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A B S T R A C T   

The common green bottle blow fly Lucilia sericata (family, Calliphoridae) is widely used for maggot debridement 
therapy, which involves the application of sterile maggots to wounds. The larval excretions and secretions are 
important for consuming necrotic tissue and inhibiting bacterial growth in wounds of patients. Lucilia sericata is 
also of importance as a pest of sheep and in forensic studies to estimate a postmortem interval. Here we report the 
assembly of a 565.3 Mb genome from long read PacBio DNA sequencing of genomic DNA. The genome contains 
14,704 predicted protein coding genes and 1709 non-coding genes. Targeted annotation and transcriptional 
analyses identified genes that are highly expressed in the larval salivary glands (secretions) and Malpighian 
tubules (excretions) under normal growth conditions and following heat stress. The genomic resources will 
underpin future genetic studies and in development of engineered strains for genetic control of L. sericata and for 
biotechnology-enhanced maggot therapy.   

List of abbreviations  

MDT Maggot debridement therapy 
PMI Postmortem interval 
ES maggot excretions and secretions 
SG salivary glands 
MT Malpighian tubules 
FB fat body 
TPM transcripts per million bp 
WGCNA weighted gene co-expression network analysis 
FDR false discovery rate 
GO gene ontology 
Hsp heat shock protein.  

1. Introduction 

Female Lucilia sericata lay eggs in carrion usually in large clutches of 

up to 200 eggs per female [1,2]. Developing larvae consume dead tis
sues, thus performing an important ecological role in decomposition 
[3,4]. In the United Kingdom, New Zealand and Australia, L. sericata 
females can also lay eggs in an open wound or moist area of the wool or 
skin of live sheep [5]. The developing larvae will consume living tissue 
and can cause death of the animal if not treated with insecticides. Thus, 
sheep myiasis or flystrike causes economic losses to farmers and is a 
significant animal welfare issue [5,6]. In New Zealand, L. sericata larvae 
were found in most flystrike samples that contained more than one 
species and L. sericata was responsible for about a quarter of the 
monospecific strikes [7]. Lucilia sericata is responsible for most of the 
sheep myiasis found in England and Northern Europe [5]. 

Maggot debridement therapy (MDT) has been approved by the FDA 
for the treatment for diabetic foot ulcers [8,9]. For MDT, L. sericata are 
reared under sterile conditions and first instar larvae are introduced into 
wounds. The larvae promote healing in part through digestion and 
mechanical removal of necrotic tissue. Unlike during flystrike in sheep, 
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L. sericata do not damage healthy living tissue in people. This debride
ment of necrotic tissue is essential for wound healing. Digestion of the 
tissues is accomplished by enzymes in the excretions and secretions (ES) 
from the L. sericata larvae. The enzymes include arginases, leucine 
aminopeptidase, collagenase, serine proteases (trypsin-like and 
chymotrypsin-like) and a metalloproteinase [9,10]. In addition to the 
ingestion and removal of necrotic tissue, secretion of ammonia inhibits 
bacterial growth by raising the pH of the wound environment [11]. 
Microbial growth is also inhibited by factors in the ES that have anti
bacterial and antifungal activity. These include several antimicrobial 
peptides (AMPs) such as a defensin called lucifensin [12] and lucimycin 
[13]. Larval excretions also contain allantoin [14], a metabolite of pu
rines that is thought to promote wound healing [15]. Urate oxidase, the 
enzyme that converts uric acid to allantoin, is expressed mostly in the 
Malpighian tubules, the larval excretion organ [16]. Lastly, ES may 
actively promote wound repair through stimulating growth of human 
cells in the wound. For example, ES increased hepatocyte growth factor 
(HGF) synthesis in cultured cells and increased HGF levels were 
measured in femoral vein blood of patients during MDT [17]. Although 
some specific factors have been identified, extensive assessment of fac
tors that could be involved in MDT have yet to be established. 

In addition to its role in flystrike and MDT, L. sericata is also of 
importance in forensic entomology as female blow flies are early colo
nizers of human remains and L. sericata is found in most temperate and 
tropical areas of the world [1,2]. A postmortem interval (PMI) can be 
calculated based on the stage of development of the larvae and envi
ronmental conditions [18]. Consequently, there have been several 
studies documenting the development of L. sericata larvae under a va
riety of conditions, allowing the establishment of this species for PMI 
estimates [19–21]. 

Although L. sericata is important in several fields of study, there are 
few genomic resources available. Here we have assembled and anno
tated the genome from a highly inbred strain of L. sericata. To gain an 
insight into the genes that could be contributing to MDT and flystrike, 
we have performed RNAseq analyses of RNA from larval salivary glands 
and Malphigian tubules. For comparison, we have also analyzed RNA 
levels in larval fat body. Lastly, as maggots in wounds could be exposed 
to higher temperatures, specifically during their use in MDT or during 
flystrike, we have examined the heat shock response in the same three 
larval tissues. These genomics and transcriptomic resources will provide 
critical information on understanding this fly as a pest and as a bio
therapy agent in MDT. 

