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Abstract

Antibiotic resistance is a continuing challenge in medicine. There are various strategies for
expanding antibiotic therapeutic repertoires, including the use of blow flies. Their larvae exhibit strong
antibiotic and antibiofilm properties that alter microbiome communities. One species, Lucilia sericata, is
used to treat problematic wounds due to its debridement capabilities and its excretions and secretions
that kill some pathogenic bacteria. There is much to be learned about how L. sericata interacts with
microbiomes at the molecular level. To address this deficiency, gene expression was assessed after
feeding exposure (1 hour or 4 hours) to two clinically problematic pathogens: Pseudomonas aeruginosa
and Acinetobacter baumanii. The results identified immunity related genes that were differentially
expressed when exposed to these pathogens, as well as non-immune genes possibly involved in gut
responses to bacterial infection. There was a greater response to P. aeruginosa that increased over time,
while few genes responded to A. baumanii exposure and expression was not time-dependent. The
response to feeding on pathogens indicates a few common responses and features distinct to each
pathogen, which is useful in improving wound debridement therapy and helps develop biomimetic
alternatives.
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Introduction

Acinetobacter and Pseudomonas species are emerging as significant human pathogens
throughout the world (Chopra et al., 2008). Naturally derived antibiotics, such as penicillin, are the
primary tool used to treat bacterial infections, but many bacterial species have evolved resistance to
antibiotics (CDC, 2020). Among thereatest concern are the ESKAPE pathogens (Enterococcus faecium,
Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas aeruginosa,
and Enterobacter spp.), which currently cause the majority of hospital infections and effectively
“escape” the effects of antibacterial drugs (Boucher et al., 2009).

Blow flies (Diptera: Calliphoridae) are a promising natural system for identifying novel
antibiotics (Pavillard and Wright, 1957; Sherman, 2014; Sherman et al., 2000, 2013). Blow flies colonize
vertebrate remains, thus they are exposed to many potential pathogens (Anderson et al., 2001). Blow fly
larvae engage in extra-corporeal digestion of decomposing resources that are often associated with
diverse microbial communities (Weatherbee et al., 2017). Blow fly larvae excrete and secrete molecules
with antibiotic, antibiofilm, and wound healing properties (Bexfield et al., 2008; Cazander et al., 2009;
van der Plas et al., 2009). One consequence of this feeding strategy is that blow flies alter the bacterial
communities associated with vertebrate carrion when they feed (Pechal et al., 2014; Tomberlin et al.,

2017).

There are two potential approaches to take advantage of blow fly biology to treat open and
infected wounds. The first is an organismal approach, where sterilized larvae are placed on a wound and
allowed to feed until debridement is complete. This approach is currently FDA cleared (Sherman, 2014;
Sherman et al., 2000, 2013), but requires cultural acceptance of insects as medical devices, which is
unlikely to be uniform across individuals and cultures. This approach also requires a supplier to maintain
colonies of sterile blow flies that will feed on dead, but not live, tissue—limiting use for this purpose
(Sherman, 2014; Sherman et al., 2000). In the United States, only strains of Lucilia sericata
Meigen (Dipter: Calliphoridae) are used for wound debridement (Sherman, 2014). The second approach
is to develop biomimetic technologies based on blow fly biology (Tonk and Vilcinskas, 2017). To those
ends, the molecular and immunological processes associated with blow fly feeding are dissected in
order to develop treatments that mirror organismal processes without the need for maintaining and
using actual blow flies. Both approaches to controlling infections would benefit from a dissection of the
molecular processes involved in blow fly-bacterial interactions. Specifically, the efficacy of blow fly
treatments can depend on which bacteria are present (Steenvoorde and Jukema, 2004; van der Plas et
al., 2008) and understanding why could improve the utility of maggot therapy on non-responsive
bacterial pathogens. For example, determining the mechanisms responsible for bacteria-specific blow fly
responses could be used to improve blow fly strains through transgenic approaches (Linger et al., 2016).

A key component of the wound healing properties of blow fly larvae may be the antimicrobial
peptides (AMPs) that they produce as part of their innate immune system (flies do not possess an
adaptive immune system). The fly humoral innate immune response can be initiated by the immune
deficiency (IMD) and Toll signaling pathways, ultimately activating families of AMPs and other effector
proteins that kill bacteria (Hoffmann, 2003). Different pathogens activate different pathways and are
targeted by different families of effectors resulting in at least three possible combinations between
bacteria and fly immune systems: 1) matches, in which the fly immune system recognizes a bacterium
and properly responds with a targeted antibacterial response; 2) the inability to recognize a pathogen
by cellular receptors; or 3) the ability to recognize a pathogen, but the inability to express the proper
antibacterial molecular components to kill that pathogen (Buchon et al., 2014; Hanson et al., 2019;
Hoffmann, 2003). Much of what is known about fly immunity derives from research on Drosophila
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(Diptera: Drosophilidae), which are tuned to yeast laden foods and bacteria associated with
decomposing plants. This distinction between the Drosophila and other flies is important as blow flies
and their close relatives appear to express many more AMPs than Drosophila, suggesting a need for
blow flies and their allied species to respond to a more diverse bacterial assemblages encountered on
carrion or manure (Péppel et al., 2015; Sackton et al., 2017). For example, the transcriptome of

L. sericata contains at least 47 transcripts that encode putative antimicrbial peptides and other small
effector proteins (Péppel et al., 2015), whereas Drosophila have approximately 20 AMPs (Sackton et al.,
2007). Lastly, fly infection studies usually evaluate infection initiated by septic wounding (Khalil et al.,
2015; Poppel et al., 2015; Sackton et al., 2017), instead of evaluating the feeding responses of flies,
which is a major expected route of exposure to bacteria in natural environments (Tomberlin et al.,

2017).

