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Abstract

Herein we report the transcriptional profiles of Lysosomal o-mannosidase V (LManV) and
LManVI genes in wild-type and gammaCop (yCop) mutant Drosophila melanogaster males upon
experimental infection with Pseudomonas aeruginosa, by either feeding or pricking. LManV and
LManVI genes are involved in mannose metabolism and were selected consecutive to a preliminary
microarray experiment performed on D. melanogaster males infected by feeding. The transcriptional
signatures analyzed by qRT-PCR revealed that the expression change of LManVI was statistically
significant in both categories of males, regardless of the infection approach. On the other hand, the
variations of LManV transcription levels are significant in wild-type males infected by either feeding or
pricking, and in mutant males infected by pricking. Our results indicate that LManV and LManVI are
modulated during the response of D. melanogaster to P. aeruginosa infection and also suggest a role of
yCop in the development of the anti-infectious process.
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Introduction

Drosophila melanogaster 1s a well-established experimental model used for deciphering
the complex host-pathogen interactions, including the genetic mechanisms involved in
triggering and modulating the immune response against human pathogens, such as
Pseudomonas aeruginosa (HOFFMANN & al. [1]; BRANDT & al. [2]; VODOVAR & al.
[3]; NEHME & al. [4]; BIER & al. [5]; HALLER & al. [6]). The literature data reveal a
significant homology between the mammalian’s and D. melanogaster’s innate immune
responses (IGBOIN & al. [7]).

Similar to other invertebrates, D. melanogaster apparently lacks an adaptive immunity. The
anti-infective defense is relying on innate immune reactions, involving relatively complex cellular
(e.g., phagocytosis of microorganisms by hemolymph cells) and humoral (e.g., blood coagulation
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and production of antimicrobial peptides - AMPs) mechanisms (WANG & al. [8]). In D.
melanogaster, the AMPs gene expression is regulated through two signaling mechanisms, i.e. the
Toll pathway, which is activated in infections with Gram-positive bacteria, and the Imd (Immune
deficiency) pathway, activated by Gram-negative pathogens (HOFFMANN [9]). Two of the most
studied AMPs in D. melanogaster are encoded by Drosocin (Dro) and Diptericin B (DptB) genes
(LEMAITRE & al. [10]). These effector molecules are produced in the fat body, which is the
equivalent of the mammalian liver (LEMAITRE & al. [10]; VODOVAR & al. [11]).

P. aeruginosa is a Gram-negative opportunistic and nosocomial pathogen, responsible
of severe infections in immunocompromised patients (MULCAHY & al. [12]). The chronic
infection with P. aeruginosa is the leading cause of morbidity and mortality in patients with
cystic fibrosis (ERICKSON & al. [13]; SIBLEY & al. [14]).

In this study, we exploited the genetically tractable D. melanogaster organism to model
a bacterial infection with the human opportunistic pathogen P. aeruginosa, aiming to
elucidate new aspects of the host-pathogen interaction. Consecutive to a preliminary
microarray experiment performed on males infected by feeding (GEO/NCBI accession:
GSE80084 [15]), we observed a significant downregulation of the expression level of LManV
and LManVI genes following P. aeruginosa infection in Oregon males. This result was
noteworthy since we didn’t find any preceding records regarding an association between these
two genes and the immune response in D. melanogaster. On the other side, mutations of yCop
gene could alter an appropriate immunological response since it is a key component of the
intracellular protein transport molecular process (GRIEDER & al. [16]).

Therefore, our specific objective was to investigate the expression variation of LManV
and LManVI genes in D. melanogaster males with different genetic backgrounds regarding to
yCop gene, in response to P. aeruginosa inoculated through alternative routes.

Materials and Methods

Fly stocks. Wild-type Oregon and homozygous yCop'#/yCop’* young adult males
(ECOVOIU & al. [17]) (no older than two weeks) were used for the experiments. The fly
stocks were maintained on the Nutri-Fly Bloomington Formulation medium (Genesee
Scientific, USA).

Bacterial strain and culture conditions. The P. aeruginosa ATCC 27853 strain was
first cultivated on Plate Count Agar at 37°C, then transferred on Cetrimide agar at 37°C.
After 24 hours of cultivation, bacterial suspensions of 2.4 x 10° CFU/mL density (further used
for the pricking assay) and of 9 x 10° CFU/mL (further used for the feeding experiments)
were obtained from fresh cultures.

Infection by pricking. A total of 216 Oregon males and 216 yCop!#/yCop!** males
were anesthetized using carbon dioxide and consequently distributed in eight biological
replicates for each distinct D. melanogaster genotype (27 individuals/replicate).