2. Results and discussion 

2.1. Genome assembly and gene prediction 

To reduce heterozygosity, the L. sericata MDLA strain was inbred for 
10 generations of full sibling single pair matings. DNA was isolated from 
late stage (14–18 h) mixed sex embryos from the inbred stain. We 
consistently obtained higher molecular weight DNA from embryos than 
adults, which could be due to the presence of the adult exoskeleton 
causing shearing during isolation [22]. 20 kb libraries were prepared for 
PacBio DNA sequencing. 15 SMRT cells from a PacBio Sequel generated 
6,110,102 subreads with 45.3 Gb of sequence. An initial genome was 
assembled using FALCON [23,24], which was polished with Arrow (B). 
The raw read coverage was 73× and the assembly included 11,157 
primary contigs with a total size of 688.4 Mb. After removing low 
quality contigs and contaminants, the assembly included 6676 primary 
contigs with a total size of 617.3 Mb (Table 1). We next applied the 
reduction step from the Redundans pipeline as this can help remove 
duplicate contigs from genome assemblies [25]. This step reduced the 
number of primary contigs to 4372 with an assembly size of 565.4 Mb. 
The final assembly size is smaller than the measured genome sizes of 
651.8 Mb for male and 701.1 Mb for female L. sericata [26]. This could 
indicate that parts of the genome are missing from the assembly. 

To assess the completeness of the assembly, we searched for the 
presence of 2799 core Diptera genes utilizing BUSCO [27]. The results 
suggest a very complete set (92.0% complete and single copy) with little 
fragmentation (1.6%) (Table 1). The level of complete but duplicated 
genes (3.2%) was also low but suggests that a small fraction of single 
copy genes have been placed onto separate contigs, possibly due to re
sidual heterozygosity. The application of Redundans did reduce the 
number of complete but duplicated genes by half suggesting duplicate 
contigs had been removed from the assembly. Ninety one of the 2799 
genes were missing. The BUSCO scores are similar to those for other fly 
genomes [28–31], indicating the L. sericata draft genome is of compa
rable quality. 

The genome was annotated by the automated NCBI eukaryotic 
genome annotation pipeline (NCBI Lucilia sericata Annotation Release 
100). As part of the annotation pipeline, RNA-seq reads from adult male 
and female (this study) and larvae from earlier studies [32,33] were 
used in gene prediction and in subsequent RNA-seq analyses. The 
reference assembly contains 14,704 predicted protein coding genes and 
1709 non-coding genes (Table 2). This number of protein coding genes is 
very similar to the 14,544 protein coding genes found in the initial 
L. cuprina genome assembly [31]. Principal component analyses of the 
RNA-seq data show that the samples cluster by stage and sex (Fig. S1). 
Comparisons identified female and male-biased and larval-specific gene 
sets (Tables S1–S3). Using Signal P [34], 3604 of the proteins were 
predicted to contain a secretory signal peptide indicating the protein 
could be secreted or retained in the plasma membrane, ER, Golgi 
apparatus or directed to the lysosome [34] (Table S4). Of the gene 
families of interest for debridement, there are 23 annotated AMP genes, 
including seven that encode attacin-like proteins, two defensins (one is 
lucifensin), three diptericin-like, ten sarcotoxin-like and one antifungal 
(lucimycin) (Table S5). Of the predicted proteins, there are 174 anno
tated peptidases, 157 proteases, 54 trypsin-like, and 17 chymotrypsin- 
like. 

2.2. Searching for wound healing and flystrike genes: genes expressed in 
larval salivary glands, Malpighian tubules and fat body 

To identify genes that may play important roles in MDT and flystrike, 
RNA was isolated from dissected larval salivary glands (SG), Malpighian 
tubules (MT) and fat body (FB). The SG are a major source of maggot 
secretions and MT are a source of maggot excretions. While the FB plays 
a major role in intermediary metabolism, in this study the tissue serves 
as a control group for pairwise comparisons. RNA-seq analyses were 

Table 1 
Assembly statistics and BUSCO scores before and after Redundans.   

Before redundans Final 

Total length 617.3 Mb 565.4 Mb 
Contig count 6676 4372 
Longest contig 4,338,675 bp 4,338,675 bp 
N50 264,619 bp 296,078 bp 
GC Content 30.8% 30.8% 
BUSCO (Diptera)   

Complete-single 2512 (89.7%) 2576 (92%) 
Complete-duplicated 180 (6.4%) 89 (3.2%) 
Fragmented 39 (1.4%) 43 (1.5%) 
Missing 68 (2.5%) 91 (3.3%)  

Table 2 
Gene annotation summary statistics.  

