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Reliability of forensic entomology analyses to produce relevant information to a given
case requires an understanding of the underlying arthropod population(s) of interest
and the factors contributing to variability. Common traits for analyses are affected
by a variety of genetic and environmental factors. One trait of interest in forensic
investigations has been species-specific temperature-dependent growth rates. Recent
work indicates sexual dimorphism may be important in the analysis of such traits
and related genetic markers of age. However, studying sexual dimorphic patterns of
gene expression throughout immature development in wild-type insects can be difficult
due to a lack of genetic tools, and the limits of most sex-determination mechanisms.
Chrysomya rufifacies, however, is a particularly tractable system to address these issues
as it has a monogenic sex determination system, meaning females have only a single-
sex of offspring throughout their life. Using modified breeding procedures (to ensure
single-female egg clutches) and transcriptomics, we investigated sexual dimorphism
in development rate and gene expression. Females develop slower than males (9 h
difference from egg to eclosion respectively) even at 30°C, with an average egg-to-
eclosion time of 225 h for males and 234 h for females. Given that many key genes rely
on sex-specific splicing for the development and maintenance of sexually dimorphic
traits, we used a transcriptomic approach to identify different expression of gene
splice variants. We find that 98.4% of assembled nodes exhibited sex-specific, stage-
specific, to sex-by-stage specific patterns of expression. However, the greatest signal
in the expression data is differentiation by developmental stage, indicating that sexual
dimorphism in gene expression during development may not be investigatively important
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and that markers of age may be relatively independent of sex. Subtle differences in these
gene expression patterns can be detected as early as 4 h post-oviposition, and 12
of these nodes demonstrate homology with key Drosophila sex determination genes,
providing clues regarding the distinct sex determination mechanism of C. rufifacies.
Finally, we validated the transcriptome analyses through gPCR and have identified five
genes that are developmentally informative within and between sexes.

Keywords: forensic entomology, development, transcriptome, sexual dimorphism, Calliphoridae

INTRODUCTION

Accuracy and precision in forensic science often rely upon
advanced statistical analyses requiring a solid understanding of
both underlying statistical distributions, as well as the factors
that affect variation of measures of interest (National Research
Council, 2009). These concerns apply to insect growth rates in
forensic entomology, the application of the scientific study of
arthropods to legal investigations. While some biologists may be
focused on characterizing what is different between species, or
populations of a given species, a biologist working in forensic
science is generally focused on developing a model that balances
broad applicability, ease of use, and accuracy and precision of
predictions. Initial efforts in forensic entomology focused on
the predictability of insect arrival and stability of temperature-
dependent growth rates to estimate insect ages. These approaches
are particularly relevant in the context of medico-legal forensic
entomology, where immature insects are collected from humans
or other vertebrates during death and neglect investigations.
Therefore, initial efforts targeted the development of species-
specific growth datasets at different stable temperatures (Byrd
and Butler, 1996, 1997; Grassberger and Reiter, 2001, 2002).
With technological advancements and more researchers with a
broad array of backgrounds, other factors affecting temperature-
dependent growth rates were identified, including stable versus
fluctuating temperatures, diet, sex, presence of other species, and
evidence for local adaptation (Tomberlin et al.,, 2009; Tarone
et al, 2011; Yu et al, 2011; Picard et al., 2013; Flores et al,
2014; Yanmanee et al., 2016). However, sexual dimorphism has
not historically received much attention in forensic entomology,
though it is known to result in significant phenotype differences
in many organisms (Hedrick and Temeles, 1989; Shine, 1989).
Furthermore, many fly species (the most important group of
insects in forensic entomology) demonstrate dimorphism in both
final adult size and/or development rate (Stillwell et al., 2010).
Both of these factors may be important in the refinement and
precision of insect age estimates (Blanckenhorn et al., 2007;
Zuha and Omar, 2014; Blanckenhorn et al.,, 2015; Fratczak-
Lagiewska and Matuszewski, 2018; Matuszewski and Fratczak-
Lagiewska, 2018; Patricio Macedo et al, 2018). Concerns
about sexual dimorphism in forensically important species have
generally focused on organismal phenotypes; however, the same
consideration must be made for molecular markers of fly age
(e.g., gene expression), which are gaining traction as additional
information that can (but may not always, see Smith and Cook,
2020) improve precision in insect age estimates for forensic

purposes (Picard et al., 2013; Jonika et al., 2020). For any sexually
dimorphic trait in forensic entomology, determining if the effect
of sex is functionally important for predictions is important (see
Smith and Cook, 2020). Thus, some unknown proportion of
genes used to predict fly age may be affected by sex, but they may
be affected in ways that are relevant to fly age predictions or not.

Sexual dimorphism is a charismatic and ubiquitous example
of phenotypic divergence and has been a fruitful avenue of
research in evolutionary biology in understanding phenotype
evolution. Focus on developmental patterns of sexually
dimorphic characteristics has also yielded important insights on
some of the causes of these traits (Shine, 1989; Blanckenhorn
et al., 2007; Colgan et al., 2011). It is generally hypothesized
that sex-specific selection pressures have led to differentiation
in morphology, physiology, and behavior through sex-linked
gene expression (Shearman, 2002; Mank et al, 2011; Scott
et al., 2014). However, most research has focused on identifying
the specific genetic or ontogenetic processes giving rise to
particular characteristics, rather than transcriptome-wide
patterns (Chang et al, 2011; Li et al., 2013) or relevance to
predictions of insect age.

The development and maintenance of sexually dimorphic
traits is ultimately controlled by the final products of the sex-
determination gene cascade (Baker and Belote, 1983; Cline,
1993). Decades of research in flies, especially Drosophila
melanogaster Meigen (Diptera: Drosophilidae), have revealed a
complex hierarchy of sex-determination genes, an understanding
of their modes of action and interaction, and some of the
consequences of mutations at these loci (Baker et al., 1989). The
most common sex determination system flies (e.g., Calliphoridae,
Tephritidae, and Muscidae) is one of heteromorphic sex
chromosomes and a presumed dominant male determiner (M)
on the Y chromosome. The product of this M gene directs a
positive feedback loop of sex-specific splicing of transformer (tra)
and therefore doublesex (dsx), leading to a cascade of differential
gene expression resulting in distinct adult sexes (Dubendorfer
et al., 2002; Lagos et al., 2007; Scott et al., 2014; Sawanth et al,,
2016). However, the downstream pathways leading to sexual
dimorphism remain unclear in non-model organisms, limiting
our ability to identify which mechanisms are conserved and
which are species unique.

Genome-wide sexual dimorphism in gene expression has been
extensively studied in only a few organisms, with most of the
work in Diptera having been done in D. melanogaster (Parisi
et al, 2004; Ellegren and Parsch, 2007; Morrow et al., 2008;
Ghiselli et al., 2011; Grath and Parsch, 2016). Microarray and
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next generation sequencing approaches have identified thousands
of genes differentially expressed between the sexes in adults, not
only between reproductive tissue types (Small et al., 2009), but
also in somatic tissues such as the brain (Chang et al., 2011).
Generally, approximately 50% of genes are sexually dimorphic
in expression in adult Drosophila, though almost all of these
differences originate in the reproductive tissues (Ranz, 2003;
Parisi et al., 2004; Connallon and Knowles, 2005; Zhang et al,,
2007). In comparison, there are relatively few studies of sexual
dimorphism in gene expression in immature insects.

Identifying the sex of immature insects morphologically
is difficult (Van Emden, 1957) and therefore challenging
to study sexual dimorphism in gene expression across all
developmental stages. The limited work in D. melanogaster
has therefore relied primarily on either late-stage immature
development (third instar larvae and pupae) using developing
adult features such as sex-combs (Arbeitman, 2002), or the
use of inbred lines, sex-lethal mutations, and transgenics (Lebo
et al, 2009). However, it is not possible to use developing
adult characters in earlier developmental stages, and it is
unclear how sexual dimorphism in gene expression operates
against a true wild-type genetic background at these stages
of development as well. It is possible to differentiate between
male and female-fated immatures in most species of fly though
karyotyping, detection of y-linked markers, or genome size
measurement (Morrow et al., 2008, 2014a,b; Salvemini et al,,
2014a). However, this is an expensive and labor-intensive
process that requires prior identification of useful markers,
an approach impossible in study systems lacking genetic
tools or dimorphic sex chromosomes (Picard et al., 2013).
Therefore, a tractable system with reliable sex-specific sorting
of wild-type immatures across all stages of development would
be a valuable tool for understanding the ontological and
evolutionary processes governing sexual dimorphism, as well
as potentially increasing precision in age estimates in forensic
entomology analyses.