We aimed to address the natural immune response of L. sericata larvae to P. aeruginosa or
A. baumanii (two ESKAPE pathogens) on an otherwise sterile food source by measuring gene expression
in the larvae using RNA-seq. P. aeruginosa is regularly studied regarding its interactions with L. sericata
(Andersen et al., 2010; Barnes et al., 2010; Cazander et al., 2009; Kerridge et al., 2005), while there is
relatively little known about A. baumanii interactions with L. sericata (Hirsch et al., 2019; Vrancianu et
al., 2020). Our approach allowed an assessment of the uniformity of fly immune responses to two
different gram-negative human pathogens. It also allowed an assessment of whether the immune
response consists primarily of induction of AMPs, other effectors, or other genes. Moreover, we
subjected the larvae to both short (1 h) and long (4 h) exposures to bacteria to determine if the immune
response is similar across time periods and bacterial treatments. These results identify both bacteria-
specific and shared responses that the fly may use to regulate (or fail to regulate) P. aeruginosa and
A. baumanii, which could inform the control of bacteria with blow fly products derived from organismal
or biomimetic systems.

Experimental Procedures
Blow fly rearing and infection

L. sericata larvae were fed either P. aeruginosa, A. baumannii, or a control medium for 1 h or 4
h. The strains used were P. aeruginosa (Schroeter) Migula (ATCC® 15692™; American Type Culture
Collection, Manassas, Virginia) isolated from an infected wound and A. baumannii Bouvet and Grimont
(ATCC® 19606™) isolated from urine. The bacteria were prepared and stored at -80°C according to
manufacturers’ instructions. The bacteria were cultured on Trypticase Soy Agar (TSA) 24 h in advance of
experiments, and single colonies were isolated and passaged onto new TSA plates incubated 18-24 h at
37°C for use. The inoculum was brought to a 0.7 ODsx Nm in phosphate buffered saline (PBS),
enumerated by a tenfold serial dilution in PBS, spread onto TSA plates, and incubated 18-24 h at 37°C.
This exposure concentration was selected based on a preliminary study performed to determine the
highest concentration at which the larvae survived exposure to P. aeruginosa and A. baumannii.

The experiment was performed across 3 batches. Each batch consisted of four replicates per
treatment. Each replicate consisted of a tube containing Medical Maggots™ larvae exposed to
P. aeruginosa, A. baumannii, or PBS for 1 h or 4 h (24 tubes per batch). The larvae were from a single
strain (maintained for 30-years) of L. sericata supplied by Monarch Labs (Irvine, CA, USA). Disinfected
eggs were impregnated in sterile gauze and shipped overnight, with each batch arriving in a different
shipment. Upon arrival, larvae were verified to be second instar, an approximate count was performed,
and 5 larvae were placed in Trypticase Soy Broth (TSB) and incubated at 37°C overnight and monitored
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for bacterial growth to confirm sterility. Second instar larvae from each batch were aseptically removed
from the shipping vial and aliquoted into each treatment tube upon arrival.

Larvae from each batch were exposed to 10 pL of 10° cfu/ml of the bacterial treatment,
P. aeruginosa (6.9 + 1.7 x 100 cfu/ml) or A. baumannii (8.6 = 4.6 x 10° cfu/ml), or control PBS added onto
a slant of 2 mL of TSA within a 5 mL round bottom polypropylene tube (Thermo Fisher Scientific Inc.,
Wilmington, DE, USA) (Supplemental Figure S1). Eight replicate tubes were prepared for each bacterial
treatment or control (24 tubes per batch). The tubes were incubated at room temperature for 30 min in
a biosafety hood prior to use. Fifteen larvae were aseptically added to each tube, which was capped and
incubated at room temperature for 1 or 4 h in a sterile environment.

After 1 h exposure, 10 larvae from 4 of each of the P. aeruginosa, A. baumannii, and control
tubes were collected using sterile technique. This was repeated after 4 h exposure for larvae from
the 4 remaining tubes of each treatment and control. The 10 larvae from each collection were
placed into a 1.5 mL microcentrifuge tube (Thermo Fisher Scientific Inc., Wilmington, DE, USA) and
immediately flash frozen in an isopropanol/dry ice mixture. Each of these tubes was stored at -80°C until
subsequent RNA-seq library preparation.

RNA-seq data collection

RNA-seq was used to measure gene expression in the 24 larval samples from each of the three
batches of the experiment (72 samples total, Supplemental Table S1). For RNA extraction, five of the 10
larvae were removed from each 1.5 mL microcentrifuge tube and placed in a new 1.5 mL
microcentrifuge tube. All tubes and consumables were RNAse-free. RNA was extracted in a two-step
process. First, whole RNA was extracted using TriReagent (Sigma-Aldrich Corp., St. Louis, Missouri)
preparation following manufacturer’s protocols. Briefly, five larvae were macerated in 1 mL of
cold TriReagent. Following this, 50 mL of ice-cold BAN reagent (Molecular Research Center, Inc.,
Cincinnati, OH, USA) was added and the solution was vigorously mixed. Next, the tubes were
centrifuged at 14,000 G at 4°C for 15 min to isolate the RNA from the DNA and proteins. Approximately
500 pL of the top clear layer was carefully removed with a pipet and added to 500 pL of ice-cold 100%
isopropanol. The tubes were mixed via inversion three times and allowed to rest on ice for 10 min to
precipitate the RNA. The precipitate was then centrifuged at 14,000 G at 4°C for 15 min. Next, the
supernatant was completely removed, 1 mL of ice-cold 70% ethanol was added, the tube was
centrifuged at 4°C for 5 min at 14,000 G, the ethanol supernatant was eluted, and any remaining ethanol
was allowed to completely evaporate. The RNA was then dissolved in a 10uL mixture of 99 uL of
DNase/RNase/Nucleotide-free water and 1 uL of SUPERaseeIn™ (Invitrogen, Life Technologies
Incorporated, Grand Island, New York). Next, the RNA was further purified using a Qiagen RNeasy Micro
Kit and on-column DNase treatment following manufacturer protocols (Qiagen Inc., Valencia, CA, USA).
RNA was eluted into a 1:100puL mixture of SUPERaseeIn and DNase/RNase/Nucleotide-free water. RNA
concentration and quality was assessed with a NanoDrop (Thermo Fisher Scientific Inc., Wilmington,
Delaware) and an Agilent 2100 BioAnalyzer (Agilent Technologies Inc., Santa Clara, CA, USA). Each
sample was stored at -80°C until RNA-seq library preparation.