Feature Number 

Protein-coding genes 14,704 
Non-coding genes 1709 
Non-transcribed pseudogenes 633 
mRNAs 23,687 
CDSs 23,700  
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undertaken to identify genes enriched in each tissue. The normalized 
RNA levels (TPM) for all transcripts are provided in Table S6. Two 
methods were used to assess significance levels in each sample, weighted 
gene co-expression network analysis (WGCNA, P < 0.05 for modules of 
interest) [35] and DESeq2 (FDR < 0.05) [36]. DESeq2 allows for the 
analysis of genes that have statistically significant difference expression 
between samples and WGCNA identifies genes with similar co- 
expression patterns between samples. From the WGCNA analysis there 
was a clear clustering of genes based on the level of expression in each 
tissue. For example, genes in the “turquoise” module show significantly 
higher correlation in Malpighian tubules compared to fat body and 
salivary glands (Fig. 1). Similarly, genes in the “blue” module show 
significantly higher correlation in salivary gland compared to the other 
tissues (Fig. 1). The transcripts in each module are listed in Table S7. The 
DESeq2 analysis identified genes that were more strongly expressed in 
the specific tissue compared to whole larvae (Fig. 1, FDR < 0.05). We 
then focused our efforts on genes that both approaches had identified as 
preferentially expressed in each tissue and which of these genes encoded 
predicted secreted proteins (Tables S8-S10). 

The 2048 transcripts that were identified by WGCNA and DESeq2 as 
differentially expressed in salivary glands included many that are asso
ciated with protein metabolism, transport, exocytosis, and cell develop
ment (Table S8), which have all been associated with SG in other fly 
systems [29,37,38]. Three loci that were highly expressed in salivary 
glands encode antigen 5 like allergen proteins. The three loci are in a 
single cluster on one scaffold. In the stable fly Stomoxys calcitrans, 
antigen-5 like genes were very highly expressed in the SG and are thought 
to function as inhibitors of the classical complement system [29]. Several 
proteins that play important roles in protein secretion including signal 
peptidase complex subunits and signal recognition particle subunits show 
biased expression in salivary glands (Table S8), reflecting the activity of 
the secretory cells in the tissue. Maggot ES contain several peptidases 
including serine, aspartic and metallopeptidases [10,39]. Among the 
transcripts with biased expression in SG, were transcripts for serine 
proteases (snake, snake-like, furin-like, carboxypeptidase, chymotrypsin- 
like) aminopeptidase N, dipeptidyl peptidase 3 and aspartic protease-like 
from 24 transcripts. Nevertheless, this is a small fraction of the transcripts 
that encode annotated peptidases/proteases (24 of 419 or 5.7%). An 
earlier study of L. sericata larval transcriptomes assembled from whole 
body, crop, gut and salivary gland identified 185 peptidase species that 
were differentially expressed across larval tissues. As most of the pro
teases that were found in maggot ES were highly expressed in larval gut, 
the authors suggested that the gut is an important source of proteases 
found in ES, possibly due to regurgitation [39]. Two transcripts for AMPs, 
one for an attacin-like peptide (XM_037962634.1) and one defensin-like 
(XM_037971781.1) were in the blue module but were not also identified 
by DESeq2 as differentially expressed in salivary glands. The Drosophila 
melanogaster FlyAtlas project identified several gene families that are 
abundant in salivary gland transcriptomes including lipases, lyozymes 
and yellow-like proteins [40,41]. Transcripts for L. sericata orthologs of 
yellow (XM_037962012.1, XM_037962013.1) and yellow-like genes 
(XM_037962023.1) were found in the common group of 2048 transcripts 
expressed in salivary gland. Yellow proteins have been previously iden
tified as components of saliva in sand flies, where these act in the mod
ulation of immune responses during feeding [42,43]. Several lysozymes 
were found in the WGCNA blue cluster but were not also identified by 
DESeq2. The salivary gland group does include four lipases but none were 
highly expressed in salivary gland. The top eight transcripts with the 
highest expression in SG all encode predicted secreted proteins, including 
three transcripts for antigen-5 like allergens discussed above, two 
keratin-like (XM_037954133.1 and XM_037954132.1), a mucin-17-like 
(XM_037954131.1) and a nucleolin-like protein (XM_037964335.1) 
(Fig. 1). The genes for the keratin-like and mucin-17-like proteins are 
closely linked on a single scaffold (NW_023994267.1). BLAST searches 
with these proteins and the nucleolin-like protein only found significant 
matches with predicted uncharacterized proteins from the very closely 

related fly L. cuprina. It will be of interest to determine the importance of 
these very highly expressed genes for larval survival and ES activity. 