The hairy maggot blow fly, Chrysomya rufifacies Macquart
(Diptera: Calliphoridae), has an unusual sex-determination
system (monogeny) that makes it uniquely well suited to the
study of sexual dimorphism throughout development (Wilton,
1954; Ullerich, 1977). In this species, females produce genetically
pre-determined single-sex offspring clutches, independent of the
zygotic genome of the offspring (Ullerich, 1963, 1973, 1975,
1977, 1980, 1984). Female-producing (thelygenic) females are
hypothesized to be heterozygote dominant for a factor that
they incorporate into their eggs that causes their offspring to
develop into fertile females (Ullerich, 1963, 1973, 1975, 1977,
1980, 1984), while male-producing (arrhenogenic) females and
males are hypothesized to be homozygous recessive for this
same factor. Furthermore, as C. rufifacies has homomorphic sex
chromosomes, maternally determined sex, and limited genetic
data available, it is not currently possible to use karyotyping
or genome-size for immature sex-identification (Ullerich, 1973,
1975; Picard et al,, 2012; Andere et al., 2020). Given the atypical
nature of the sex determination system, it is also unclear if
expression of known sex determination factors will be useful
(Scott et al, 2014; Andere et al., 2020), though preliminary

work with doublesex has been promising (Sze et al, 2017;
Jonika et al., 2020).

The purpose of this work was to leverage the monogenic
sex determination of C. rufifacies to study sexual dimorphism
in development and gene expression in wild-type, forensically
important, flies throughout their life-history. The first aim
of this work was to determine whether development rate of
immatures is sexually dimorphic despite the lack of variation
in genome size and karyotype. We demonstrated males and
females exhibit differences in development rate in both larval and
puparial stages. Next, we explored patterns of gene expression
throughout immature development to identify whether patterns
of gene expression change throughout immature development
in concert with gross morphological changes. Our results show
patterns consistent with other holometabolous species, with
large shifts in gene expression throughout developmental stages
and within puparial development. Then, sexual dimorphism
in gene expression is assessed through the application of next
generation sequencing and de novo transcriptomics, to determine
when sexual dimorphism in gene expression begins and what
the patterns of differential expression are within and between
stages and sexes. Our results indicate subtle differences in gene
expression can be detected as early as 4 h post-oviposition
and increase over developmental time. Finally, we validated the
transcriptome analyses through qPCR and identify several genes
that are developmentally informative within and between sexes.

MATERIALS AND METHODS

Colony Foundation and Maintenance

Larvae of C. rufifacies were collected from numerous carcasses in
College Station, TX, United States between May and September
of 2011 and eclosed adults were identified morphologically
(Whitworth, 2010). Adult flies were released into a BugDorm-
1 plastic cage (MegaView Science, Taiwan) and allowed to
interbreed to found the laboratory colony. The colony was
provided with fresh deionized water and refined sugar ad libitum,
as well as fresh bovine blood daily as a protein source for
oogenesis. Fly colonies were maintained at 28°C for a 16:8
light:dark (L:D) photoperiod for more than 10 generations before
sample collection began. Sex-specific voucher specimens of this
colony throughout immature development and the adult stage
are at the Texas A&M University Insect Collection #716 and #717.

Sexually Dimorphic Development

To collect C. rufifacies larvae of a known age, flies in the colony
were allowed access to an oviposition substrate of fresh beef
liver in a 32.5 mL opaque plastic cup covered with a KimWipe®
(Kimberly-Clark, Irving, TX, United States) moistened with
deionized water for a 3-h window. After oviposition, the eggs
were placed in a Percival model I-36LLVL Incubator (Percival
Scientific, Perry, IA, United States) at 30°C, 75% relative
humidity (RH), and a 12:12 L:D. After hatching, aliquots of
100 first instars were then transferred by paintbrush to 50 g of
fresh beef liver in a 32.5 mL opaque plastic cup covered with a
moistened KimWipe®in a 1.1 L canning jar with approximately
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100 g of playground sand and a Wype-All on the top to prevent
escape but allow airflow. This method was replicated three times
per egg collection, with a total of three biological replicates.
These rearing jars were then placed in a Percival model I-36LLVL
Incubator (Percival Scientific, Perry, IA, United States) at 30°C,
75% RH, and a 12:12 LD. This was repeated four times for a total
of 1,200 larvae in 12 jars.

Observations were made every 3 h beginning 138 h after
oviposition. All individuals from each jar observed to pupate at
the time of observation was placed in a labeled, capped 30 mL
plastic cup. Observations continued after pupariation, and the sex
of each eclosed individual was recorded. This process continued
until no eclosion had been observed for 4 days, after which daily
observations were made for 2 weeks in which no flies eclosed.
Data were analyzed in R 3.1.3 (R Core Team, 2010) to assess
survival and sex ratios. Best fit models for development rates for
egg to pupariation, egg to eclosion, and pupariation to eclosion
was assessed in R using AIC (base R) and AICc (MuMIn v.
1.43.15; Barton, 2018) with nested random effects least squared
regression models, where replicate (egg collection time) and trial
(aliquots of 100 larvae) were treated as random effects (Table 1).

One often used method to estimate insect age in forensic
entomology are thermal summation models based on the
accumulation of degree hours (ADH) or degree days (ADD)
(Amendt et al, 2004). These models rely on the assumption
that for any given species or population, the relationship
between temperature and development rate is linear within
optimal temperature ranges. However, these models also require
knowledge of the lower developmental temperature (LDT),
below which the organism cannot develop. In the case of
C. rufifacies, the LDT has not been experimentally determined,
and it is therefore necessary to estimate the LDT. One common
method is to regress the development rate (1/TDevremp) on
the Y-axis against the temperatures studied (Temp) on the
X-axis (Gennard, 2007; Tarone and Benoit, 2019). Development
data was extracted from two published studies using North
American collected C. rufifacies, Byrd and Butler (1997) which
used only one diet and five temperatures, and Flores et al.
(2014) which used three diets and three temperatures. Linear
regression models were calculated separately for each paper
and diet, and the x-intercept (estimated LDT) calculated from
the estimated coefficients (Figure 1). Sexual dimorphism in
development time coefficients from the best fit models above
were used in conjunction with estimated LDT to calculate the
range of ADH differences between males and female for different
developmental time periods.

Gene Expression Sample Collection

For each sample, a single male and female C. rufifacies were
isolated together in a 1.1 L canning jar with approximately 100 g
of playground sand, a Wype-All on the top to prevent escape but
allow airflow, and refined sugar and water ad libitum and a 10 mL
glass beaker filled with one Kim-wipe®and approximately 1 mL of
fresh beefliver blood. These were kept in the incubator conditions
previously mentioned (30°C, 75% RH, and a 12:12 LD). An
additional 1 mL of blood was added each following day up until
the 6th day post eclosion as a source of protein for oogenesis.

The protein source was then excluded for 24 h. Beginning on
the 7th day post-eclosion, twice each day, a 35 mL plastic cup
with approximately 25 g of fresh beef liver covered with a
moistened Kim-wipe®was introduced to the jar as an oviposition
medium for 4 h. If a female oviposited during this time, the
females were removed and flash frozen for later RNA extraction,
and the progeny were allowed to develop under the same
conditions listed above in a separate incubator. From a total
of six different females per sex of offspring for each stage, the
following samples were collected: ~100 eggs (max of 4 h old),
~100 first instars (12 h post oviposition), ~10 s instars (24 h post
oviposition), 2 third instars (36 h post oviposition), early pupal
development (0-1 into pupariation), mid-pupal development (2-
3 days into pupariation), or late pupal development (4-5 days
into pupariation) (Martin-Vega et al., 2016; Table 2). All samples
were flash frozen and stored at —80°C until RNA extraction.

RNA Preparation

RNA was extracted via TriReagent preparation according to
manufacturer’s protocols. Briefly, one sample (i.e., ~100 eggs,
single pupa) was macerated in 1 mL of cold TriReagent (Sigma-
Aldrich Corp., St. Louis, MO, United States) in a 1.5 mL
RNAse-free microfuge tube. Following this, 50 mL of ice-cold 4-
bromoanisole (BAN) reagent (Molecular Research Center, Inc.,
Cincinnati, OH, United States) was added and the solution
was vigorously mixed. Next, the tubes centrifuged at 14,000
G at 4°C for 15 min to isolate the RNA from the DNA and
proteins. Approximately 500 wL of the top, clear layer was
carefully removed via pipet and added to 500 pwL 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. The supernatant was completely removed, 1 mL of
cold 70% ethanol was used to wash the RNA pellet, and then
the pellet centrifuged at 4°C for 5 min at 14,000 G. The ethanol
was eluted, and any remaining ethanol was allowed to evaporate
completely. The RNA was then dissolved in a 100 pL mixture
of 99 nwL of DNase/RNase/Nucleotide-free water and 1 pwL of
SUPERaseeIn™ (Invitrogen, Life Technologies Incorporated,
Grand Island, NY, United States).

