fig 3. Localization of the Vajkl (A) and Vajk4 (B) protesi in the 16-17 stage embryo. Both
proteins were detected in the trachea (tr) andlémicle belt areas of the ventral epidermis (db).
Moreover the Vajkl protein was also detected ineb@phagus (eg) and the ducts of the salivary
glands (sd). As controls normal mouse serum (C)amdtubulin mouse monoclonal antibody
(D) were used. The secondary antibody was AlexarFdB88 goat-anti-mouse 1gG (green).
Nuclear staining is blue. Images were obtained Witinfocal LSM. The scalebar represents 100

um.

Fig. 4. Expression of the Vajkl protein in 72 h old pupg®. B) Vajkl (far red) co-localizes

with thebtl promoter activity (green). Indirect flight musclesre analyzed with Confocal LSM.
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The used line carried th#&tl-GAL4, the UAS GFPn and theFlip-FRT lineage tracing construct
system BtI>AFG>GFP). A, A’ and A” images were stained with antibodegainst the Vajkl
protein, and B, B’ and B”, with the normal mouseuse. As secondary antibodies Alexa Fluor
633 goat-anti-mouse 1gG (far red) were used. Tlaéebar represents 50 um. (C) Surface plot of
btl activity and Vajkl localization (Imaged). The stars represents 8 pum. (D)
Immunohistochemical analysis of the indirect fligiltiscle following RNA interference at 29 °C.
After the treatment with the primary antibodieseptavidin/HRP and biotinilated polyclonal
goat anti-mouse immunoglobulins were used. Thembgen was 3-amino 9-ethylcharbasole.
The scalebar represents 100 um. (E) Western bhiysia of the lysates prepared aftejk-1
RNA inhibition.

Fig. 5. Expression of the Vajk4 protein in 72 h old pupge. B) Analysis of the protein with
indirect immunofluorescence. (A) The protein is mgsed in the epidermal tissue of the pharate
adults. Hair cells are marked with arrows. Alexadfl488 goat-anti mouse IgG (green) was used
as secondary antibody. Nuclear staining is blug. ABalysis of the Vajk4 protein after gene
silencing at 29 °C. Scalebars represent 100 pmW&3tern blot analysis of the Vajk4 following

gene silencing.

Fig. 6. Western blot analysis of the Vajkl and Vajk4 pirtdein different developmental stages
of D. melanogaster.

Fig. 7. Functional analysis of the Vajk protein®) Vajkl and Vajk4 proteins bind to chitin.
Chitin binding assaysvere carried out on recombinant, C terminally FLA&§ged, Vajk and
NimC1 proteins as described in Materials and methddp, input protein sample; Ft, flow
through; W, the fifth wash of the chitin beads; Hhaction eluted with 8M urea. (B) Thoracic
cross-sections at stage P15, showing dorsal |affigad flight muscles labelled for Nidogen
(Nido, red) to visualize the basement membrane cniih (CBP, green) to mark the tracheal
terminal branch tracheoles that innervate the negs@rrows). The presence of CBP-labelled
tracheoles is reduced upon expressiornvak-1 RNAi compared to control flies. Scale bar
represents 10 wngC) Electron micrographs of the longitudinally sectidrteacheloae localized

in the indirect flight muscles. The epicuticle (epjocuticle (pc), basal procuticular surface (ps)
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and the taenidia (tagre normally organized in the parental [in#82445/KK and Da-GAL4) as
opposed to the remarkably disordered assembly ie vVajk-1 silenced samples
(102445/KK/+;Da-GAL4/+). Im, indicates the tracheolar lumen. Scale bpragents 1 pm.

Tablel
Primers used in this work. Adapter restrictionsiee marked with bold.

Table2

Sequence analysis of the Vajk orthologs, concertiiiegrepetitive blocks of the Vajk proteins.