There were 1746 transcripts identified by WGCNA and DESeq2 as 
differentially expressed in MT (Table S9). As expected, transcripts for 
proteins involved in purine metabolism include urate oxidase or uricase 
(XM_037966421.1) and xanthine dehydrogenase or rosy (XM_0379 
60122.1) are highly expressed in MT. Uricase converts uric acid to 
allantoin, which is thought to contribute to wound healing [16]. 
Allantoinase converts allantoin to allantoic acid. Two L. sericata proteins 
(XP_037822102.1 and XP_037827097.1) were annotated as allantoinase 
or allantoinase-like enzymes but their transcripts (XM_037966174.1 and 
XM_037971169.1) were expressed at very low levels in all tissues. 
Nevertheless, it will be of interest to determine if L. sericata does possess 
allantoinase-like activity as this would reduce the amount of allantoin 
that is excreted. In the production of primary urine, water follows an 
osmotic gradient that is created by vacuolar proton ATPase and co- 
localized K+/H+ exchanger that facilitates a net excretion of potas
sium ions [44]. Other proteins important for this process are inward 
rectifier K+ channels, Na+/K+ ATPase and chloride channels. Tran
scripts for vacuolar ATPase subunits (e.g. XM_037965106.1, 
XM_037965125.1, XM_037968641.1, XM_037961851.1, XM_03796 
3036.1) are highly expressed in MT as are Na+/K+ transporting ATPase 
subunits (XM_037952658.1, XM_037972671.1, XM_037952653.1), an 
inward rectifier K+ channel subunit (XM_037971714.1) and a chloride 
channel protein (XM_037960791.1). The most abundant transcripts in 
MT encode aminoacylase-1-like proteins that catalyze the conversion of 
N-acyl-L-amino acids to L-amino acids and carboxylate. In 
D. melanogaster, transcripts for aminoacylases are highly expressed in 
larval and adult MT [41]. The MT set also includes transcripts for pro
teins with predicted transport functions such as white (an ABC trans
porter) and sugar transport. Transcripts for detoxifying enzymes such as 
cytochrome P450 and glutathione-S-transferase families are abundant in 
the MT, as is also observed in D. melanogaster MT [41]. Of the predicted 
AMPs, four transcripts for attacin-like peptides and one for a sarcotoxin- 
like peptide were in the turquoise module (Table S5). However, none 
were also identified by DESeq2 as differentially expressed in MT. The 
transcripts with the highest level of expression that encode proteins with 
a predicted secretory signal peptide include a zinc carboxypeptidase 
(XP_037814177.1), two metalloprotease 1-like (XP_037824849.1, 
XP_037827723.1), and a venom serine protease (XP_037825788.1) 
(Fig. 1), which could contribute to the protease activity of maggot ES. 
The 364 transcripts that were identified by WGCNA and DESeq2 as 
differentially expressed in FB included those involved in nutrient accu
mulation and transport, highlighting the critical role of storing materials 
for subsequent development (Table S10). 

Promoters from genes that are highly expressed in the SG and/or MT 
could be used for expression of secreted or excreted proteins for 
biotechnology-enhanced MDT [45]. We previously crossed a transgenic 
strain that expressed very high levels of the tetracycline transactivator 
(tTA) with a strain that carried a tTA-activated human platelet-derived 
growth factor-b (pdgf-b) gene. In the absence of tetracycline, tTA acti
vated transcription of pdgf-b in most tissues at all stages. Some PDGF-B 
protein was detected in maggot ES [45]. However, the strain could not 
be maintained as high constitutive expression of tTA negatively 
impacted strain fitness. A tissue-specific gene promoter would be ad
vantageous as it would restrict tTA expression to the larval tissues of 
interest for MDT while potentially having little impact on the overall 
fitness of the strain. 

2.3. Genes induced by heat shock in larval salivary glands, Malpighian 
tubules and fat body 

As maggots in a wound are likely exposed to higher temperatures 
than in the laboratory, we next isolated FB, MT and SG RNA from larvae 
that were exposed to a heat shock of 37 ◦C. We anticipated that tran
scripts for canonical heat shock proteins (Hsps) would be elevated in 
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some or all of the tissues. Of interest were any changes in expression of 
genes that may participate in MDT and if there was any tissue-specificity 
in the heat shock response. 

Thirty-seven of the predicted proteins in the genome were annotated 
as Hsps, including 15 in the Hsp70 family (Hsp68-like, Hsp70-like), 11 
small heat shock proteins (Hsp23-like, Hsp27-like, Hsp67B-like), two in 
the hsp60 family (Hsp60A-like) and a single Hsp83. Seven of the hsp68/ 
hsp70 genes (LOC119606578…LOC119606584) were in a single cluster 
on one scaffold, NW_023994610.1. Similarly, there were two clusters of 
three small heat shock protein hsp23/hsp27 genes on scaffolds 
NW_023996390.1 and NW_023997200.1. The heat shock response was 
quite distinct for each tissue (Fig. 2), highlighting the divergent func
tions of each tissue. The 127 transcripts that showed increased expres
sion in all tissues encoded proteins that were mainly associated with the 
heat shock response (Table S11). There was an enrichment for GO terms 

such as heat response, chaperone-activity and protein folding (Fig. S2). 
Of the hsp genes, hsp83 and hsp60A showed a high basal level of 
expression and a modest heat shock response (Fig. 3 A,B), similar to 
what we had previously reported for hsp83 in the closely related blowfly 
L. cuprina [47]. Four of hsp23/hsp27 genes showed a very robust in
duction following heat shock, particularly in MT (Fig. 3 A,B). Six of the 
hsp23/hsp27/hsp67B genes show little expression in any tissue. The 
seven hsp68/hsp70 genes that are in a single cluster all show a strong 
heat induction of transcription in all tissues (Fig. 3 C,D). Similarly, a 
hsp70 and two hsp23-like genes showed a strong heat shock response in 
L. cuprina [47]. Twenty transcripts showed a decrease in level after heat 
shock (Table S12). A strongly heat inducible gene promoter such as from 
a hsp23/hsp27 gene could be useful for biotechnology-enhanced MDT, as 
it could provide high levels of expression of a gene of interest (e.g. pdgf- 
b) in a wound environment [45]. A heat-inducible gene promoter could 