Each of the 72 RNA samples was used to construct a separate paired-end RNA-seq libraries
(Supplemental Table S1) using the TruSeq mRNA stranded kit. All 72 samples were sequenced on six
separate flow cells (all samples were loaded onto all flow cells) on an lllumina Hi-Seq 2500 (lllumina,
Inc., San Diego, California) with 125 bp paired-end reads following manufacturer protocols. All
library preparation and sequencing were performed by the Genomics and Bioinformatics Services at
Texas A&M Agrilife Research (College Station, TX, USA). Sequence cluster identification, quality
prefiltering, base calling and uncertainty assessment were done in real time using lllumina's HCS 2.2.68
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and RTA 1.18.66.3 software with default parameter settings. Sequencer.bcl basecall files were
demultiplexed and formatted into fastq files using bcl2fastq 2.17.1.14 script configureBclToFastq.pl. All
RNA-seq data collected in this study are available from the NCBI Gene Expression Omnibus (accession
GSE161305).

RNA-seq data analysis

Multiple approaches were used to analyze the RNA-seq data because a published genome is not
yet available for L. sericata. In one approach, RNA-seq reads were aligned to a previously assembled
L. sericata transcriptome (Sze et al., 2012) along with previously identified transcripts of AMPs and other
effectors from L. sericata (POppel et al., 2015). In the second approach, transcripts from the annotated
reference genome of the closely related Lucilia cuprina (Anstead et al., 2015) served as the reference.
Each reference has contrasting costs and benefits. The L. sericata transcriptome is from the same
species where the RNA-seq data were collected, but it is an assembled transcriptome from RNA-
seq data, not an annotation from a complete genome. It may therefore be missing genes that were not
expressed in the sampled tissues, and it lacks full length transcripts for alternatively spliced genes. In
contrast, the L. cuprina annotated genome overcomes the shortcomings associated with a
transcriptome assembly, but it is from a different (yet closely related) species.

When the L. sericata transcriptome was used as the reference (Sze et al., 2012), reads were
aligned to transcriptome “nodes” (from assembly 25_5) using kallisto v0.44.0 (Bray et al., 2016). A node
can be considered to be one or more consecutive exons that are not alternatively spliced. We added to
this reference transcriptome assembly a set of 47 previously annotated AMPs and other effectors from
L. sericata (POppel et al., 2015). Next, redundancy between transcriptome nodes and annotated AMPs
was identified using MegaBLAST (Morgulis et al., 2008) with the default parameters to search the
transcriptome database with the AMPs as queries. We excluded 61 nodes with >95% DNA sequence
identity to the set of 47 AMPs.

The output from the kallisto pseudoalignment of RNA-seq reads to L. sericata transcripts was
used to test for differential expression across treatments (with or without bacteria) and time points (1 h
and 4 h of exposure). Pseudocounts output by kallisto can be fractions because reads are assigned to
transcripts using a probabilistic method (Bray et al., 2016). Pseudocounts were rounded to the nearest
integer. Read counts were summed over all 6 lanes for each of the 72 treatment-time-batch
combinations. Then a combination of the limma and edgeR packages in R were used to test for
differential expression (McCarthy et al., 2012; Ritchie et al., 2015; Robinson et al., 2010). In all analyses,
a gene was considered to be differentially expressed with a false discovery rate (FDR) less than 0.05
(Benjamini and Hochberg, 1995). FDR adjusted P-values (P.x;) were calculated separately for each
analysis. The specific linear models used in our analysis are described below. Fold-change language
throughout the document reflects log, fold-changes.

Three different approaches were taken when using the L. cuprina genome as the reference. In
the first two, kallisto was used to align the RNA-seq reads to annotated transcripts from two different
assemblies of the L. cuprina genome. The first assembly was deposited in NCBI GenBank in 2015 by the
University of Melbourne (NCBI accession GCA_001187945.1). The second assembly was deposited in
NCBI GenBank in 2017 by the i5k Initiative (NCBI accession GCA_000699065.2). The kallisto
pseudocounts from alignment to annotated transcripts from each of these two assemblies were
analyzed using limma and edgeR, as described above. In the third approach, TopHat v2.1.1 (Kim et al.,
2013; Trapnell et al., 2009) was used to align the RNA-seq reads to the Melbourne assembly, with a
mismatch rate and read-edit distance setting of four. We then tested for differential expression
between control and treatment groups separately for each time point using Cuffdiff v2.2.1 (Trapnell et
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al., 2012, 2013). AMP genes and other effectors in the L. cuprina genome were retrieved from the
genome annotations.

Two methods were used to identify genes that were differentially expressed between control
and treatment samples when using limma/edgeR, both including batch as a random effect. Pairwise
comparisons between control and exposed individuals at each time point (1 h or 4 h) were done by
modeling the effect of whether the larvae were fed (i.e., exposed to) bacteria or the control media (B)
on the expression of each gene (E), with experimental batch (d) as a random effect and residual (e)
estimated across replicates: £~ B + d + e. This analysis was performed separately for expression data
from 1 h after exposure and data from 4 h after exposure. The RNA-seq data from P. aeruginosa and
A. baumannii infection were analyzed separately.

A second type of analysis was performed using limma/edgeR to identify genes that are
differentially expressed upon bacterial exposure by analyzing both time points simultaneously. In this
approach, the expression of each gene depends on whether the larvae were fed bacteria or the control
media, the length of time they fed (7), and experimental batch: E ~ B + T + d + e. We fit this model to
the RNA-seq data from P. aeruginosa and A. baumannii separately. Amongst the genes that are
differentially expressed upon exposure to a given bacteria, we tested for genes that are further affected
by the length of exposure (1 h vs 4 h) by incorporating an interaction term between exposure and
time: E~B + T + BxT + d+ e. This analysis was only performed for genes with significant differential
expression with respect to B because the interaction term (B xT) has no biological meaning for genes
not responding to bacterial exposure (i.e., those with an insignificant B term).