Four replicates of yCop’#/yCop'#* and, respectively, Oregon males were infected by
pricking their torso with a tungsten needle dipped in a P. aeruginosa suspension of 2.4 x 10°
CFU/mL density, while the corresponding four control groups were pricked using sterile
physiological water. After approximately 22 hours subsequently to the bacterial inoculation, 10
surviving individuals from each of three randomly selected biological replicates of infected and,
respectively, control groups of mutant and wild-type males were considered for RNA extraction
from the whole body after being washed with absolute ethanol. For the total RNA extraction
protocol, the RNeasy Mini Kit (Qiagen, 74104) was employed, and conversion of 600 ng of RNA
into cDNA was performed using the GoScript Reverse Transcription System (Promega, A5000).
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Infection by feeding assay. For oral infections, over 300 individuals were selected
from each of the Oregon and yCop’#//yCop’#* male categories, then placed in vials with Nutri-
Fly medium, every single vial standing for a biological replicate (27 males/vial). During the
experimental feeding, half of the total biological replicates were transferred in vials with 5
mL of solidified agar containing 5% sucrose and covered with a sterile filter paper spotted
with 230 uL of 5% sucrose solution containing a total of 9 x 10° CFU of P. aeruginosa. The
control groups replicates were placed on sterile filter paper previously spotted with 230 puL of
5% sucrose. Before placing the flies in the experimental vials (infected and controls), every
handled filter paper was allowed to dry for about one hour, whereas the males were starved
for about six hours. The loaded vials were placed at 25°C for 60 to 64 hours, allowing the
males to ingest the inoculated or control sucrose solution. Following the ingestion interval,
the surviving flies were transferred in fresh vials containing only solidified agar incorporating
5% sucrose. For the RNA extraction we used six biological replicates of infected and,
respectively, control males pertaining to the two D. melanogaster lines. From within each
vial, 12 flies were selected, then anesthetized using carbon dioxide and washed in absolute
ethanol. Randomly, the males from three of the biological replicates per experimental variant
were subjected to dissection and intestine removal, while the males pertaining to the
remaining three biological replicates were wholly processed.

Total RNA was extracted from either the intestine or the whole body using the
ReliaPrep RNA Tissue Miniprep System (Promega, Z6111). For cDNA synthesis starting from
660 ng of RNA/biological replicate extracted from the gut we used the GoScript Reverse
Transcription System (Promega, A5000), and for the cDNA conversion of 2000 ng of
RNA/biological replicate extracted from whole bodies we used the Reverse Transcription
System (Promega, A3500) kit.

qRT-PCR analysis. The relative expression of LManV and LManVI genes was
investigated by qRT-PCR, using RPL32 gene as an endogenous referential. Three biological
replicates with three technical replicates for each of the target genes were used in the
molecular investigation.

The qRT-PCR amplifications were performed using Maxima SYBR Green/ROX qPCR
Master Mix (Fermentas/Thermo Fisher Scientific, K0221). For each single qRT-PCR
reaction, we used 20 ng of cDNA as template, 1x master mix, 0.16 pM final concentration for
each forward and reverse primer and nuclease-free water added up to a final reaction volume
of 25 ul. The PCR amplification program was as it follows: 1 x (95°C - 10 minutes), 40 x
(95°C - 30 sec; 57°C - 30 sec; 72°C - 32 sec). Data collection was performed during the
extension step, and the actual Ct (cycle threshold) values were chosen at a threshold value of
1 and a 3-15 baseline interval. The nucleotide sequences of the primers are presented in Table
1. Excluding the sequences of RPL32 primers, which were taken from literature (FIUMERA
& al. [18]), the other ones were carefully designed using NCBI/Primer-BLAST
(UNTERGASSER & al. [19]; YE & al. [20]) and manual annotation. The primers were
designed so that the forward primer from each pair binds two neighboring exons.

The expression changes of the target genes were evaluated in Oregon and
yCop'#/yCop'# infected males relative to the expression levels of the matching genes from
the corresponding control groups using the Livak (2744¢Y) method (LIVAK & al. [21]). The
statistical analysis of qRT-PCR data was performed on 2 values, using two-tailed
Student’s t-test with Welch’s correction run by GraphPad Prism 5.03 software (GraphPad
Software, La Jolla California USA, www.graphpad.com). In the graphical representations,
data are expressed as mean + 95% CI.
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Table 1. Oligonucleotide primers used in qRT-PCR.