Fig. 1. Combined DESeq2 and WGCNA analyses to identify tissue specific genes set that are secreted. (Top left) WGNCA analysis to identify genes with correlated 
expression patterns in specific tissues. Red is indicator of increasing positive correlation and blue is increasing negative correlation. Specific groups are of co- 
expressed genes are listed by the color of each module. Asterisks represent values with a significant positive correlation for based on a regression-based p-value 
for assessing the statistical significance P < 0.05) between a tissue and module [76]. Turquoise module contains genes with correlated with the Malpighian tubules 
(MT), blue contains genes with correlated with the salivary glands (SG), and brown and magenta contains genes with correlated with the fat body (FB). (Top right) 
Comparative overlap between genes with enriched expression in specific tissues based on DESeq2 (FDR, P < 0.05) and correlated expression based on WGCNA 
following by identification of putative signal peptides to identify secreted proteins enriched in specific tissue. (Bottom) Secreted peptides with high expression levels 
and enrichment in the salivary glands (SG) and Malpighian tubules (MT). Base mean represents normalized reads counts over all samples determined by DESeq2 as 
representation of relative level of expression. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article.) 

R.J. Davis et al.                                                                                                                                                                                                                                 



Genomics 113 (2021) 3978–3988

3982

also be used to develop a strain for genetic control of L. sericata (Section 
2.4). For example, a heat-inducible Cas9 transgene with sgRNAs tar
geting gene(s) required for female development or fertility [46]. 

The tissue-specific responses are more specialized. To help visualize 
the tissue-specific response we made REVIGO treemaps of the gene 
ontology (GO) terms that were enriched in each tissue (Fig. 2, Fig. S3- 
S5). The transcripts that increased in fat body after heat shock are mostly 
involved in metabolic processes including transcription and intracellular 
signaling (Fig. 2, Fig. S3). The MT show increased expression of genes 
involved in transcription, development and cell communication 
(Fig. S4). The SG have altered levels in protein synthesis and vesicle 
transport and endomembrane system organization (Fig. S5). Interest
ingly, MT show increased expression of genes involved in the positive 
regulation of cellular processes whereas SG are enriched for negative 
regulation of cellular processes. There is little overlap in the transcripts 
that show decreased expression after heat shock with no specific GO 
enrichment. Most of the SG-enriched transcripts that encode proteins 
with a predicted secretory signal peptide (e.g. antigen 5-like, lucifensin- 
like) show little change in average RNA level after a heat shock. One 
exception was a transcript for a predicted Kunitz-like serine protease 

inhibitor (XM_037971815.1), which increased by over a 100-fold after 
heat shock (average 0.6 without shock, 105.8 after shock, difference not 
significant due to wide variation in heat shock response, p = 0.052). The 
RNA level was low (<1) in the FB and MT with or without heat shock. A 
transcript for a lysine oxidase (XM_037970107.1) also showed an in
crease in level following heat shock (0.08 without shock, 1.53 with 
shock, p < 0.01). Lysine oxidase is an extracellular enzyme that plays an 
important role in repair of the extracellular matrix [48]. As for SG, most 
of the highly expressed MT-enriched transcripts that encode proteins 
with a predicted secretory signal peptide (e.g. peptidases) show little 
change in expression following heat shock. Of note are transcripts that 
encode annotated secreted phosphatases (XM_037951621.1 and 
XM_037952823.1) that are increased over 3-fold after heat shock. The 
largest increase in expression following heat shock of the potentially 
secreted proteins is for the transcript XM_037967996.1 (0.11 average 
before shock, 3.17 after shock, a 27-fold increase), which encodes a 
lectizyme (XP_037823924.1) that shows highest similarity to lectizymes 
found in Glossina species. In Glossina, lectizyme has both lectin and 
serine protease activities and is thought to play a role in the establish
ment of trypanosome infections [49]. 