The extracted RNA was further purified using a Qiagen
RNeasy Micro Kit and on-column DNase treatment
following manufacturer protocols (Qiagen Inc., Valencia,
CA, United States). Sample concentration and quality and
control were assessed with NanoDrop (Thermo Fisher Scientific
Inc., Wilmington, DE, United States) and an Agilent 2100
BioAnalyzer (Agilent Technologies Inc., Santa Clara, CA,
United States). Two samples per sex and stage were pooled
based on total RNA concentration into a single library, for three
libraries per sex and stage. The exception was the third instar
samples, which were collected to study both immature gene
expression (this work) and the molecular ecology of predation
(a separate analysis). Illumina libraries were prepared under
standard protocols. In total, 66 libraries were sequenced on
three separate RNA Illumina HiSeq flow cells. The libraries
for the following stages were prepared as 100 bp paired end
reads: adult, third instar, and mid pupariation. The rest of the
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TABLE 1 | Best fit model selection AIC and AlCc results testing for sexual dimorphism in development rate at 30°C for Chrysomya rufifacies.

Developmental period Model name Model df AlC AlCc
Egg to pupariation Full ~1 + Sex + (1| Trial:Replicate) 4 3019.862 3019.938
Trial ~1 + Sex + (1| Trial) 4 3360.471 3360.546
Random ~1 + (1| Trial:Replicate) 3 3136.565 3136.61
SexOnly ~1 + Sex 3 3442.76 3442.805
Null ~1 2 3490.391 3490.413
Pupariation to eclosion Full ~1 + Sex + (1] Trial:Replicate) 4 2499.167 2499.242
Trial ~1 + Sex + (1] Trial) 4 2500.566 2500.642
Random ~1 + (1| Trial:Replicate) 3 2531.554 2531.6
SexOnly ~1 + Sex 3 2494.722 2494.767
Null ~1 2 2528.619 2528.642
Egg to eclosion Full ~1 + Sex + (1| Trial:Replicate) 4 6078.737 6078.78
Trial ~1 + Sex + (1| Trial) 4 6627.828 6627.87
Random ~1 + (1| Trial:Replicate) 3 6483.311 6483.337
SexOnly ~1 + Sex 3 6748.551 6748.576
Null ~1 2 6947.618 6947.631
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FIGURE 1 | Linear regression models to estimate lower developmental threshold of North American collected Chrysomya rufifacies. The estimated LDT for each
data set was identified individually by calculating the x-intercept (vertical black dashed line). These estimates were averaged together and also plotted (vertical gray
dashed line at 7.64°C in all panels).

libraries were prepared as 100 bp single-end reads. However,
while the transcriptomes were assembled with all 66 of these
libraries (PRJNA385184, PRJNA287123, PRJNA287124), the
analysis presented here will focus on the 48 immature libraries
(PRJNA287123, PRINA287124).

Transcriptome Assembly
Prior to assembly, reads underwent trimming and quality control:
reads were filtered to remove all sequences that contained adaptor

sequences and known contaminants as defined by Illumina. The
transcriptome was assembled with all 66 RNASeq libraries with
ASplice (Sze et al., 2017) under a variety of k-mer (k) and k-mer
coverage (c) parameters. Briefly, assemblies were generated with
the ASplice algorithm on the Whole Systems Genome Initiative
(WSGI) computing cluster'. These assemblies were then analyzed
to identify potential alternative splicing patterns. This program

'https://genomics.tamu.edu/core-labs/tigss-hpc-cluster/
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assembles reads into splicing graphs, rather than predicted
transcripts, similar to SOAPdenovo2 (Luo et al., 2012). Briefly,
the program produces an output of nodes connected together by
edges. Nodes are sections of unambiguously aligned k-mers, and
edges are the connections between nodes in alternatively spliced
transcripts. While the nodes are named with numbers only, the
edges are indicated in the transcriptome fasta names after a colon;
i.e., NODE_1234:2345,2346 means that NODE_1234 connects
with NODE_2345 and 2346. To facilitate identification of nodes
of interest in the reported transcriptomes, in this manuscript we
will discuss node numbers with included edges.

Once the assembly was completed for a given parameter pair,
the absolute count of reads which mapped to each nodes was
calculated for each library. Transcriptome nodes were compared
against known D. melanogaster proteins using a translated
Basic Local Alignment Search Tool (BLAST) search (Altschul
et al,, 1990). For each node, only the top BLAST hit with an
E-value below 1077 was considered, and each of these nodes
were assigned the GO term(s) associated with its fly ortholog
in Ensembl 2018 (Zerbino et al., 2018) using biomartr v0.9.0
(Drost and Paszkowski, 2017).

Selection of Assembly for Analyses

A total of 66 RNAseq libraries were sequenced, 33 male and 33
female. Average read length after trimming and quality control
was 86.3 bp, and there was an average of 6.3 x 107 reads per
library. These were assembled into 24 de novo transcriptome
assemblies based on a range of k-mer sizes (21, 25, 31, 35, 41, and
45) and coverage cut-offs (50, 100, 200, and 500) (Supplementary
Table 1). For the purpose of this study, the assembly with a k-mer
of 31 and a coverage cutoft of 100 (31_100) was selected as the
best candidate for analysis as it optimized completeness (high
number of nodes, low number of single node splicing graphs)
and quality (high N50, high number of D. melanogaster genes and
transcripts detected, small “tangles”) (raw data in Supplementary
Materials 1-4). Additional details about assembly can be found
in Sze et al. (2017) and Pimsler et al. (2019).

Transcriptome Analysis

RNAseq analyses used edgeR v3.22.3 (R Core Team, 2010;
Robinson et al, 2010) and edgeR v3.12.1/limma v3.36.2
(Robinson et al, 2010; Ritchie et al, 2015). Raw counts
were transformed to counts per million (CPM), retaining

TABLE 2 | Hours of development and proportion of development completed for
each sampling group for transcriptomic analysis throughout immature
development in Chrysomya rufifacies reared at 30°C.

Stage Approximate hours Proportion of development
Egg 4 1%
First instar 12 5%
Second instar 24 10%
Third instar 36 15%
Early puparial 132 52%
Mid puparial 180 71%
Late puparial 228 90%

nodes > 100 bp in length with >1 CPM in >2 samples
(filtered logCPM values in Supplementary 5). Analysis was
then conducted in two stages: (1) model-based sub-setting and
multidimensional scaling (MDS) to explore broad patterns; (2)
individual node-by-node differential expression analyses; (3)
cluster analysis.

First, using limma selectModel, a best fit general linear model
for each modes was selected from alternative nested models
(Region, Treatment, Region + Treatment, or Full model with
an interaction) using the absolute lowest Akaike’s Information
Criterion (AIC) score (Vuong, 1989) (results in Supplementary
Material 6). MDS was also performed in limma, using all 81,205
nodes to investigate broad patterns of clustering of samples.

Second, we performed individual node-by-node analyses with
a contrasts approach in edgeR to test for sex, stage, and sex-
by-stage effects on node expression. Significance was assessed
at a False Discovery Rate (FDR) < 0.05, using Benjamini-
Hochberg adjusted P-values of all nodes and contrasts on a
per-factor basis (Benjamini and Hochberg, 1995). Of all nodes,
93,530/493,544 and 14,946/493,544 had a length of 100 bp
or more or shared sequence homology with D. melanogaster,
respectively. Of these (~87%; 81,205/93,530), were expressed in
two or more samples, and 4.5%; 3,631/81,205 of those nodes
passing the cutoff were GO-annotated. GO enrichment analyses
were performed with topGO v2.30.0 (Alexa and Rahnenfihrer,
2015) using classic method and Fisher’s Exact Test with default
settings (Lewin and Grieve, 2006) for biological process (BP),
molecular function (MF), and cellular component (CC). We
consider enrichment significant at P < 0.05, as we were primarily
interested in examining functional information for nodes that
were already stringently selected, and GO enrichment P-values
do not conform to distributions typically required for FDR
correction (Flight and Wentzell, 2009). For ease of visualizing
GO terms in presented results, GO lists were simplified using
ReViGO (Supek et al., 2011) (allowed similarity = small) (results
in Supplementary Materials 7-9).

Finally, log counts per million (Icpm) values for all
significantly differentially expressed nodes were clustered using
average pairwise Pearson correlation coefficients with Cluster3.0
(de Hoon et al., 2004). Using TreeView v1.1.6r4 (Page, 1996),
clusters with an average correlation of 0.85 and at least 100 nodes
were included for further analysis (results in Supplementary
Material 5). These clusters were analyzed for GO (see above),
and inclusion of previously identified genes in D. melanogaster
involved in sex determination, germline development (Lebo et al.,
2009; dos Santos et al., 2015), and somatic sexual dimorphism
(Lebo et al., 2009) (results in Supplementary Material 10).