Gene Forward primer sequence Reverse primer sequence
LManV 5’ CTTGATCAGCGATGTCTGCA 3’ 5’ TGGAGTTCCGTGATAGCGA 3’
LManVl| 5 CGTCCAGGAATTTCAATCCCA 3’ 5" GCTTCATTCAGGTGGAGACC 3’
RPL32 5’CCGCTTCAAGGGACAGTATC 3’ 5’ GACAATCTCCTTGCGCTTCT 3’

Results

The main objective of this study was to determine the relative changes of the expression
of selected D. melanogaster genes potentially involved in the host response to P. aeruginosa
infection, but not mentioned as such in the scientific literature. LManV and LManVI genes were
selected consecutive to a preliminary microarray experiment performed on males infected by
feeding (GEO/NCBI accession: GSE80084 [15]), revealing a significant downregulation of the
expression level of these genes following P. aeruginosa infection in Oregon males.

Two different D. melanogaster strains were considered for this experiment, namely
Oregon, standing for the wild-type control, and yCop’#* mutant line, respectively. The
individuals from the latter strain harbor the hypomorphic yCop’# allele, which causes
conditional sterility of the homozygous females and males (ECOVOIU & al. [22]). In distinct
experimental setups, young adult males from both lines were subjected to P. aeruginosa
infection by two different routes, i.e. pricking and ingestion. For the pricking strategy, the
relative expression of LManV and LManVI genes was investigated by qRT-PCR starting from
the whole-body of infected males. For infections carried out via ingestion, the relative
expression of the target genes was independently assessed in whole-body and intestine
samples. Further in the text, pricking stands for males infected by pricking; ingestion-w.b.
stands for whole-body samples of males infected by ingestion, and ingestion-int. stands for
intestine samples taken from males infected by ingestion.

As presented in Figure 1, the expression profiles of LManV and LManVI vary
depending on the type of infection and the genetic background.
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Figure 1. The relative expression of LManV and LManV genes in infected Oregon (A)
and yCop'*/yCop'** (B) males. The statistical significance of the changes in the expression levels
of the target genes in infected males relative to their expression in the uninfected control groups is
indicated by symbols (*** means a calculated p value smaller than 0.0001; ** means p <0.01;
* means p < 0.05; ns indicates not significant changes).
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The males infected by pricking exhibited similar patterns of gene expression,
represented by statistically significant downregulation of both genes (Fig. 2A). In Oregon
males, LManV and LManVI are 8.12 and, respectively, 11.22-fold downregulated, while in
yCop'#*/yCop’# males, the downregulation is 2.95-fold for LManV and 9.12-fold for LManV1I.

The analysis of ingestion-w.b. and ingestion-int. biological samples displayed gene
expression profiles that vary between Oregon and yCop!#/yCop’# males (Fig. 2B and 2C).
For the whole-body of Oregon males infected by ingestion, we found relatively minor LManV
downregulation (1.44-fold) and LManVI upregulation (1.34-fold). The expression pattern of
the two analyzed genes was reversed in ingestion-w.b. samples harvested from
yCop'#*/yCop’# males, characterized by a non-significant upregulation of LManV, and a 1.7-
fold downregulation of LManV1I.

Regarding the gene expression changes recorded in ingestion-int. samples, the infected
Oregon males shown significant upregulation of both LManV and LManVI (3.71 and 2.18-
fold, respectively). In the intestines of infected yCop’#/yCop’#* males, LManVI is 1.41-fold
upregulated, whereas apparent LManV downregulation has no statistical significance.
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Figure 2. The comparison of the relative expressions of LManV and LManVI genes in Oregon
(Or; white circles) and yCop'*/yCop'* (14a/14a; gray squares) samples. The gene expression changes
consecutive to pricking (A) apparently follow a similar pattern in Oregon and yCop’*/yCop'** males,

while distinct gene expression profiles characterize the two male categories when ingestion-w.b.
(B) and ingestion-int. (C) experimental variants are considered.

LManlll, LManlV, LManV and LManVI are neighboring genes, being tightly located within
a genomic region of approximately 14.6 Kbp on the chromosomal arm 2L of D. melanogaster.