Abbreviations: +, present; -, not present; the Esegsed are described in the legend of Fig. 1.
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Primer Sequence (5'-3)

vajk-1 fw GAAGAATTCATGAAGTCGATGCGCAGAG
vajk-1 A rev GCOCTAGAGTAACCGTAATATGAATGATAATC
vajk-1 AB rev GTGGTGATGATCCTCCTCGATGTG

vajk-2 fw ATCGAATTCATGAAATCCATGCTCATTTT
vajk-2 rev GTTTCTAGACTTTTTGTGGAGGTAGCCAC
vajk-3 fw GGGGAATTCATGAAAGTATTCATCTGCTT
vajk-3 rev TAG CTAGACTTGTGTAACCATGGTG
vajk-4 fw GCAGAATTCATGCGAATGTTCGTACTTCC
vajk-4 rev TAGITCTAGAGTAGTGTCCATGGCCGTG
rp49 fw GCATACAGGCCCAAGATCCGT

rp49 rev CAATCTCCTTGCGCTTCTTG

hemese fw TCAACTGACCGTCGTTTTCC

hemese rev CCGTTTCACTTGGGGTTGAA




MIND ADOAN

AIN ADVAN

NN

MAIN

NdAdd

NI Ad

Ad/d

IdANNT

AdHMINT

dAXME

dIXX3

+

dAHMX3

+
+
+

Vajkl

Vajk2

Vajk3

Vajka

Ag AGAP009758
Ag AGAP009759
Ag AGAP008817

Bm CPG12
Bm CPG13
Bm CPG24
Dp CPG12
Dp CPG24
Ob CPG11
Ob CPG12
Ob CPG24
Pp CPG11
Pp CPG12
Pp CPG24
Px CPG11
Px CPG12
Px CPG13




A

Vajkl
MKSMRTATSLALVLLLATSYVRAEDEKAAAPAEEKKAEPEAKAAEAAASEDTTKSKRGLHHYEDYHHHHVPHFPVHEEKTLTVIKKVPVPVPIEKIVHVPVEKHIHVPVK
VKVPKPYPVIKHIPYEVKEIVKVPYEVPAPYPVEKQVHVPVHVHYDRPVPVKVHVPAPY PVEKKVHVPVKVHVPAPYPVEKIVHYNVEKHVHVDKPY PVEKVVHY PVKVP
VDKPVPHYIDKPVPHYVDKPVPVPVIKKVPVPVHVPYDRPVPVHVEKPVPYEVKVHVPAPYPVIKEVPVKVEKHVPYPVKIPVEKPVHVHIEKHVPEYHEKHVTYKEPEF
HHKHIEEDHHHAPIHHHSHPIVEHEHEVEHEFASHDYHSYYGY

vajk2
MKSMLIFGLVAMCVLVANASEEAPKKAVETAEPAEKKQEKRGIGHGLGYGYGPSAGGAILGSGIGVGVPVAPAVAELPTQVHTNTVVRTVQVPYQVERHVPYPVEKTVTY
PVKVPVPQPYPVEKIVHVPVKQIVKVPVEVPQPYPVEKV IRVPVK I PVDRPY TVHVDKPY PVPVEKPVPY TVEKRV I HKVPVHVERPVEYKVAV PVPVHVESHVKPAVAY
THTVAAAPAIISHGYSGHGISGYGISGHGISSYGSSSYGGSAHGGYLHKK - —

Vaijk3
MKVFICLAALLVASACASKTEGEKVPLEKKLDKRGLLDLGYGYGHAGLDTGYLGHGSISGHGSYGHGYGLTGYSAPAAVAVGHSGPATIAVGHTAPAVAVHHAPAPYVISK
QADVHKTITITKGIPVPVHVDRPYPVVHEKR VKVPVPQPYEVIRKVPVTVKEYVKVPVPVPQPYEVIRHEKVPVHVPVDRP PRPYPVPVAKPYPVYVEKAV

NVQVPVHVDRPYPVYVKVPVVSHSVVKHAPTVAVSSYPVSAIGHDATVYSDHHGYHK
Vajk4
MRMFVLPCLAVCVALAHCGGAVEDKKAEGDGKTVEKRGLHLGDYHHYQPHHEHIKTVTI VPYTVTKHVPYTV. PYEVKVDVPQPYIVEKKVPVHVKEYVKVP