Validation Fly Rearing

To initiate and maintain a laboratory colony, adult C. rufifacies
(>500) were collected from decomposing animal remains in
College Station, TX, United States from May to July 2017. Flies
were identified using morphological features as above (TAMUIC
#730) and held in a semi climate-controlled room (~25°C,
50% RH, and a 14L:10D photoperiod) in 30 x 30 x 30 cm
cages (BioQuip, Rancho Dominguez, CA, United States) at Texas
A&M University, United States. To collect samples for the
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validation qPCR, between November 2017 and January 2018,
four separate lumite screen collapsible cages (30 x 30 x 30 cm
BioQuip®Rancho Dominguez, CA, United States) of adult
C. rufifacies flies were established in walk-in incubators (Rheem
Environmental Chamber, Asheville, NC, United States) at
29 £ 1°C temperature and 60% RH. Adults were provided
sugar (as carbohydrate source), fresh deionized water, and
bovine blood to ensure proper egg development. After 7 days
as adults, a 35 mL plastic container containing 20 g of raw
fresh beef liver covered with a folded Kimwipe was provided
as an oviposition medium. Eggs were collected after 4 h of
exposure to the oviposition substrate. Eggs were mixed gently
with a brush and approximately 200-250 eggs (0.05 g) were
transferred onto a Kimwipe.

Eggs were placed in a 1 L wide mouth mason jar containing
200 g of playground sand and 100 g of fresh beef liver and
were covered with Wype-all. A total of 88 jars were prepared,
labeled and randomized for developmental time point collection
and placement in a Percival growth chamber set at 25.0°C, 75%
RH and 14:10 LD (Percival model I-36LLVL incubator). An
Onset®*HOBO U12-006 data logger along with Onset®* TMC6-HD
air, water, and soil temperature sensors (Onset Co., Pocasset, MA,
United States) were placed on each shelf of the growth chambers
to determine consistency in abiotic factors. Jars were inspected
to ensure hatching and progression to subsequent instar and
intra-puparial (sensu Martin-Vega et al., 2016) stages. Samples
(12 individuals each) were collected from third instar larvae to
late puparial stage (i.e., third instar, post-feeding, early puparial,
mid puparial and late puparial) (Martin-Vega et al., 2016). Larval
and puparial samples were collected by placing them into 15 mL
Falcon tubes and flash freezing in 200 proof ethanol and dry ice.
Samples were stored at —80°C until RNA extraction. Hours of
development and proportion of development completed for each
age group can be found in Table 3.

Gene Selection and Primer Design

Five target genes were selected from the 31_100 C. rufifacies
de novo transcriptome assembly for their unique and high
expression levels: Larval serum protein-la (Lsp-1a), Transport
and Golgi organization 5 (Tango5), a cytochrome p450 (Cyp28d2),
Succinate dehydrogenase cytochrome B (SDCB), Juvenile hormone
esterase binding protein (JHEBP). Three reference genes, Alpha
Tubulin 84B (Alpha Tub84B), ribosomal protein 49 (rp49) and
Glycerol 3 phosphate dehydrogenase (GPDH) were selected for

TABLE 3 | Hours of development and proportion of development completed for
each sampling group throughout immature development for gene expression
validation in Chrysomya rufifacies reared at 25°C.

Stage Approximate hours Proportion of development
Feeding 3rd instar 120 35%
Early postfeeding 150 44%
Late postfeeding 165 49%
Early puparial 215 64%
Mid puparial 263 78%
Late puparial 335 99%

expression normalization. Primers for these genes were designed
and confirmed by BLAST primer design on NCBI, and node
numbers (assembly 31_100) and candidate gene annotations for
each of the five genes of interest can be found in Table 4.

RNA Extraction, cDNA Synthesis, and
Quantitative PCR

Whole larval and puparial samples were homogenized in
1000 pl of TRI-Reagent (Molecular Research Center, Inc.,
Cincinnati, OH, United States) and total RNA was isolated
per manufacturer’s instructions. BAN reagent (MRC) was used
for phase separation and the RNA was precipitated in ice-cold
isopropanol and washed with cold 70% ethanol. RNA was
resuspended in 99 pl of DNase/RNase/Nucleotide-free water
and 1 pl of SUPERase (Invitrogen). Quantification of RNA
was performed using a NanoDrop 1000 Spectrophotometer
(Thermo Fisher Scientific Inc, Wilmington, DE, United States).
Prior to cDNA conversion, RNA extractions were treated with
amplification grade DNase I (Invitrogen). RNA extractions
were converted to cDNA using the High Capacity cDNA
Reverse Transcriptase Kit (Applied Biosystems, Foster
City, CA, United States) per manufacturer’s protocol.
After ¢cDNA conversion, samples were stored at —20°C.
To corroborate the absence of genomic DNA, reverse
transcriptase (RT) checks were performed on all samples.
RT negative controls were assayed with rp49 primers. For
Positive controls, rp49 primers along with ¢cDNA samples
derived from the RNA of each developmental stage were
used. rp49 was selected for RT check because of consistent
and stable expression level throughout the development in
all the samples.

Quantitative PCR (Bio-Rad Laboratories, Inc., 248 Hercules,
CA, United States) was performed and in order to measure
CT values and relative gene expression for each sample. 20 pL
reactions containing 10 i L SSoFast™ EvaGreen®Supermix (Bio-
Rad Laboratories, Inc.), 2 pL ¢DNA, 2 pL primers, and 4 pL
DNase/RNase/Nucleotide-free water were loaded onto 96-well
plates and subjected to qPCR under following conditions: 40
cycles of denaturation at 94°C for 45 s, annealing and extension
process at 72°C for 60 s followed by a 65°C - 95°C melt curve at
increments of 0.5°C. Positive, negative, and no template controls
were run on the same plate. Each sample reaction was carried
out in duplicate, after which cycle threshold (CT) values were
averaged per sample. Only PCR products with dissociated melt
curves with single peaks were considered valid for final results.
Three samples failed to pass qPCR expression cutoffs; one third
instar library did not have an expression profile for any gene,
and two samples (one early postfeeding third instar and one late
pupariation sample) did not result in an expression profile for
Tango5. Three libraries were excluded from analysis to balance
the sampling design, randomly selected from each one in each of
the other remaining developmental time points, resulting in 11
samples per sampling group.

In order to estimate relative gene expression for each gene
of interest, 2~ 2 CT was calculated for each gene by using
average CT values across the replicates. The CT value for each
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target gene was standardized against three reference genes (rp49,
Gpdh, and AlphaTub84B) by subtracting the geometric mean
of the reference genes CT from average CT of each target
gene. Stability of reference genes was verified by measuring
M values using the program geNorm. All reference genes
had M-values ranging from 0.215 to 0.232, well within the
recommended < 1.0 value.

Sex identification for each sample was performed as in Jonika
etal. (2020). Briefly, cDNA conversion was performed on original
RNA extractions, as above, for PCR amplification of the sex
specific DSX gene product. Samples identified as female and
male were used for sex specific analyses, whereas any samples
without a confident sex identification were not included for sex
specific analyses.

Statistical Analyses

Values of normalized relative gene expression were compared
between developmental stages for each gene using ANOVA,
where relative gene expression was the dependent variable and
developmental stage was the independent variable. For sex
specific comparison, gene expression was the dependent variable
and sex and developmental stage were independent variables with
an interaction effect included. Tukey HSD was performed as a
post hoc test for both types of analyses with significance set at the
p < 0.05 level.

RESULTS

Males Develop Faster Than Females

A total of 937 flies survived to eclosion, with only one of four
replicates of having significantly higher than average survival
(replicate B), and survival rates for the four replicates were:
22215005 29 3005 2¥/300, 2% /300. All replicates had sex ratios that
were significantly male skewed (¢-test, p < 0.0001), which has
been observed before (Pimsler et al., 2019), with replicates A
and B, and C and D not being significantly different from
each other (t-test, p > 0.05), exhibiting a M:F ratio of ~ 2:1

overall. Female overall immature development from oviposition
to eclosion was 9.74 h slower than males (REML, p < 0.0001),
with a 441 h difference in oviposition to pupariation time
(REML, p < 0.0001) and a 1.41 h difference in pupariation
to eclosion times (LM, p < 0.0001) (Table 5 and Figure 2).
Based on estimated lower developmental thresholds (Figure 1)
and the model-estimated sexually dimorphic development times
(Table 5), this represents ADH differences between males
and females of 90-108 for egg hatch to pupariation, 27-
32 for pupariation to eclosion, and 200-240 across all of
immature development.