Fig. 2. Change in transcript expression in larval tissues during 
the response to heat treatment mimicking wound treatment. 
Venn diagrams are for transcript with increased (top) or 
decreased (bottom) during heat exposure. Treemaps indicate 
gene ontology terms that are enriched following heat in all 
tissues and specific tissues. Full treemaps with all subcategories 
labeled as available as Fig. S4-S6. Full list of genes that show 
an increase or decrease in RNA level in all tissues are available 
in Tables S11, S12.   
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We next undertook a WGCNA analysis of the heat shock response in 
the three tissues. The analysis failed to reveal correlated expressional 
patterns for heat stress among tissues. This lack of a correlated response 
in relation to heat is likely since tissues-specific impacts are more sig
nificant. For MT, no modules other than the previously identified tur
quoise module were found to be significantly associated with the tissue 
in relation to heat stress (Fig. 4). For SG, the green, red and previously 
identified blue module were found to be associated with the tissue after 
heat shock (Fig. 4, Fig. S6, Table S13). For FB, there were four new 
modules, green-yellow, tan, pink and magenta that were now found to 
be associated with the tissue and heat stress (Fig. 4, Fig. S7, Table S14). 
However, the brown module was no longer significantly associated with 
FB in the heat shocked samples. Treemaps were made of the GO terms 
for the proteins in the modules that were significantly associated with 
heat shocked SG and FB, but not the control tissue. For SG, regulation of 
cellular biogenesis including transcription and signaling were found as 
identified in the above differential expression analysis (Fig. S6). In 
addition, several terms related to cytoskeletal organization were 

identified. GO terms linked to cytoskeletal organization were also 
identified in the FB modules (Fig. S7). Also common were terms linked 
to development and regulation of gene expression including translation. 
These analyses highlight the profound changes in gene expression that 
occur in these tissues following a heat shock that are different in relation 
to the tissue-specific genes. The enrichment for terms associated with 
the cytoskeletal organization suggests an involvement of the cytoskel
eton in the heat shock response. Small Hsps are known to interact with 
cytoskeletal proteins, which may be important for maintaining cell 
integrity during cellular stresses [50]. 

2.4. Genes for building transgenic strains for genetic control of L. sericata 

Like the related blow fly L. cuprina, L. sericata is a pest of sheep in the 
U.K., New Zealand and other countries [5,6]. For genetic control of 
L. cuprina, we have made conditional female lethal strains that produce 
only males on diet that does not contain tetracycline [51–53]. Popula
tion suppression could be achieved through multiple releases of 

Fig. 3. Basal expression and heat induction of hsp gene transcripts in three larval tissues. Normalized transcripts levels (TPM) for selected hsp genes in tissues from 
control and heat shocked larvae. To highlight the basal level of expression, values were also plotted on a log10 scale for the Y-axis (B,D). All data points, mean and s. 
e.m. are shown. 
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transgenic males as matings with wild type females would only produce 
viable male offspring [54,55]. Many of the genes required to build these 
strains such as genes active at cellular blastoderm, proapoptotic and sex 
determination genes have been previously identified in L. sericata 
[56,57]. For monitoring mating success, it can be beneficial if the 
released males carry fluorescent protein genes that are expressed in 
sperm. The male-biased gene set (Table S2) includes genes that in 
Drosophila are mostly expressed in testes such as beta 2-tubulin 
(LOC119611024), which can provide gene promoters for driving fluo
rescent protein marker genes in developing sperm [58,59]. 

Cas9-based homing gene drives targeting genes required for female 

development or fertility could potentially be very efficient for popula
tion suppression [54,60]. To make these strains requires identification of 
genes required for female development and fertility, promoters from 
genes active in the germline for driving Cas9 expression and U6 snRNA 
gene promoters for expression of single guide RNAs. The female and 
male-biased gene sets identified in our analyses of RNA-seq data (Fig. S1, 
Tables S1 and S2) are a useful resource for such genes. For example, the 
female-biased gene set (Table S1) contains several maternally expressed 
genes that are important for fertility such as zero population growth (zpg) 
or embryonic development in Drosophila including vasa, bicoid, nanos, 
and bicaudal (Table S1). Promoters from the vasa and nanos genes have 

Fig. 4. Weighted Correlation Network Analysis (WCGNA) of 
heat stress in specific tissues. Top, modules associated with 
specific tissues and heat stress. Asterisks represent values with 
a significant positive correlation for based on a regression- 
based p-value for assessing the statistical significance (P <

0.05) between a tissue and module [76].Treemaps denote 
module gene ontology terms associated with heat stress in FB 
and SG. Complete treemaps are shown in Figs. S6 and S7. 
Expressional sheets for modules associated with heat stress are 
shown in Tables S13, S14.   
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been used to express Cas9 in the germline in mosquitoes [61–63]. 
Further the bicoid gene promoter was used to express a maternal toxin in 
a synthetic Medea toxin-antidote gene drive system [64]. The organi
zation of the L. sericata vasa gene (LOC119612105) is very similar to that 
in Cochliomyia hominivorax with two transcripts (XM_037967836.1 and 
XM_037967837.1) that differ only in the first upstream exon that is 
noncoding. The transcripts encode identical proteins (XP_037823764.1 
and XP_037823765.1). As in C. hominivorax, the nanos gene 
(LOC119605916) is relatively compact (less than 2.5 kb) with 4 exons 
and is very closely linked to the ortholog of the D. melanogaster CG11779 
gene (LOC119605921). The L. sericata zpg gene (LOC119604767, an
notated as innexin 5) is also relatively compact (less than 2 kb) with 3 
exons. As in C. hominivorax, the zpg gene is very closely linked to the 
nudel gene (LOC119604763) but, unlike in C. hominivorax, the genes are 
transcribed in the same direction. The simple organization of the 
L. sericata nanos and zpg genes should facilitate isolation of promoters 
active in the germline. The nudel gene is also of interest as it is essential 
for female fertility and was the target of a population suppression drive 
in Anopheles mosquitoes [65]. There are 11 annotated U6 spliceosomal 
RNA genes in the L. sericata genome in five contigs (Table S15). There 
are three clusters with two or more U6 genes with one cluster containing 
four U6 genes. 