The aminoacid sequences of the corresponding proteins were retrieved from NCBI database
(D. melanogaster genome annotation version 16.07) and subjected to in silico analyses performed
with CLC Main Workbench software v.6.9 (CLC Bio-Qiagen, Aarhus, Denmark). During an
inquiry aimed to discover the Pfam domains contained by LManVI, LManV, LManlV and
LManlIl proteins, we found that they share a Ferritin-like domain roughly having
approximatively the same amino acids coordinates, i.e. 262-455, 261-454, 262-455, and,
respectively, 261-450 (Fig. 3). This search was performed by selecting specific options available
within the Pfam Domain Search module of CLC Main Workbench, therefore enabling us to look
for full domains and fragments of presumptive functional domains having a maximum E-value of
1. The E-values of the putative Ferritin-like domains found in LManVI-PA, LManV-PA,
LManIV-PA and LManlII-PA proteins are 0.53, 0.08, 0.2, and 0.65, respectively.
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Figure 3. The representations of LManVI-PA, LManV-PA, LManlV-PA and LManlII-PA proteins
harboring putative Ferritin-like functional domains. The amino acids coordinates defining these
domains are as it follows: 262-455 (within LManVI), 261-454 (within LManV), 262-455
(within LManlIV), and 261-450 (within LManlII).

Discussion

Currently, D. melanogaster model is widely used to study different features of P.
aeruginosa pathogenesis, such as proliferation or persistence, translocation through the
epithelial barrier, subversion of the phagocytic machinery, in vivo biofilm formation, virulence
level and indirect pathogenicity provided by commensal/polymicrobial community, and
assessment of novel therapeutic strategies (MULCAHY & al. [12]; D'ARGENIO & al. [23];
CHRISTOFI & al. [24]; FAUVARQUE [25]).

The purpose of the present study was to use qRT-PCR technique to investigate the expression
modifications of LManV and LManVI in response to P. aeruginosa infection. The infected D.
melanogaster males harbor either wild-type yCop alleles (Oregon) or yCop'* mutant alleles.

Previous microarray experiments conducted by our laboratory on D. melanogaster wild-
type Oregon and mutant yCop’#/yCop’* males inoculated by ingestion of P. aeruginosa
ATCC27853 revealed 69 genes which underwent significant (p < 0.05) modifications of
expression in Oregon infected males (ECOVOIU & al. [26]). Remarkably, both LManV and
LManVI gene expressions are significantly downregulated during the infection (Table 2) by
1.61 and, respectively, 2.1-folds. In D. melanogaster, the two genes are involved in the
mannose metabolism and in the glycolytic activity, playing an important role in the host
response to hypoxia conditions. Mannose is involved in the innate immunity by facilitating the
recognition of bacteria by the host organism (TAKAHASHI & al. [27]). In total, D.
melanogaster genome contains six lysosomal mannosidases (i.e. LManl, LManll, LManlllI,
LManlV, LManV, and LManVI), all displaying around 39-44% amino acids identity with the
major human lysosomal o-mannosidase (MAN2B1) gene (ROSENBAUM & al. [28]).

Mutations affecting MAN2BI can lead to an autosomal recessive genetic metabolic
disorder named alpha-mannosidosis, characterized by immune deficiency, hearing loss, facial
and skeletal abnormalities, and intellectual disability (MALM & al. [29]). Considering the role
played by MAN2BI in the immunity, we considered important to understand how LManV and
LManVT orthologous genes are modulated in D. melanogaster during the infectious process.

In eukaryotes, MAN2BI and yCop directly interact during stress induced endoplasmic
reticulum (ER) protein degradation (PAN & al. [30]). The ER stress sensors are responding to a
large variety of stressors, including bacterial ones (PILLICH & al. [31]). Interestingly, pore-
forming toxins released by P. aeruginosa trigger the ER stress response in humans, this process
being important for controlling injurious pathogen-associated actions (LOOSE & al. [32]).
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Table 2. The expression variation of LManV and LManVI genes across multiple experimental
setups. The pricking and ingestion experiments employed qRT-PCR technique for gene expression
evaluation. The abbreviation w.b. stands for whole body, int. stands for intestine, down stands for
downregulated, up stands for upregulated, while ns means not significant.

microarray
(w.b.) pricking (w.b) ingestion-w.b. ingestion-int.
Or. 14a/14a Or. 14a/14a Or. 14a/14a Or. 14a/14a
dg\zn ns down down down ns up ns
LManV 0.015 p=0.29 p <0.0001 p < 0.0001 p <0.0001 p=0421 p <0.0001 p=0.7842
dgvin ns down down up down up up
LManVI 0.007 p=0.15 p<0.0001 p <0.0001 p=0.0002 p=0.014 | p<0.0001 p<0.0001

To our knowledge, here we demonstrate for the first time that LManV and LManVI genes
are downregulated in both Oregon and in yCop mutant males inoculated by pricking with a P.
aeruginosa strain with mild virulence. We consider that the pricking infection route is more
suggestive for a severe infection, in which the natural barriers to infection are surpassed.