Most Nodes Are Differentially Expressed
We used RNAseq and a novel bioinformatic transcriptome
approach that preserves splicing information to investigate
ontological and sexually dimorphic patterns of gene expression
throughout immature development (which depends on
splicing). All analyses were conducted on a per-node basis,
with a node representing an unambiguously assembled
contig, where nodes are connected to each other through
edges within a splicing graph. To simplify analyses and
interpretation, we confined our analyses to nodes which
assembled in to >100 bp in length and which were expressed
in at least 2 samples, resulting in 81,205 nodes (with
homology to 4,965 D. melanogaster genes at our conservative
a priori BLAST cutoff).

In our preliminary approach, we explored the data by
identifying best fit linear models for each node using Akaike
Information Criterion (AIC) (McCarthy et al., 2012). Nearly
all nodes (97.6%; 79,324/81,205 nodes; Table 6) were best
fit by a model that included sex, developmental stage, or
some combination of the two, suggesting broad genome-wide
differences in gene expression throughout development. Most
nodes and genes were best fit by models that included only
stage. The MDS results further supported the results of the
best-fit modeling, as developmental stage, rather than sex,
was the primary factor affecting MDS axes 1 through 4 (see
Figure 3).

TABLE 4 | Validation primer sequences and expected PCR product lengths.

Primers Sequence Product length Node Annotation

p49 F 5-ACA ATG TTA AGG AAC TCG AAG TTT TG-3 75 - Tarone et al., 2011
p49 R 5-GGA GAC ACC GTG AGC GAT TT-3&

Gpdh F 5-TAA GTC TGG CAA GAC CAT CCA A-3' 72 - Wang et al., 2015
Gpdh R 5'-GTA AGG GGG CCC TGT AAC TTT-3'

AlphaTub84B F 5-ACG AAC AAT TGA CAG TAG CCG-3 85 - Wang et al., 2015
AlphaTub84B R 5'-TTT CCA TGA CGA GGA TCG CA-3'

LSPF 5'-AGC CCG GAG ACA GAT CAT CA-3 446 2711945 CG2559; LspTa
LSP R 5-AAG TGA CAA ACC ACA AGC GG-3

SDCB F 5’-AAC ACC CTT AAC AGC CCA CA-3 123 4022649 CG10219, SdhD
SDCB R 5-AAG GTT GCC CAT GCC TCT TT-8'

Tango5 F 5- AGC TGG CAT TAC TTG CGG TC-3' 173 2940844 CG32675, Tango5
Tango5 R 5'-CAA CTA CTG GAA TGG CGG CT-3'

JHEBP F 5-ATC TCT TCG CCC GAT TCA CG-3 256 586024 CG3776, Jhebp29
JHEBP R 5-GCG ACT TTA ACG CTC TCA GC-3

p450 F 5'-CCA CAA GTG ACC GCA CAT ACT-3 110 11563482 CG6081; Cyp28d2
p450 R 5-TCT TGT TTG TCG TGA TGGCG-3'
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Next, we evaluated node-specific statistically significant
patterns of gene expression (Benjamini and Hochberg, 1995)
FDR < 0.05) using edgeR (Robinson et al., 2010) and limma
(Ritchie et al., 2015). First, we were interested in whether
ontological gene expression patterns in C. rufifacies were similar
to those observed in other holometabolous insects (21 pairwise
comparisons, known as contrasts, between developmental time
points). Second, we also looked for whether and when
sexual dimorphism in gene expression was initiated through
two approaches. We evaluated differences between the sexes
within a stage (14 pairwise comparisons; e.g., male eggs
versus female eggs, male mid-puparial development versus
female mid-puparial development), as well as differences within
development between the sexes (21 pairwise female-specific
and 21 pairwise male-specific ontological gene expression
patterns). Most nodes demonstrated significant differential
expression in at least one pairwise contrast (98.4%; 79,922/81,205
nodes; Supplementary Material 6). Most of these nodes
demonstrated both developmental and a sex:stage pattern of
differential expression (97.6%, 78,067/79,922 nodes; Figure 4).
All differences in node expression globally between males
and females (all male samples versus all female samples) also
demonstrated differential expression in other contrasts.

Immature Gene Expression

In total, 64,246 nodes were differentially expressed across
all pairwise stage contrasts, representing 79.1% of all nodes
passing quality and coverage cutoffs. Generally, most genes
and gene ontology analyses exhibited patterns of expression
consistent with those observed in D. melanogaster (Arbeitman,
2002). The egg stage demonstrated the most unique expression
pattern, with 50,912 (6,408 annotated) nodes differentially
expressed between eggs and all stages pooled together,
although eggs had the second highest total number of
differentially expressed nodes (62,358 nodes with 7,475
annotated compared to third instar larvae at 62,691 nodes with
7,490 annotated).

As there are simple, reliable morphological methods to
identify eggs, first, second, and third instar larvae, we will limit
our discussion of contrasts involving these four developmental
stages. Overall, patterns of GO enrichment and dis-enrichment
are in line with patterns that have been observed in other
flies (Lebo et al,, 2009; Supplementary Materials 7, 8). Eggs
demonstrated increased expression of genes related to growth,
cell division, and DNA replication relative to all other stages,
including nodes with homology to Drosophila genes such as
slam (Lecuit et al., 2002). Within and between larval stadia

TABLE 5 | Chrysomya rufifacies demonstrates significant sexual dimorphism in development rate in throughout immature development when reared at 30°C.

Predictors Estimates Cl Statistic p df
Egg to pupariation

(Intercept) 146.39 143.15-149.64 99.98 <0.001 10.36
Sex [Male] —4.41 —5.16 to—3.66 —11.52 <0.001 526.93

Random effects
o? 15.09
00 22.76riatReplicate
ICC 0.6
N 3Tria\

4Replicale
Obs. 535
Marg. R2/Cond. R? 0.111/0.646
Pupariation to eclosion

(Intercept) 90.11 89.78— 90.43 543.47 <0.001 533
Sex [Male] -1.32 —1.75t0—-0.90 —6.08 <0.001 533
Obs. 535
Marg. R2/Cond. R? 0.065/0.063

Egg to eclosion
(Intercept) 234.68 230.29— 239.07 1174 <0.001 11.46
Sex [Male] —-9.74 —10.59 to—8.89 —22.58 <0.001 925.46

Random effects
o? 36.15
T00 46.74rial:Replicate
ICC 0.56
N Stial

4Replicale

Obs. 937
Marg. R?/Cond. R? 0.204/0.653
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FIGURE 2 | Density plot of sexual dimorphism in development rate for C. rufifacies at 30°C. These are density plots of hours elapsed (x-axis) for male (blue) and
female (red) C. rufifacies reared at 30°C, 12:12 LD for time elapsed from egg to pupariation (top panel), pupariation to eclosion (middle panel), and egg to eclosion
(bottom panel).

TABLE 6 | Numbers of differentially expressed nodes (DEN) as a function of stage
of development and/or sex from linear models in limma.

Model Model Total nodes Annotated
name formula (DEN) nodes
(Annotated
DEN)
Total Nodes = 81205
None ~1 1881 (1182, 81 (50,
62.84%) 61.73%)
Sex ~0 + Sex 364 (293, 9 (8, 88.89%)
80.49%)
Stage ~0 + Stage 52866 (52849, 6413 (6412,
99.97%) 99.98%)
Sex + Stage ~0 + Sex + Stage 14200 (14200, 1453 (1458,
100%) 100%)
Sex: Stage ~0 + Sex + Stage + 11894 (11894, 939 (939,
Sex*Stage 100%) 100%)

Nodes are assigned to a model based on only the lowest AIC and necessitates
exclusion from other possible models. Therefore, any single node may be
significant in additional contrasts outside of its linear model assignment. The
numbers/percentages of differentially expressed nodes (in at least one sex, stage,
or sex:stage contrast) assigned to each model in the individual gene analyses (FDR
cutoff of < 0.05) are provided in parentheses.

comparisons demonstrated enrichment of GO terms associated
with vesicle transport, exocytosis, macromolecule metabolism,
digestive tract, imaginal disk development, and locomotion.

A large number of nodes were differentially expressed over
the course of pupariation. Early in the process, there was an
enrichment of nodes related to endocytosis and the positive
regulation of the Notch signaling pathway relative to mid
and late pupariation. This is also the point in pupariation
where male germline associated nodes became enriched, as
well as regulation of gene silencing and small GTP mediated
signal transduction, all of which continue until decreasing
in expression late pupariation. Midway through pupariation
saw the beginning of enrichment of eye morphogenesis
and development, developmental programmed cell death, and
the negative regulation of RAS protein signal transduction
which continues through late pupariation. Mid pupariation
also demonstrated an enrichment of cellular homeostasis and
metabolic processes associated nodes relative to early and
late pupariation. Furthermore, at the middle of pupariation,
we see dis-enrichment of positive regulation of the WNT
and smoothened (hedgehog) signaling pathways, as well as
hormone biosynthetic processes, though nodes associated with
these GO terms become enriched again in late pupariation.
Late pupariation also demonstrated enrichment of nodes
associated with antiporter activity, biological regulation, and
anion transmembrane transporter activity.