3. Conclusions 

The whole genome sequence of L. sericata reported in this study will 
provide a reference for future studies on genes that may play important 
roles in MDT and in parasitism of sheep. Further the genome should 
facilitate use of gene expression for estimation of PMI [18]. The RNA-seq 
analyses of larval tissues identified many genes that are expressed in 
salivary glands or Malphigian tubules that encode potentially secreted 
proteins that could contribute to maggot ES activity and flystrike. Pro
moters from these genes could be used to express wound healing factors 
for enhanced MDT. The identification of germline and U6 genes could 
provide a source of gene promoters for construction of homing gene 
drive strains. The identification of hsp genes that are strongly activated 
by heat shock should facilitate the isolation of heat inducible promoters 
for building temperature-regulated genetic systems for biotechnology 
enhanced MDT [45] or sterile insect technique [66]. 

4. Methods 

4.1. Lucilia sericata rearing 

The MDLA wild type strain of L. sericata was reared as described 
previously [51,57]. In brief, larvae were raised on 93% ground beef at 
room temperature (approximately 23 ◦C). Adults were kept in cages and 
fed water, sugar and given a protein-rich wafer. To obtain the highly 
inbred line, 21 crosses were performed between single males and single 
virgin females. Eight of these initial crosses were fertile. From the 
offspring of each cross, a single male and single virgin female were 
randomly selected and crossed. In the initial generations up to four 
single pair crosses were set for each line. If more than one cross was 
fertile, the progeny from a single cross was selected at random as a 
source of flies for the next generation. After five generations of 
inbreeding three lines remained and the number of single pair crosses 
per line was increased to ten. After seven generations of inbreeding, two 
lines remained and the number of single pair crosses per line was 
increased to fifteen. One line, Ls3, remained after 10 generations of 
single pair full sibling crosses and was the source of genomic DNA for the 
PacBio library preparation. Attempts to continue inbreeding beyond 10 
generations were unsuccessful. The expectation was that the inbred line, 
Ls3–8 SP2, was approximately 85–90% homozygous across the genome 
[67]. Approximately 200–250 developing late-stage embryos (14-18 h) 
were collected from clutches laid by multiple females for genomic DNA 
isolation. To obtain tissues, early-stage 3rd instar larvae from the highly 

inbred line were removed from diet, transferred to Ringer’s solution and 
dissected with fine forceps. For heat shock treatment, early-stage 3rd 
instar larvae were transferred to containers and placed in an air incu
bator at 37 ◦C for one hour. Larvae were then immediately dissected, 
tissues collected in tubes then quick frozen in liquid nitrogen. Four to 
seven independent samples were collected for each tissue. 

4.2. Nucleic acid isolation and sequencing 

High molecular weight DNA was isolated from mixed sex late-stage 
embryos of the inbred strain Ls3–8 SP2 using procedures described 
previously [68]. The size of the DNA was estimated by using agarose gel 
electrophoresis with a pippin pulse power supply (Sage Science) 
following conditions recommended by the manufacturer. DNA that was 
greater >200 kb in size was used for preparation of 20 kb DNA libraries 
following instructions from the manufacturer (Pacific Biosciences). 
Eighteen SMRT Cells were run from one of the 20 kb libraries at the NC 
State University Genomic Sciences Laboratory. 

Total RNA was extracted from frozen samples using Trizol as 
described previously [68]. Purification of mRNA and cDNA library 
preparation for Illumina DNA sequencing was as previously described 
[68]. The final quantified libraries were pooled in equimolar amounts 
for clustering and sequencing on an Illumina NextSeq 500 DNA 
sequencer. A total of 781,664,668 paired-end 150 bp reads were pro
duced for the early stage 3rd instar larval tissue samples. 