Results
P. aeruginosa induces effector gene expression more than A. baumannii

Differentially expressed AMPs and other effectors were identified in L. sericata upon exposure
to P. aeruginosa or A. baumannii for 1 h or 4 h (Supplemental Tables S2 and S3). In the first analysis, an
assembled transcriptome of L. sericata served as the reference (Sze et al., 2012), with 47 annotated
AMPs and other effectors added to it (Poppel et al., 2015). Nine effector transcripts were upregulated
(fold-change ranging from 1.94 to 3.27) in L. sericata upon exposure to P. aeruginosa (Figure 1). Four of
the 9 transcripts have a significant interaction term between exposure and time (Pa, < 0.05), with
expression that was upregulated more (fold-change of the effect of time and treatment on expression
ranging from 1.66 to 2.76) upon longer exposure to P. aeruginosa (Figure 1). These included AMPs (Lser-
Dipt3 and Lser-Dipt5, which encode Diptericins), a non-AMP effector (Lser-Edin7, which is an elevated
during infection, or edin, gene family member), and two transcripts encoding proline-rich peptides (Lser-
PRP1 and Lser-PRP4). Notably, Lser-PRP4 was previously shown to be highly expressed in the larval crop
of L. sericata upon infection with a mixture of P. aeruginosa and S. aureus (Péppel et al., 2015). In
contrast, only two AMPs were significantly up-regulated upon exposure to A. baumannii (Lser-Atta3,
with a fold-change = 2.58, which encodes an Attacin, and Lser-Dipt3, fold-change = 2.08), and neither
significantly increased expression with exposure time (Figure 2). Differential expression of other genes
using this reference transcriptome was not done because the non-AMP transcripts are only assembled
into fragments or nodes (Sze et al., 2012).
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Figure 1. Transcripts encoding effector proteins that are upregulated upon exposure to P. aeruginosa. Gene
expression was measured as counts per million (CPM). Salmon lines show expression when exposed
to P. aeruginosa (P) and turquoise lines show expression in control samples (C). Expression was measured at 1 and
4 h. Text within each graph shows the FDR corrected P-value of a test for the effect of bacterial treatment on gene
expression, and a test for the effect of an interaction between bacteria and time on expression (see Methods).
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Figure 2. Transcripts encoding effector proteins that are upregulated upon exposure to A. baumannii. Gene
expression was measured as counts per million (CPM). Salmon lines show expression when exposed
to A. baumannii and turquoise lines show expression in control samples. Expression was measured at 1 hr and 4 h.
Text within each graph shows the FDR corrected P-value of a test for the effect of bacterial treatment on gene
expression, and a test for the effect of an interaction between bacteria on time on expression (see Methods).

Differential expression of other genes

Next the annotated genome from the closely related L. cuprina (Anstead et al., 2015) was used
as a reference to test for differential expression of AMP genes, non-AMP effector genes, other immune
genes, and non-immunity genes upon exposure to P. aeruginosa or A. baumannii (Supplementary Tables
S4, S5, S6 and S7). Two different genome assemblies (Melbourne and i5k) and two different analysis
approaches were used to test for differential expression (limma/edgeR for both assemblies, and Cuffdiff
for the Melbourne assembly). Because a reference genome from another species was used, only genes
with a robust signal of differential expression were considered (i.e., they were detected as differentially
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expressed using all three combinations of reference genome and computational method) (Figure 3).
Differential expression was tested separately for each length of exposure time (1 and 4 h). Note that it is
not possible to directly compare AMP and other effector genes between the analyses using the

L. sericata transcriptome and the different L. cuprina reference genomes because it is not feasible to
assign direct orthology between species and reference genomes (due to the high evolutionary rate at
which AMP genes are duplicated and the incomplete nature of genomic resources in these species).
Therefore, the focus was on AMP and effector gene families common across analyses rather than
orthologous genes between L. cuprina and L. sericata.

Differentially expressed genes in common across approaches were only detected for the 4 h
bacterial treatments, and not the 1 h treatments. One gene (FF38_08822) was upregulated upon 4 h of
exposure to P. aeruginosa (Figure 3, 4). This gene is homologous to Drosophila melanogaster edin, which
encodes a short peptide that is induced by many bacteria (both Gram-negative and Gram-positive) and
involved in the humoral immune response (Gordon et al., 2008; Vanha-Aho et al., 2012; Verleyen et al.,
2006). Two edin transcripts were upregulated upon exposure to P. aeruginosa when using annotated
L. sericata AMPs as a reference (Figure 1). Thus, the signal of upregulation of edin upon exposure to
P. aeruginosa is robust to the reference transcriptome and analysis pipeline used.

One gene (FF38_04326) was upregulated and another (FF38_01932) was downregulated upon
4 h of exposure to A. baumannii (Figures 3, 5). FF38_04326 encodes a protein that is homologous to D.
melanogaster Pirk, a negative regulator of the Imd pathway (Kleino et al., 2008). The Imd pathway is
triggered by DAP-type peptidoglycans found in the cell walls of Gram-negative bacteria (Kleino and
Silverman, 2014), such as A. baumannii. FF38_01932 is homologous to D. melanogaster ecdysone-
dependent gene 84A (Edg84A), which is required for formation of the pupal cuticle in D.
melanogaster (Apple and Fristrom, 1991).