Of particular interest is the identification of genes which
can be used to estimate the age of an insect. We selected
differentially expressed nodes based on whether they had
D. melanogaster homology, were differentially expressed between
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FIGURE 3 | Stage (as indicated by shape and ellipse linetype) is the most significant factor in clustering on MDS axes 1 and 2; sex (color) exhibits a smaller effect on
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puparial stages, and exhibited patterns observed in previous
studies on developmental patterns of gene expression in flies.
We also selected some nodes that were differentially expressed
between third instar larvae and early puparial development, as
these may be useful in quantifying another difficult to measure
age-based phenotype, the transition from feeding to post-feeding
third instar larvae. This putative list was further pruned after
investigating sexual dimorphism in gene expression (below).

Differential Expression of Sex Related Genes

Eggs demonstrate differential expression of 21 sex-determination
and dimorphism related genes relative to the other stages
of development: three downregulated (dsx, fruitless [fru], and
takeout [to]), one with mixed patterns (Trithorax-like [Trl]),
and 11 upregulated (Supplementary Material 6). Of particular
interest is the upregulation in eggs of daughterless (da), SxI,
groucho (go), and sisterless A (sisA), given past research in
C. rufifacies (Clausen and Ullerich, 1990; Muller-Holtkamp,
1995; Andere et al, 2020) or their patterns of expression
in eggs of other species (Morrow et al, 2014b; Salvemini
et al, 2014b; Sawanth et al., 2016). Nodes from the gene
dsx are not expressed until the third instar (Figure 5),
and expression levels do not differ significantly throughout
the rest of development. The expression of fru begins in
the second instar, and remains high throughout the rest of
development (Figure 6). The gene fo shows two peaks, one
in third instar larvae and then again late in pupariation
(Figure 6). The gene tra is differentially expressed throughout
development beginning in eggs and is discussed in more detail
below (Figure 7).

Sexual Dimorphism in Gene Expression
Sexual dimorphism in expression within a stage (i.e., Female
eggs versus male eggs, female late pupariation versus male
pupariation) was observed in 15,268 nodes (18.8% of all nodes
passing quality and coverage cutoffs). Sexual dimorphism was
observed in all stages measured, including eggs (Supplementary
Material 6). Most of these nodes did not share any homology
with D. melanogaster at our cutoff (14,025/15,268 nodes
without homology; 91.8%). The 1,243 nodes represented
876 D. melanogaster genes, suggesting that some of these
nodes are exons or different transcripts of the same gene.
A total of 2,173 nodes were differentially expressed in
two or more stages.

Differences Between Male-Specific and
Female-Specific Changes in Gene Expression
Throughout Development
In total, 76,5757 and 74,443 nodes were differentially expressed
through female-specific and male-specific ~development
respectively (4821 and 4838 unique D. mel homologies),
with most of these nodes overlapping (73,900; Figure 8). These
overlapping nodes demonstrated enrichment patterns common
with other fly species, including terms such as regulation
of developmental processes, regulation of nervous system
development, muscle structure development, and photoreceptor
cell differentiation (Supplementary Materials 7-9).

Of greater interest, there were some specific nodes
differentially expressed throughout female development only
(2,682 nodes), as well as throughout male development

only (2,544 nodes). However, as most nodes are not
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FIGURE 4 | Most differentially expressed nodes were significant in both stage
(red) and sex:stage interaction (blue) contrasts, suggesting that there is broad
differential expression across both development and in a sex-significant
manner. This is supported by the fact that most of the nodes significant
between all male and all female samples pooled across immature
development (yellow) were also significant in at least one stage specific
contrast. Node identities can be found in Supplementary Material 6.

annotated, and multiple nodes can have homology with
the same D. melanogaster gene, the number of “genes”
differentially expressed between male-specific and female-
specific development is significantly smaller (88 genes and 71
genes respectively). Throughout development, male-specific
unique expression demonstrates GO enrichment of appendage
morphogenesis including wing development, imaginal disk
development, protein modification via conjugation and/or
ubiquination, and positive regulations of cell adhesion. Female-
specific unique expression, on the other hand, demonstrates
GO term enrichment of chorion-containing eggshell formation,
pole cell migration, and a multitude of terms related to
growth and cellular division, including metaphase/anaphase
transition, sister chromatid separation, and nuclear division
(Supplementary Material 9).

Most Stages Demonstrated a Male Bias in
Expression of Differentially Expressed Genes

The number of differentially expressed genes, the strength (log
fold change and FDR corrected p-values), and direction of
bias generally increased throughout development (Figure 9).
In all stages but the egg and third instar stages, more
nodes demonstrated a male bias of expression and these
nodes were more extremely (smaller FDR corrected p-values)
and strongly (larger log fold change) differentially expressed
(Figure 9). Given these stage-distinct features, embryonic, larval,
and puparial dimorphism are addressed separately and in
more detail below.

Differential expression is female biased in the egg stage

In the egg stage, more nodes are female biased in expression,
and the outlier nodes do not exhibit homology to Drosophila
melanogaster genes at the imposed similarity cutoff. Of the
annotated genes, female eggs show an upregulation of genes
related to DNA replication and endoreduplication, DNA repair,

and microtubule formation related to chromosome segregation.
In comparison, males demonstrate an upregulation of genes
related to positive regulation of gene expression, chromatin
silencing, organ development, cell localization, dorsal-ventral
pattern formation, and cell division.

There were six nodes that were highly upregulated (large
effect sizes and low p-values) in embryos destined to develop
into females (Figures 7, 9). Comparison to Diptera nucleotide
sequences with a blastn search identified NODE_26355 as
having sequence similarity to the end of (starting at exon
three) Cochliomyia macellaria transformer (JX315619.1, 5e-
30). The rest of the nodes were AT-rich sequences and
demonstrated sequence similarity to each other. In addition,
they demonstrate 38-43% sequence similarity to another node
in a different splicing graph (NODE_13077:3370588) that
joins upstream of a sequence that splices to a sequence
that corresponds to exon two of fra in Co. macellaria.
There is dimorphism of expression of this putative tra
sequence (NODE_13077:3370588) with increased expression
in female fated eggs relative to male fated eggs, though
this homology is based on similarity of other nodes in the
splicing graph to tra sequences isolated from other species
of Calliphoridae. Thus, it appears that a female-biased AT-
rich sequence upstream of exons 2 and 3 of fra may be
connected to upregulation of that end of the gene in female
C. rufifacies embryos.

Most larval stages exhibit male biased sexual dimorphism,
and the number of genes increases throughout larval
development

The larval stages did demonstrate sexual dimorphism in
gene expression, and though it was more nodes than eggs,
the FDR corrected p-values and fold changes in expression
were not as extreme on average. Despite these differences,
there was no significant differential expression of any of the
core sex-determination genes which are important in other
species of fly in either the first or second instar. Sexual
dimorphism, defined as total number of nodes differentially
expressed, is lowest in the first instar larvae (Figure 9),
then increases throughout development. In the first instar,
females are upregulating genes related to pH regulation,
metabolic processes, and head development, while males
are upregulating genes related to transmembrane transport,
catabolism, response to food, and mitochondria (Supplementary
Materials 7, 9). In the second instar, females continue to
demonstrate enrichment in head development, as well as
neuron differentiation and growth and neuromuscular junction
development. In comparison, male enrichment switches to
GO groups related to transcription regulation, DNA synthesis,
protein secretion, regulation of the JAK-STAT cascade, and
dorso-ventral patterning.