4.3. Genome assembly and gene prediction 

FALCON (v. 0.3.0) was used to assemble the PacBio data [23] with 
assembly parameters including a genome_size = 620 Mb, seed_coverage 
= 30× and a length_cutoff_pr = 5 kb. Fifteen of the 18 SMRT Cells were 
used in the assembly, where the 3 SMRT Cells with the smallest average 
subread length were not used. The assembly, including primary and 
associate contigs, was polished with the subreads from the 15 SMRT 
Cells using Arrow from the GenomicConsensus package (v2.2.1) from 
SMRT Link v5.0.1 (https://github.com/PacificBiosciences/Genomic 
Consensus). Low quality contigs were removed from the polished as
sembly using the trimLowercaseContigs.py script from the FALCO
NAssemblyTools (https://github.com/PacificBiosciences/apps-script 
s/tree/master/FALCONAssemblyTools). A BLAST search against the 
nucleotide database was used to determine if any of the contigs were 
contaminants. Contaminants were identified as being Algae, Archaea, 
Bacteria, Fungi (Ascomycetes), Slime Molds, Homo sapiens, Vectors and 
Viruses. The reduction step of the Redundans pipeline (v0.14a) was run 
with the identity parameter = 0.90 and the overlap parameter = 0.80 
(default value) on the primary contigs (27). Four additional contigs were 
removed for hits to Bos in addition to a partial Mitochondrial contig. For 
the final Mitochondrial contig, only the first 15,961 bp were saved as an 
inverted duplication existed in the second half of this contig. The final 
assembly stats were evaluated using QUAST [69] and shown in Table 1. 
Annotation was done by the NCBI Eukaryotic Genome Annotation, an 
automated pipeline that annotates genes, transcripts and proteins on 
finished genome assemblies. RNA-seq reads from this study and earlier 
studies [32,33] (and accession PRJNA417347) were used for gene pre
diction. Proteins that contained predicted signal peptides for secretion 
were identified using SignalP [34]. 

4.4. Gene expression analyses 

Trimming of adapter and for quality was done using Trimmomatic 
version 0.23 [70] with a sliding window quality cut-off of 15 and a 
minimum length of 36 required to keep a read. FastQC was utilized to 
identify quality of each sample set. RNA-seq analyses were conducted 
according to Attardo et al. [71] and Scott et al. [28]. Two pipelines were 
used. First, reads were mapped to the predicted genes with the use of 
CLC Genomics (Qiagen), allowed two mismatches with over 90% 
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similarity. Expression values were converted to transcript per million 
mapped (TPM). EdgeR [72] was utilized for statistical comparison under 
standard setting with a false detection rate (FDR) at 0.05. Second, reads 
were mapped to the predicted transcripts from the L. sericata genome 
(GCA_015586225.1) with Sailfish [73] under recommended setting and 
this was followed by DEseq2 [36] following an FDR at 0.05. Both 
methods were compared for validation and expression levels had a high 
Pearson correlation coefficient (0.945) between each pipeline for anal
ysis. As such further analyses were based upon the Sailfish/DESeq2 
analysis. For transcriptional analyses of the secreted peptides, 3604 se
quences were reduced to 3033 to remove splice variants that are nearly 
identical and cannot be separated by nucleotide sequence. 

Genes with over two-fold enrichment or reduction were used to 
establish pairwise comparisons. Genes that were enriched in a single 
stage compared to other sex or developmental stage were deemed stage- 
or sex-specific. Tissue specific analyses were conducted similarly, which 
was followed by analyses to establish tissue-specific gene sets. This was 
then followed by assessing heat-induced transcriptional changes. GO 
analyses were conducted by examining the D. melanogaster orthologs 
with g:Profiler [74] and visualization of the GO results through REVIGO 
[75]. 

Along with our comparative analysis between each developmental 
stage and tissue type, a gene co-expression network was created utilizing 
the WGCNA [76] R software package (https://horvath.genetics.ucla.edu 
/html/CoexpressionNetwork/Rpackages/WGCNA/). This approach was 
used to correlate genes that are similarly expressed across develop
mental stages sexes, tissues and in relation to thermal stress, then place 
the genes into modules, and relate the resulting modules to the samples. 
To prepare our expression data for WGCNA, genes of zero variance were 
removed (e.g. expression values of 0 for all sets) from the dataset. A soft 
thresholding power of 10 was chosen based on the scale-free topology fit 
index curve made prior to network construction. The minimum module 
size for this network was set to 12. To indicate identity of each module to 
the developmental stages and tissues, the developmental stages, sexes, 
tissues, and heat treatments were used as input traits during network 
construction. The modules exhibiting the greatest significance to the 
trait data (<0.05) were further analyzed to determine function and 
relationship to the developmental stages, sexes, tissues, and heat stress 
condition relative to GO analyses were conducted as before by exam
ining the D. melanogaster orthologs with g:Profiler [74]. 

4.5. Statistics and reproducibility 

For the gene expression analyses, Malpighian tubules (4 samples), fat 
body (5 samples) and salivary glands (7 samples) were collected from 
the control larvae. From the heat shocked larvae we collected 5 samples 
of Malpighian tubules, 6 samples of fat body and 7 samples of salivary 
glands. JMP15 was used for comparison of means for individual tran
script TPM values from heat shocked and control samples. The test 
statistics for DESeq2 and WGCNA are noted in the text. The datasets 
have been made public on the NCBI Sequence Read Archive under 
BioProject PRJNA602506. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.ygeno.2021.10.003. 
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