1 h exposure 4 h exposure
Limma Limma Limma Limma
Melbourne (A isk | Melbourne A isk |
>
(/) O Rt
g
2/ &/ |2
Cuffdifff Melbourne CufTdifff Melbourne
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Figure 3. Venn diagrams of the number of differentially expressed genes detected using three different
combinations of L. cuprina reference genomes (Melbourne and i5k) and analysis approaches (Limma and Cuffdiff).
Complete lists of all genes are available in Supplemental Tables S4 and S5.
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There were 20-55 differentially expressed genes when evaluating the Melbourne reference
genome with Cuffdiff, which greatly exceeds the number detected using limma/edgeR and either
reference genome (Figure 3; Supplementary Tables S4, S5, S6, S7). Some genes distinct to the
Cuffdiff analysis include three Osiris genes, a gene homologous to D. melanogaster Peritrophin-
15a/b, Tweedle family genes (Twdl), Limostatin (Lst), and ecdysoneless (ecd). The three Osiris genes
(FF38_12518, FF38_12526, and FF38_12536, corresponding to D. melanogaster Osi2, Osi9, and Osi15,
respectively) were downregulated (1.2, 1.6, and 4 fold, respectively) upon 1 h of exposure
to A. baumannii. The Osi15 homolog was also downregulated (4.3 fold) after 1 h of exposure
to P. aeruginosa along with a 1.2 fold decrease in expression of a homolog of Peritrophin-
15a/b (FF38_03381). Osiris genes, which are generally associated with chitin processes, are differentially
expressed in immune responses, and similarly in the presence of a toxin, possibly through interactions
with the peritrophic matrix (Smith et al., 2018). In the same 1 h time point, a Twdl gene (FF38_01916)
was upregulated after exposure to both bacteria (1.1-1.3 fold). The Lst gene (FF38_07809) is
upregulated 0.73 fold upon 4 h exposure to P. aeruginosa. Lst is a peptide hormone produced by
endocrine corpora cardiaca cells during starvation, and it suppresses insulin production and secretion
from insulin-producing cells by signaling through the G-protein coupled receptor PK1-R4 (Alfa et al.,
2015). The ecd gene (FF38_01073) is upregulated 0.88 fold upon 4 h exposure to A. baumannii.
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Figure 4. One gene was detected as differentially expressed upon exposure to P. aeruginosa at the 4 h time point
in all three analyses using the L. cuprina reference genome (FF38_08822, homoogous to edin). Two different
transcripts of the gene are present in the iS5k reference genome (XM_023442239.1 and XM_023442235.1), and
results are shown for each transcript separately. A. Log fold-change of differential expression between control and
treatment for all three combinations of reference genomes (Melbourne and i5k) and analyses
(Cuffdiff and Limma). B-C. Dots show the counts per million (CPM) values for each transcript of the gene in the
control and P. aeruginosa treatment from each replicate. CPM values are taken from the Limma/i5k analysis.
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Figure 5. Two genes were detected as differentially expressed upon exposure to A. baumanii at the 4 h time point
in all three analyses using the L. cuprina reference genome. FF38_01932 is homologous to D. melanogaster
Edg84A, and FF38_04326 is homologous to D. melanogaster pirk. Two different transcripts of one gene are present
in the i5k reference genome (XM_023435256.1 and XM_023435307.1), and results are shown for each transcript
separately. A. Log fold-change of differential expression between control and treatment for all three combinations
of reference genomes (Melbourne and i5k) and analyses (Cuffdiff and Limma) for each gene. B-D. Dots show the
counts per million (CPM) values for each transcript of each gene in the control and P. aeruginosa treatment from
each replicate. CPM values are taken from the Limma/i5k analysis.

AMPs are induced more than other genes

Finally, we used the L. cuprina genome to compare induction of AMPs with non-AMPs. The
L. cuprina reference genome was used because the L. sericata transcriptome assembly can only be
analyzed at the node level, not transcript / gene levels (Sze et al., 2012), which prohibits analysis of the
expression to this end. The i5k L. cuprina genome served as a reference because it is the most up to date
assembly. The limma/edgeR analysis was used to assess comparisons across time points. We analyzed
the 1 and 4 h treatments together, as well as the 4 h treatment alone (no genes were differentially
expressed at 1 h). Notably, this analysis is performed at the transcript-level. However, our comparison
across L. sericata assemblies (Figure 3) was performed on genes because we could only determine
correspondence across annotations at the level of genes. For this reason, the counts of differentially
expressed transcripts do not necessarily correspond to the number of differentially expressed genes
shown in the limma/i5k analysis reported in Figure 3.
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Table 1. Induction of AMPs and non-AMPs.

AMPs Non-AMPs
Treatment Upregulated! Not up Upregulated! Notup P-value
P. aeruginosa 6: XM_023437587.1 (Cec) 18  6: XM _023437974.1 (IM18) 16755 4.0x10"

(1 and 4 h)

XM_023442258.1 (Dpt)
XM_023442262.1 (Dpt)
XM_023449827.1 (Def)
XM_023452649.1 (Att)
XM_023452688.1 (Att)

XM 023442235.1 (edin)
XM _023442238.1 (edin)
XM _023442239.1 (edin)
XM_023446871.1 (pirk)
XM _023447113.1 (edin)

P. aeruginosa.  5: XM_023437587.1 (Cec) 19  5: XM _023437974.1 (IM18) 16756 9.6x10°3
(4 h) XM_023442262.1 (Dpt) XM_023442235.1 (edin)

XM_023449827.1 (Def) XM_023442238.1 (edin)

XM_023452649.1 (Att) XM_023442239.1 (edin)

XM_023452688.1 (Att) XM_023447113.1 (edin)
A. baumannii  4:XM_023442262.1 (Dpt) 20 3: XM _023437974.1 (IM18) 16758 1.1x10°

(1 and 4 h)

XM_023449945.1 (Cec)
XM_023452649.1 (Att)

XM _023446871.1 (pirk)
XM_023449959.1 (Obp)

XM_023452688.1 (Att)

2: XM _023452688.1 (Att) 22 4: XM 023437974.1 (IM18)
XM_023452649.1 (Att) XM 023439453.1 (uri)
XM _023443166.1 (Ncoab)
XM_023446871.1 (pirk)

A. baumannii 16757 2.9x10°7

(4 h)

1. Transcript IDs from the i5k reference genome. Gene family or D. melanogaster homolog given in
parentheses: Att=Attacin; Cec=Cecropin/Sarcotoxin; Def=Defensin; Dpt=Diptericin; Obp=odorant binding
protein; uri=unconventional prefoldin RPBS interactor; Nco6=Nuclear receptor coactivator 6

2. P-value from Fisher’s exact test comparing upregulated/not upregulated and AMP/non-AMP

AMP transcripts were more likely to be induced relative to other genes upon exposure to the
bacteria. Six AMP genes were induced by exposure to P. aeruginosa, across both exposure times (i.e., 1
and 4 h), which encode Diptericin, Phormicin, Attacin, and Sarcotoxin proteins (Table 1). Only 6 non-
AMP genes were induced by P. aeruginosa, which is a significantly smaller proportion than induced
AMPs (Table 1). There are also 4 AMP genes induced upon exposure to A. baumannii across both
exposure times, encoding Attacin, Diptericin, and Sarcotoxin proteins (Table 1). In comparison, there are
only 3 non-AMP genes induced by A. baumannii, which is a significantly smaller fraction than the
induced AMPs (Table 1). Of the genes upregulated after 4 h only, a similar excess of AMPs is observed
(Table 1). We did not detect any AMP induction that depends on an interaction between exposure and
time when using the L. cuprina reference (Supplemental Tables S6 and S7).