Sexual dimorphism in the larval stages is most pronounced
in third instar larvae. Females continue to show increased
expression of genes related to a neuron maturation and
differentiation, as well as broad array of GO terms, including
thermosensory behavior, gene expression, splicing, and
silencing, chromatin remodeling, short-term memory,
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FIGURE 5 | Both nodes with homology to D. melanogaster dsx that passed the filtering cutoffs demonstrate sexual dimorphism in expression. In both sexes,
expression is initiated in the third instar, though one node is only expressed only in males.

transmembrane transport, locomotion, and imaginal disk
growth. Male third instar larvae also demonstrate a range
of GO term enrichment, including shifts to metabolic
processes, determination of right/left symmetry and
asymmetry, imaginal disk fusion, apoptic cell clearance,

where differential expression of the putative
NODE_13077:3370588 is most differentially

tra node
expressed.
Furthermore, nodes with homology to dsx begin to be
differentially expressed in third instar, and female samples
demonstrate significantly higher expression of the common

cognition and memory, genital disk morphogenesis, dsx exon (NODE_4893622:2200887,2200888). Furthermore, the
sex differentiation, regulation of hormone metabolic node with homology to the male exon of dsx (NODE_2200888)
processes, and the JNK cascade. Third instar is also isalso expressed only in males.
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FIGURE 6 | Clustering of all significantly differentially expressed genes (FDR < 5e-12) resulted in 41 clusters with an average Pearson correlation of 0.85 and 100
nodes or more. Columns from left to right: Level of significance (p-adjusted cut-off), cluster, number of nodes, number of D. melanogaster gene hits,

D. melanogaster sex-related genes hits, number of hits to genes with tissue and/or sex specific patterns of expression from other species, and a heatmap of
average logCPM expression in females (F) and males (M) in eggs (E), first instar (L1), second instar (L2), third instar (L3), early in pupariation (EP), mid pupariation
(MP), and late in pupariation (LP). The sex-related gene hits are those genes which have been identified to play a crucial role in sex-determination and
sexual-dimorphism in D. melanogaster (Baker et al., 1989; Erickson and Cline, 1998; Grath and Parsch, 2016). The tissue and sex-specific gene hit lists were
identified a priori based on results from previous work in D. melanogaster studying somatic and gametic patterns of gene expression, including within tissues
(ovaries, oocytes, and testis) and related to gametogenesis (spermatogenesis and oogenesis) (Lebo et al., 2009; Chang et al., 2011). There are three different nested
sets of genes in this table. The top row (<0.05; All) represents all nodes identified as differentially expressed in the analyses. The second row represents all nodes
differentially expressed in the analysis at a FDR cutoff of 5e-12. The remaining rows are all of the nodes in that set which are also in a cluster with an average
Pearson correlation > 0.85 and 100 nodes or more (where to find data that produced this table).

Sexual dimorphism throughout pupariation involves many
genes, and changes throughout the process

As would be expected, sexual differentiation is highest across
immature development during pupariation, and increases the
closer an individual is to eclosion (Figure 9). All stages
demonstrate differential expression of the putative tra node
and both dsx nodes between the sexes. Furthermore, males
demonstrate enrichment of male reproduction terms, such
as spermatogenesis, as well as ATP production, throughout
all of pupariation.

Early in pupariation, females demonstrate enrichment in a
broad array of GO terms, chemosensation, signal transduction,
ion transport, ovary development, and pupariation. In contrast,
while also demonstrating enrichment in a broad array of
term, males mostly demonstrate parent-child enrichment of

terms such as pupal development, transmembrane proton
transport, ATP generation, spermatogenesis, neurogenesis,
proprioception, sensory perception, JH esterase activity, and,
interestingly, Y-chromosomes. However, the “Y chromosome”
GO term (GO:0000806) is linked to only a single node
(NODE_3701213) with homology to Thioredoxin T (TrxT,
CG3315); in D. melanogaster the product of this gene regulates
expression of genes on the Y-chromosome (Bonaccorsi et al.,
1988). Several genes initially identified as demonstrating
differential expression between the stages were also identified
as having sexually dimorphic patterns of expression in early
pupariation, including CrLspla, CrSdhD, and CrJhebp29.

Mid pupariation, females show increased expression of
genes related to sensory perception, BMP signaling, cellular
differentiation, establishment of chromatin silencing, R7 cell
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FIGURE 7 | Putative transformer nodes have sex- and stage- specific patterns of expression. Condensed splicing graph in 31_100 assembly of C. rufifacies
containing nodes that have hits to the Co. macellaria transformer protein from translated BLAST. Also shown are upregulated nodes in C. rufifacies that have

. Within the Co. macellaria transformer gene model, each exon is labeled by the
exon number with its length in nucleotides in parentheses. Each edge is labeled by the length of the intron between the exons. Within the C. rufifacies splicing graph,
each node is labeled by the node number with its length in nucleotides in parentheses, and expression (y-axis:log counts-per-million) is plotted on a sex:stage basis
(x-axis) for those nodes with statistically significant patterns of expression. The line leading out from each node indicates the exonic region from the BLAST hit, with
the range of the local hit represented by a horizontal line near the exon. Each edge is labeled by the range of path lengths between the nodes.

development, and transmembrane transport systems, particularly
those related to synaptic development. Males, on the other
hand, continue to demonstrate enrichment of spermatogenesis
and ATP generation, and also begin to enrich endosome
organization, programmed larval cell death, salivary gland
histolysis. This is also the only point in pupariation where

differential expression of sc, a sex determination candidate with
prior support (Andere et al., 2020) for driving the system, is
statistically significant.

Late in pupariation, more than 2/3 of the differentially
expressed genes are male biased in expression. Female
upregulated genes are involved in regulation of synaptic activity,
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response to the BMP pathway, eye and wing development, renal
filtration, RNA transport, pigment metabolic processes, and
epidermis development. Males demonstrate enrichment of genes
related to sensory perception, ATP generation, proton transport,
male gamete generation, regulation of cellular pH, histolysis
and cell death, axon generation and regeneration, spermatid
differences and gas transport.

Clustering ldentified Groups of Nodes With Similar
Patterns of Expression

Using all differentially expressed nodes, we identified 38 clusters
with an average Pearson Correlation Coeflicient > 0.85 and at
least 100 nodes (Figure 6). In the interest of brevity, we will
discuss only a few clusters, though each cluster may contain
genes of interest to researchers investigating other questions
(Supplementary Materials 5, 10). For example, the nodes in
cluster 4 have high expression in eggs, and sexually dimorphic
patterns of gene expression in most juvenile stages (Figure
6). This cluster demonstrates significant enrichment of genes
with GO terms related to neurogenesis, cell differentiation,
sex determination, regulation of the Wnt signaling pathway,
and DNA damage repair. Another cluster of interest is 22,
which has high node expression in larval stages that drops
off at the onset of pupariation, making genes in this cluster
potentially useful for identifying postfeeding larvae. This cluster
demonstrates significant enrichment of genes with GO terms
related to proteolysis, transmembrane transport, and response
to external stimulus and stress (including NODE_1153482
which demonstrates highest homology with a D. melanogaster

Cytochrome p450; Cyp28d2). Finally, expression in cluster
36 could be useful for sex-specific age differentiation over
pupariation, and demonstrates enrichment for neurological
processes such as synaptic vesicle localization, long-term
memory, mating, courtship behavior, and sensory perception.

qPCR Validation

All genes analyzed by qPCR in this study were significantly
differentially expressed by developmental stage according to
ANOVA (p < 0.0001). It is important to note that these potential
markers were assessed in a different population, collected
less than 10 generations from the wild, and under different
environmental conditions than those used to identify them. The
point in development where developmental stages were sampled
also differed subtly. These differences are important, because
they most closely reflect a realistic forensic condition, where
a reference will not exactly match the rearing conditions and
source population of evidentiary specimens. When comparing
the directional patterns of change for each of these genes between
the RNAseq expression information and the expression from the
qPCR validation, the general patterns held with some variation
in timing or fold change across experiments and generally occur
as observed in D. melanogaster (Graveley et al., 2011). Gene
expression was highest in third instars and early puparial samples,
then decreases throughout time in puparial stages for Larval
serum protein la (Lspla) and across all stages in Cyp28d2
(Figures 10A,B). In Lspla, there are no significant differences
in expression between larval stages and the early puparial
stage; however, there is a significant decrease in expression in

Frontiers in Ecology and Evolution | www.frontiersin.org

July 2021 | Volume 9 | Article 696638


https://www.frontiersin.org/journals/ecology-and-evolution
https://www.frontiersin.org/
https://www.frontiersin.org/journals/ecology-and-evolution#articles

Pimsler et al.