VHVPKPYEVIKKIPYEVKVPVDKPYEVKVPVPQPYEVIKKIPYEVKVPVPQPYEVIKKVPHEVKVEVPVPKPYEVIKKVPYEVKYEVEKPYDVEVPKPYDVEVEKPYTVV
VEKKVPYEVKVPVDKPYKVEVEKPYPVHVKVPVPQPYTVEKKVPYTVEKPVPYEVKVPIEKPIPVYTEVKVPIHKEIPVPEKYHVEVPIFKHHQEDHHDYHSHGHGHY

B
Vajkl 79-TLTVIKKVPVPVPIEKIVHVPVEKHIHVPVKVKVPKPYPVIKHIPYEVKE IVKVPYEVPAPYPVEKQVHVPVHVHYDRPVPVKV-163

Vajk2 83-TNTVVRTVQVPYQVERHVPYPVEKTVTYPVKVPVPQPYPVEKIVHVPVKQIVKVPVEVPQPYPVEKVIRVPVKIPVDRPYTVHV-167
Vajk3 117-TITITKGIPVPVHVDRPYPVVHEKRVPVEVKVPVPQPYEVIRKVPVTVKEYVKVPVPVPQPYEVIRHEKVPVHVPVDRPVPVEV-201

Vajk4 56-TVTIEKKIPVPYTVTKHVPYTVEKKIPYEVKVDVPQPYIVEKKVPVHVKEYVKVPVHVPKPYEVIKKIPYEVKVPVDKPYEVKV-140

Cc

Consensus

Ag AGAP009758 HVPY]
Ag AGAP009759 LVKGVP! HVP
Ag AGAP008817 IEKKIP

Bm CPG12 VKKVP!

Bm CPG13 LVKGVP]

Bm CPG24 VKKVP! 1

Dp CPG1l2 'VKNVP] @)

Dp CPG24 IKKVP o)

Ob CPG11l TIKKVP) 0

Ob CPG12 IVKNVP o)

Ob CPG24 IKKVP 1

Pp CPG11 IVKKVP

Pp CPG12 VKNVP! o)

Pp CPG24 IKKVP |

Px CPG11 IVKKVP K|

Px CPGl2 'VKNVP)] 0

Px CPG13 LVKGVP;



vajk-1-RA,
vajk-1-RB

rp49
vajk-2

p
K]

B
1031

v-yfea
gylea
ZHfen
L-fea

Plasmid cDNA
template,
control+

_|0J1uU0d osaWaH
9soWwaH
p-alea
g-1lea
Zlen

Hemocyte cDNA
template

L-yfen

A

vajk-3

vajk-4

+lo4uod
-lonuod

Kep o1 3npy
Kep | ynpy
aje] edng
Aliea edng

¢ abeys eate
Z 9beys ease
| abeys easen
ofiquig
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o

4 ~ «‘v-
AFG>GFP

UAS-GFP/+; 102445/KK/UAS-GFP;

102445/KK Da-GAL4/+ Da-GAL4/+
E A LW

102445/KK/UAS-GFP;

102445/KK
UAS-GFPI+;
Da-GAL4/+
Da-GAL4/+




Da-GAL4 15514/Da-GAL4

Da-GAL4
15514/Da-GAL4




ACCEPTED MANUSCRIPT

Vajk1-PA (43 kDa)
Vajk1-PB (41 kDa)

Kep 01 3Inpy
Aep | ynpy
aje| aednd
Apea aedng
¢ abejs ease]

Z abeys ense

| abejs ease]

L1-9] sobejs obo_Em_-

Vajk4 (38.1 kDa)



A Inp Ft w Elu c __

Vajk1-FLAG ” -
Vajkd-FLAG - -
NimC1-FLAG - .

B Merge Nido

102445/KK

102445/KK/+; Da-GAL4/+




The Nimrod gene cluster isthe largest synthenic unit of the Drosophila genome.

The Nim and Hemese genes of the cluster are involved in the regulation of innate immunity
and cell adhesion.

Vg k proteins are encoded by genesin the Nimrod cluster and are expressed in cuticular
structures and possibly contribute to barrier function.

Genes of the Nimrod region may regulate different layers of defense in a concerted action.