Most of the non-AMP genes that are upregulated upon bacterial exposure when using
the L. cuprina reference genome also encode immune genes. This includes four edin genes that are
upregulated upon P. aeruginosa feeding (Table 1), similar to what was detected when using the
L. sericata transcriptome as a reference (Figure 1). Upregulation of a pirk homolog was observed after
exposure to P. aeruginosa or A. baumannii (Table 1), which was also detected in A. baumannii fed flies
across our three different analysis approaches (Figure 5). Another gene responding to both bacteria is
homologous to D. melanogaster Immune induced molecule 18 (IM18). This gene was not annotated
in the L. cuprina reference genome because it has low nucleic and amino acid identity to its homologs in
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other flies. IM18 homologs have been identified as expressed during the immune response to bacteria
across flies, consistent with being a non-AMP immune effector (Pei et al., 2014; Uttenweiler-Joseph et

al., 1998).

Three genes with no direct relationship to immune response were also upregulated upon
treatment with A. baumannii. First, a gene encoding an odorant binding protein (OBP) was upregulated
when the 1 and 4 h A. baumannii data were considered together (Table 1). Many insect OBPs perform
functions outside of olfaction (Pelosi et al., 2018; Sun et al., 2018), including mediating host-symbiont
interactions (Benoit et al., 2017). OBP genes have also been identified as upregulated upon bacterial
infection in D. melanogaster (Levy et al., 2004), and OBPs are components of the vertebrate humoral
innate immune response (Bianchi et al., 2019). Second, a gene homologous to D. melanogaster
unconventional prefoldin RPB5 interactor (uri) was upregulated after exposure to A. baumannii for 4 h
(Table 1). In Drosophila, uri encodes a molecular chaperone involved in the transcriptional response to
nutrient signaling and maintenance of DNA integrity via its interaction with Type 1 protein phosphatase
(Kirchner et al., 2008). Uri is also implicated in the regulation of cell death, in part via TOR signaling
(Chaves-Pérez et al., 2018). These results suggest that differential expression of uri might be involved in
regulating the immune response to bacterial infection, as is indicated by others (Chaves-Pérez et al.,
2018; Lynham and Houry, 2018). Third, a gene homologous to D. melanogaster Nuclear receptor
coactivator 6 (Ncoa6) was upregulated after exposure to A. baumannii for 4 h (Table 1). Nuclear
receptors are an important component of intracellular signaling during some immune responses (Glass
and Ogawa, 2006). Ncoab encodes a protein that is part of a complex essential for regulating the
transcription of genes involved in tissue growth via the Hippo signaling pathway (Qing et al., 2014).
Hippo signaling is involved in the Drosophila innate immune response (Hong et al., 2018; Liu et al.,
2016). Yorkie, a transcription factor regulated by the Hippo pathway, suppresses the Imd and Toll
pathways, which are the two primary pathways responsible for inducing AMPs (Dubey and Tapadia,
2018). This provides a functional link between Ncoa6 expression and response to bacterial exposure.

No AMP transcripts were detected as downregulated using the analysis that produced Table 1,
but 3 non-AMP transcripts are downregulated in the A. baumanii 4 h treatment (Supplementary Table 5,
Supplementary Figure 2). Two of these transcripts (XM_023435256 and XM_023435307) are predicted
to encode cuticle proteins that contain chitin binding domains (homologous to D. melanogaster Ccp84A
genes). The third downregulated transcript (XR_002762756) is predicted to be a small nucleolar RNA
that functions in the site-specific 2'-0O-methylation of 185 RNA U-1356 (Galardi et al., 2002; Huang et al.,

2005).

Discussion

RNA-seq was used to identify genes that are differentially expressed when second instar
L. sericata larvae feed on either P. aeruginosa or A. baumannii for 1 h or 4 h. The expression response
included expected immunity genes, though the number of differentially expressed genes was not as
great as seen with assays in which calyptrate flies were directly injected with microbes (Sackton et al.,
2017). Specifically, the most sensitive analysis of our data revealed a maximum of 55 differentially
expressed genes in L. sericata exposed to A. baumannii for 4 h (Figure 3). In contrast, adult house flies
(Musca domestica) injected with a cocktail of Serratia marcescens and Enterococcus faecalis,
differentially expressed 1,675 genes (784 upregulated and 891 downregulated), which represents
>11% of all house fly genes (Sackton et al., 2017). In L. sericata, AMP and other effector genes are more
likely to be induced than non-effector genes regardless of the bacteria, but exposure to A. baumanii also
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leads to the upregulation of non-effector genes (Table 1; Figure 3). In addition, more AMPs are up-
regulated by P. aeruginosa than A. baumannii, and only P. aeruginosa induction increases with the time
of exposure (Figure 1; Figure 2).

Immune genes are upregulated by feeding on bacteria

Both the L. sericata transcriptome and L. cuprina genome were used as a reference to identify
upregulation of AMPs and other effector genes. We cannot directly compare orthologous genes
between reference genomes due to the dynamic evolution of AMPs and other effectors (Sackton et al.,
2007, 2017). Instead, we identified common gene families that are induced regardless of the analysis
approach, which is suggestive of a robust signal of induction. The AMPs with such a robust signal of
induction are Diptericins (Lser-Dipt3, Lser-Dipt4, and Lser-Dipt5 in the L. sericata transcriptome),
Cecropins/Sarcotoxins (Lser-Sarco2), Defensins (Lser-Def3b), Attacins (Lser-Atta3), and Edins (Lser-
Edin6 and Lser-Edin7). Moreover, two genes encoding proline-rich peptides (PRPs) are also induced by
P. aeruginosa (Figure 1); these PRPs are not annotated in the L. cuprina reference because it is difficult
to identify homologies of PRP genes across species (Scocchi et al., 2011; Yi et al., 2014). All AMP families
identified are active against Gram-negative bacteria (Bulet et al., 1999; Hoffmann, 2003), such as
P. aeruginosa and A. baumanni. Therefore, these AMPs appear to be important components of the
immune response of L. sericata larvae to Gram-negative bacteria in their environment.