Concerning previous research using D. melanogaster in modelling experimental
infections, Vodovar et al. used microarray technique and revealed that LMan)V and LManVI
are downregulated in Oregon individuals infected by feeding with P. entomophila
(VODOVAR & al. [11]). Although we used other Pseudomonas species, i.e. P. aeruginosa,
our microarray data revealed similar downregulation of the same genes in the case of Oregon
males (Table 2). A study involving whole genome mRNA sequencing and qRT-PCR
demonstrated that in Oregon adult flies fed with symbiotic Heterorhabditis bacteriophora
(nematodes carrying Photorhabdus Iluminescens) LManVl was as well downregulated
(CASTILLO & al. [33]).

Ferritin is an anti-oxidant protein and the major iron storage site at molecular level
(TANG and ZHOU [34]). During infection, the level of host plasma ferritin increases
drastically, as a response to iron sequestration by the pathogenic agent that uses it for its own
survival and pathogenicity (LAUFFER [35]). Interestingly, a P. aeruginosa infection model in
a horseshoe crab (Carcinoscorpius rotundicauda) revealed that after challenged by the
bacterial infection, the plasma ferritin disappears in the interval starting from 6 to 48 hours,
and re-emerges thereafter (ONG & al. [36]). This characteristic of P. aeruginosa
pathogenicity mechanisms could cause the down-regulation of LManV and LManVI during
our pricking induced infections, when the gene expression levels were assessed after
approximately 22 hours after infection. In D. melanogaster, ferritin assembly is a strictly
regulated process and one of the main location for unfolding the iron-ferritin interactions is
the intestine (ROSAS-ARELLANO & al. [37]). During the ingestion experiments, the time
interval separating the first contact with P. aeruginosa inoculum and processing of D.
melanogaster infected males in order to perform RNA extraction was over 60 hours.
Therefore, especially at the gut level, the bacterial infection could have been able to induce
the documented up-regulation of ferritin coding genes, including LManV and LManV1.

When comparing LManV and LManVI gene expression profiles, we found that only
LManV1 is upregulated in the intestines of both Oregon and mutant males infected by bacteria
ingestion. At the same level, LManV is significantly overexpressed in Oregon males, while in
yCop'#/yCop'# males its variation is not significant. Surprisingly, although the two genes
share functional homologies, the overall results of the feeding experiments indicate a more
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significant expression variation for LManVI as compared to LManV in the yCop!**/yCop!#
mutant background.

The lack of significant variations in the expression level of LManV gene in
yCop'#*/yCop’# males infected by ingestion compared to uninfected ones, could be caused by
the genetic background particularities of these mutant males. The yCop gene is involved in
many important biological processes; these include phagocytosis of foreign particles
(STROSCHEIN-STEVENSON & al. [38]) and intracellular protein transport (GRIEDER &
al. [16]). Supplementary, yCop gene is involved in the development of the tracheal system
(GRIEDER & al. [16]). Extrapolating the latter role, yCop could be involved in the
development of other hollow organs, such as the intestine, and concomitantly might also
influence their functions. Because the mutant males bear two copies of yCop’#* hypomorphic
allele, they could harbor inefficient yCop mediated intracellular protein transport processes
that usually are hardly influenced by the establishing of an immune response consecutive to
mild bacteria ingestion. The variation of yCop gene expression was insignificant when
bacteria ingestion effects were evaluated within the whole body of both wild-type and mutant
males (data not shown). On the other hand, regardless of the genetic backgrounds, LManV
and LManVI gene expressions are significantly stimulated by acute infections within the
tissues found in direct interactions with the pathogens, such as the intestines (Table 2).

Conclusions

LManV and LManVI may be recruited by the immune system of D. melanogaster upon
pricking infection with P. aeruginosa, possibly in strong correlation with yCop allelic
condition. The expression of LManV and LManVI following inoculation by pricking was
analyzed comparatively with the ingestion route. This study can lead us to a better
understanding of the innate immune response to P. aeruginosa opportunistic pathogen, which
is often involved in nosocomial infections. Based on experimental evidences, available
scientific literature and in silico investigations, we conclude that LManV and LManVI genes
are involved in modulating the anti-infectious defense mechanisms, possibly due to their
implication in mannose metabolism and ferritin dynamics, which are important processes for
triggering the immune response in D. melanogaster.
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