Diptericins may play a common role in response to gram negative bacteria in L. sericata. One of
the nine L. sericata AMP transcripts upregulated upon exposure to P. aeruginosa (Lser-Dipt3) was
shared with A. baumannii (Figure 1, Figure 2). Diptericin genes were also upregulated by P. aeruginosa
and A. baumannii in the L. cuprina guided analysis (Table 1). Diptericins can confer resistance to
infection by Gram-negative bacteria in Drosophila (Tzou et al., 2002). Our results suggest that Diptericins
are a primary AMP induced when L. sericata is exposed to Gram-negative bacteria.

A homolog of pirk (FF38_04326) was upregulated upon exposure to both bacteria (Figure 3;
Table 1). Pirk is a negative regulator of the Imd pathway, and it is activated shortly after infection in
Drosophila (Kleino et al., 2008; Kleino and Silverman, 2014). Imd is involved in stimulating AMP gene
expression in response to Gram-negative bacteria (Kleino and Silverman, 2014). Pirk functions to
suppress the over-stimulation of the Imd pathway and over-expression of AMPs.

A poorly characterized effector, IM18, was in the list of “non-AMPs” commonly upregulated by
both bacteria (Table 1). IM18 genes exhibit low sequence identities across flies. However, protein
similarities establish the homology of L. cuprina IM18 to genes found in flesh flies, house flies,
and Drosophila (e.g., 75% aa identity with DOY81_008491 in Sarcophaga bullata; and 45% aa identity
with IM18 in Drosophila virilis, mostly at the C terminal end). IM18 encodes a short peptide (~63 aa long
in L. cuprina and 71 aa in D. melanogaster), which is in the same size class as known AMPs
(Imler and Bulet, 2005; Lemaitre and Hoffmann, 2007). The L. cuprina peptide contains a prokaryotic
membrane lipoprotein lipid attachment site profile in the first 19 aa (Sigrist et al., 2010), which implies
direct interaction with bacterial cells. In D. melanogaster there is evidence that IM18 could encode a
non-canonical AMP (Pei et al., 2014, Uttenweiler-Joseph et al., 1998), which may be interesting as it
seems to evolve differently than other AMP genes (Sackton et al., 2007); IM18 has remained single/low
copy but is divergent at the sequence level across species. Induction of IM18 in these experiments is
somewhat surprising because it is thought to be regulated by Toll (Seto and Tamura, 2013; Uttenweiler-
Joseph et al., 1998). Activation of the Toll pathway was unexpected because flies were fed Gram-
negative bacteria, and Toll signaling is generally associated with Gram-positive bacteria (Michel et al.,
2001). However, there is some evidence from D. melanogaster that Gram-negative bacteria can also
induce IM18 expression (Short and Lazzaro, 2013), and other evidence suggests complex relationships
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between Imd and Toll responses (Nishide et al., 2019; Valanne et al., 2011). More research on the
evolution, regulation, and function of IM18 appears to be warranted given its distinct features
compared to canonical AMPs and the shared response of this gene in L. sericata to two different ESKAPE
bacteria.

Several effectors were distinct to the L. sericata response to P. aeruginosa, and not induced
upon exposure to A. baumannii. Transcripts encoding Edins (Lser-Edin6 and Lser-Edin7), a Defensin (Lser-
Def3b), and PRPs (Lser-PRP1 and Lser-PRP4) are only up-regulated upon exposure to P. aeruginosa
(Figure 1; Table 1). D. melanogaster edin is also induced upon infection (Verleyen et al., 2006), and at
least two homologs of edin are upregulated upon systemic infection in the house fly (Sackton et al.,
2017). This suggests that Edin proteins are an important, and conserved, component of the immune
response across flies, with bacteria-specific induction. All observations were expected given bacteria-
induced expression and anti-bacterial activity of Edin and PRPs in L. sericata and other flies (Cytryriska et
al., 2020; Gordon et al., 2008; Levashina et al., 1995; Vanha-Aho et al., 2012). Therefore, the L. sericata
response to feeding on P. aeruginosa identifies multiple expected candidates for further study as
biomimetic anti-microbials targeted toward specific pathogens, including canonical AMPs.

Non-immune genes differentially expressed after exposure to A. baumannii

Genes without any direct relationships to immunity were upregulated upon exposure to
A. baumannii and are suggestive of the signaling pathways involved in the response of L. sericata to
bacterial exposure. Two induced non-immune genes are homologous to D. melanogaster genes (uri and
Ncoa6) involved in signaling pathways and transcriptional regulation (Table 1). Ncoa6 is a member of the
Hippo signaling pathway, which regulates tissue growth (Qing et al., 2014), and uri is involved in nutrient
signaling associated with the Insulin-like receptor (InR)/Target of rapamycin (TOR) pathway (Chaves-
Pérez et al., 2018; Kirchner et al., 2008). When uri is not differentially expressed (i.e., in the
P. aeruginosa treatment), Lst, which is also associated with InR/TOR signaling (Alfa et al., 2015), is
upregulated (Supplementary Table S4). Upregulation of ecd was also observed after treatment with
A. baumanii (Supplementary Table S5). In D. melanogaster, Ecd physically interacts with Uri (Rhee et al.,
2014). Another differentially expressed gene (FF38_01932) is homologous to D. melanogaster Edg84A
(Figure 5), which is involved in formation of the pupal cuticle (Apple and Fristrom, 1991). Expression
of Edg84A in D. melanogaster is regulated by nuclear hormone receptor transcription factors (Akagi et
al., 2013; Murata et al., 1996). Nuclear receptors respond to ecdysteroid pulses to trigger
developmental transitions (Yamada et al., 2000; Yamanaka et al., 2013). These results are consistent
with experiments in D. melanogaster finding immune responses impacting hormonal signaling pathways
that regulate development (DiAngelo et al., 2009; Lee and Lee, 2018; Suzawa et al., 2019. Because
induction of these non-immune genes is greater for A. baumanii exposure, we hypothesize that
A. baumanii has greater effects on growth and developmental physiology in L. sericata.

While the non-immune responses were not expected, they are not surprising given that this
experiment exposed flies to bacteria through feeding. When all non-immune genes discussed here are
taken together a larger gut-oriented picture emerges (Liu et al. 2017, Wang et al. 2020) (Figure
6). Peritrophin-15, a component of the peritrophic matrix (Wijffels et al., 2001), is downregulated at 1 h
after P. aeruginosa treatment (Supplementary Table S4). In addition, Osiris genes were suppressed after
1 h of feeding (Figure 6A). Osiris proteins are gut expressed, located in the cellular membrane, and
possess chitin binding domains, implying a role in the peritrophic matrix (Dorer et al., 2003; Shah et al.,
2012; Smith et al., 2018). Intriguingly, they are also differentially expressed when Drosophila sechellia
feed on toxic octanoic acid (Lanno et al., 2017), and may be involved in adaptation of D. sechellia to
tolerate that compound in their host plant, Morinda citrifolia (Andrade Lépez et al., 2017; Lanno et al.,
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2019). In addition, three transcripts homologous to D. melanogaster genes encoding proteins containing
chitin binding domains (Edg84A and two Ccp84A genes) are also downregulated by A. baumanii
exposure (Figure 6A). Downregulation of these 7 transcripts encoding proteins likely to be present in
the peritrophic matrix suggests changes to the gut epithelium in L. sericata and aligns with observations
in D. melanogaster (Buchon et al., 2009).
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Figure 6. Genes induced in L. sericata by feeding on P. aeruginosa and A. baumanii are related through co-
expression in other experiments, shared regulatory pathways, and known physical interactions. A. Genes that are
differentially expressed in L. sericata upon exposure to P. aeruginosa (P) and A. baumanii (A), along with one gut
expressed gene that is not differentially expressed (Tsp2A), are connected by curved lines based on co-expression

in other experiments, shared functions, or membership in the same gene families. Other experiments include
those in which D. sechellia was fed octanoic acid (OA), inferred functions in learning and memory in D.
melanogaster, or induction during bacterial infection (Bozler et al., 2017; Gordon et al., 2008; Lanno et al., 2017,
Short and Lazzaro, 2013). B. Annotated cellular localization of proteins encoded by genes differentially expressed
after bacterial exposure in L. sericata are shown. The relationships of the differentially expressed genes to the two
primary cell signaling pathways involved in the humoral innate immune response (Toll and Imd) are also shown,
along with their (imperfectly) dogmatic relationship to Gram-negative (Gram-) and Gram-positive (Gram+)
bacteria.

Other genes identified as differentially expressed in D. sechellia after exposure to octanoic acid
were also differentially expressed in L. sericata after A. baumanii exposure, including Twd/ genes, IM18,
and edin (Lanno et al., 2017). IM18 is also implicated in D. melanogaster learning and memory, along
with Tsp2A (Bozler et al., 2017). Tsp2A is another gene that is expressed in the gut and is important for
midgut development (Izumi et al., 2016; Xu et al., 2019). In our experiment and in the octanoic acid
experiment in D. sechellia, edin and IM18 are differentially expressed after gut exposure as a result of an
external environmental stimulus and both are exported from cells (Figure 6B).

The induction of non-immune genes in the gut after feeding, including the Osiris and Twd/
genes, suggests that either the Imd signaling pathway drives expression of non-immune genes or other
signaling pathways are being induced in response to something other than infection. Nearly all of the
immune genes that are induced in L. sericata by P. aeruginosa and A. baumanii (e.g., edin, pirk, and AMP
genes) are regulated by the Imd pathway, which is induced by Gram-negative bacteria (Kleino et al.,
2008; Kleino and Silverman, 2014; Vanha-Aho et al., 2012). However, IM18 is considered to be regulated
by Toll (Seto and Tamura, 2013; Uttenweiler-Joseph et al., 1998). The Toll pathway is regulated by Hippo
signaling (Liu et al., 2016), which regulates the proliferation of gut stem cells, including after injury (Ren
et al., 2010). One of the genes that is differentially expressed by A. baumanii exposure (Ncoa6) is itself a
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regulator of Hippo signaling (Qing et al., 2014), suggesting that the Toll pathway is indeed activated
when L. sericata eat Gram-negative bacteria.

One explanation for the induction of non-immune genes when L. sericata is exposed to
A. baumanii is that the larval gut is responding to tissue damage. The induction of AMP and effector
genes was less when L. sericata was exposed to A. baumanii relative to P. aeruginosa (Figure 1; Figure
2). The weaker immune response raises the possibility that A. baumanii proliferates in the gut. The
induction of multiple non-immune genes related to Toll/Hippo signaling and wound healing (including
Ncoab6 and uri/ecd) by exposure to A. baumanii (Table 1) suggest damage to the gut epithelium that
must be repaired (Ren et al., 2010). The downregulation of genes expected to encode components of
the peritrophic matrix (Peritrophin 15, Edge84A, Osiris and Ccp84A genes) could be relatedto gut
damage—the peritrophic matrix plays an important role in reducing the harmful effects of bacterial
infection in the fly gut (Kuraishi et al., 2011; Weiss et al., 2014).

Our results are consistent with other evidence suggesting a more complex relationship between
Imd and Toll pathways beyond merely responding to two different classes of microbial pathogens
(Nishide et al., 2019; Valanne et al., 2011). Across the analyses conducted in these experiments, a
broader picture emerges of interactions between infection and tissue damage mediated by Toll, Imd,
InR/TOR, Hippo, and ecdysone signaling. Several of the same non-immune genes are differentially
expressed in response to bacteria or chemical toxins in the gut in Drosophila and Lucilia, with IM18 and
edin potentially linking the Imd and Toll pathways in the gut, and the Toll pathway potentially
functioning in response to gut damage.

Conclusions

In summary, we demonstrate induction of AMP and other effector genes as the primary
differential expression occurring when L. sericata second instar larvae are exposed, by feeding, to
P. aeruginosa and A. baumannii. P. aeruginosa induced more AMPs, and the induction of effectors
increases over time with exposure to P. aeruginosa, but not for A. baumanii. L. sericata exhibited
distinct responses to these bacteria and the similarities and differences in the differential expression
associated with them helps to dissect the role of the gut and genes in these taxon-specific responses.
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