Sex-Biased Immature Gene Expression

Differential expression between the sexes within a stage

Male=biased Female=biased

Male=biased Female=biased

Drosophila homology No homology
2,022 nodes total 17,144 nodes total
40 N
™ m
20 % §.8
19 11| 154 188 ¢
O - — ———t
40 1 % -
§ o 1
l SIS
“160 15| 321 294| &~
O e — 2 -
401 = (7
5=9
201 S oC
59(|532 456 § o
O_ - i — — I W E——
0’
0O 40 A
L 583
(@ PNE ) 3 g_
TO 159 304 || 1063 2622 §
0 - _— A - _
40 g m
8 9O
20 Ei 8 =
382 60|| 1114 529| o<
0 1 aF e, | (72}
40 g
§2 %
426 57 || 7369 693| ¢
0 (72}
538
385 21| 1196 343| 2
(72}
O - — - o ——— — L
-10 -5 0 5 -10 -5 0 5

FIGURE 9 | Volcano plot of sexual dimorphism throughout immature development highlights the increasing number of nodes and strength of masculinization of

Chrysomya rufifacies’ transcriptome as development progresses.
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FIGURE 10 | Comparative boxplots of genes selected for validation. RNAseq expression in the left column and gPCR normalized expression in the right column for
each node for which primers were designed in the rows (see Table 4). Each boxplot for the RNAseq column represents three separate individuals, with the exception
of the third instar samples (gray background shaded box), which represents six individuals collected to evaluate gene expression correlated with facultative predatory
behavior, and therefore are likely to be feeding third instars. Eleven samples were evaluated for each time point with gPCR validation, and sampling also broke up the
third instar into three separate time points, all indicated in the gray shaded box; see Table 3 and materials and methods section “Validation Fly Rearing” for more
details. From left to right, top to bottom: (A) RNAseq expression of Larval serum protein 1a (Lsp1a), (B) gPCR expression of Lsp1a, (C) RNAseq expression of
Succinate dehydrogenase cytochrome B (SDCB), (D) qPCR expression of SDCB, (E) RNAseq expression of Transport and Golgi organization 5 (Tango5), (F) gPCR
expression of Tango5, (G) RNAseq expression of Juvenile hormone esterase binding protein (JHEBP), (H) gPCR expression of JHEBP, (I) RNAseq expression of a
cytochrome p450 (P450), (J) gPCR expression of P450.
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mid and late puparial stages (Figure 10A). In Cyp28d2, gene
expression decreases throughout time, with lower expression in
each subsequent developmental stage (Figure 10I). There were
significant increases in expression throughout time in both SDCB
and Jhebp29 (Figures 10C,D,G,H), with highest levels at the end
of pupariation. In SDCB, there were no significant differences in
expression between larval stages and early-mid puparial stages;
however, there was a significant increase in expression of this
gene in the late puparial stage (Figure 10C). In Jhebp29, there
was an increase in gene expression between feeding 3rd instar
and postfeeding stages, however, not significantly so. In puparial
development, Jhebp29 expression significantly increased in the
late puparial stage compared to early-mid puparial development
(Figure 10G,H). Tango5 expression was found to be significantly
lower in postfeeding larval stages compared to the feeding 3rd
instar larval stage (Figure 10F). Puparial expression did not
significantly differ across time, and is not significantly different
from the feeding 3rd instar expression (Figures 10E,F). When
separated by sex, only Tango5 in the early puparial stage and
SDCB expression in the late puparial stage were significantly
different between the sexes (Figure 10). In the early puparial
stage, Tango5 expression was significantly higher in males than in
females, something that was seen expression data from RNAseq
(Figures 10E,F). In the late puparial stage, SDCB expression was
significantly higher in females than in males, yet this difference
was not seen in the RNAseq data (Figures 10C,D).

DISCUSSION

The major goal of this project was to identify candidate genes
useful for making improved predictions of C. rufifacies age
through the use of gene expression markers. Logically, effective
markers for this purpose will exhibit several features. They
should be differentially expressed over development, especially
among stadia whose ages are difficult to precisely predict with
morphology (Anderson, 2000; Tarone and Foran, 2008; Tarone
et al,, 2011). Ideally, target markers will exhibit large effect
sizes (e.g., off in early intra-puparial development and on at a
high level at the end). However, since development time is a
quantitative trait, it is expected that a variety of environmental
and genetic factors, as well as their interactions, may impact
either developmental progress or genes used to predict it (Tarone
et al., 2015). Therefore, expression signals from target genes
would ideally be robust to changes in environmental conditions
(Kaneshrajah and Turner, 2004; Tarone and Foran, 2006; Fremdt
etal., 2014) or genotypes (Tarone et al., 2011). One simple genetic
difference found in many sexually reproducing organisms is the
genetic effect of sex determination, which can impact a variety
of sexually dimorphic traits. Therefore, we considered sex as a
potentially major source of variation. It is also unlikely that the
expression of any developmentally regulated gene is stable across
all environments and genotypes (even housekeeping genes are
expected to vary), so such an age prediction system will also
likely be comprised of multiple genes that are less variable than
other markers of age (within a point in development), respond
to different environmental/genetic factors, and exhibit strong

signals of change (i.e., high effect sizes) over development. The
composition of such a collection of genes is likely to depend
on the number of genes affected by environments, genotypes,
and their interactions that exhibit characteristics desirable for
predicting age. In some scenarios, it may be necessary to
identify genes predictive of environments or genotypes, which
can be used to correct for signals from other markers of
age that exhibit large effect sizes. As an example (Fratczak-
Lagiewska and Matuszewski, 2018), determined that sex alone
is not useful information for improving predictions of age in a
forensically informative beetle. However, improvement did occur
when knowledge of sex was combined with size at maturity
(Matuszewski and Fratczak-Lagiewska, 2018). Similarly, one may
imagine a gene is useful in predicting age, but only when the sex
of the immature fly is known, due to differences in the way the
sexes developmentally regulate a gene. The inclusion of such a
gene in a prediction set may be more or less desirable depending
on how many genes are responsive to various inputs. Since
little is known about the C. rufifacies transcriptomic response,
we provide important baseline data that can be used to inform
future decision regarding sets of age-predicting genes. Here,
we evaluated gene expression across C. rufifacies development
at 30°C and in both sexes. We identified genes that were
differentially expressed over development, between sexes, and
those differentially expressed across development by the sexes;
identifying the relative proportions of the transcriptome that are
differentially expressed by development, sex, or both. We then
tested a subset of potential markers of age in a new population
of flies raised at a 25°C, demonstrating that most genes (sexually
dimorphic or not) performed as expected.

We present here evidence of sexual dimorphism throughout
immature development against a wild-type genetic background
through an assessment of two phenotypes, development rate and
gene expression, in an under-studied and forensically relevant fly,
Chrysomya rufifacies. Despite the relative lack of genetic tools in
this species, broad patterns of GO enrichment were identified by
leveraging sequence similarity to D. melanogaster. Furthermore,
five genes were selected for qPCR validation based on the
RNAseq results and concordance with patterns of expression
in other species of fly. All genes analyzed by qPCR in this
study were significantly differentially expressed by developmental
stage, and two also demonstrated significant sexual dimorphism
in expression. Ideal markers of age were strongly differentially
expressed during development during longer developmental
stages, robust to changes in the ambient temperature during
rearing, and not sexually dimorphic. However, with knowledge
of sex, dimorphism could be used to optimize estimate accuracy
(as in Matuszewski and Fratczak-Lagiewska, 2018).

There are a few potential biases associated with the approach
taken. The transcriptome was assembled with a program
designed to preserve splicing information (Sze et al., 2017), as
differential splicing of key sex-determination genes is responsible
for many aspects of downstream sexual dimorphism. The
error structure of sequences associated with this method
have already been investigated, and this algorithm has been
shown to be conservative and reliable (Szeetal., 2012,2017;
Pimsler et al., 2019); identifying dsx in C. rufifacies, which was
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confirmed by Sanger sequencing (Jonika et al, 2020), and
recovering known sequences in several other model and non-
model organisms. The assembly is fragmented, which may affect
its usefulness for some purposes, but for the purpose of this
project it was clearly sufficient for our needs. Some of the analysis
relies on similarity of transcriptome sequences to the well-known
and studied organism Drosophila melanogaster, another higher
fly, and gene ontology analyses were based on these annotations.
A conservative cutoff was considered for declaring similarity
to Drosophila, thus only 8,903 retained nodes were associated
with Drosophila sequences, representing 4,965 genes. Unique
genes or unique uses of gene products will be overlooked with
such an approach, which can particularly be an issue in rapidly
evolving genes, such as sex-related genes (Ellegren and Parsch,
2007; Haerty et al., 2007). However, dsx appears to demonstrate
an expected pattern of dimorphism, as do a variety of other
sequences predicted to be associated with sex determination
and development. International collaborative investment in gene
ontology resources (Ashburner et al, 2001) and the use of
BUSCO scoring to estimate genome completeness (Waterhouse
et al., 2019) suggest, however, that leveraging information from
non-study species can at least serve as a useful starting point.
However, care should be taken to remember potential biases
and divergence from Drosophila, if one is interested in gene
functions from the transcriptome and not the more applied
interest of age prediction.

Despite these challenges, the anonymous nature of the
analyses (i.e., independent of knowledge of putative node
product) was expected to produce reasonable results (Sze et al.,
2017). Indeed, examination of specific genes, as well as overall GO
enrichment across development, demonstrated concordance with
patterns observed in other species, particularly in well-studied
D. melanogaster, across a range of transcriptomic approaches
(Arbeitman, 2002; Lebo et al., 2009; Chang et al., 2011). As
an example, egg gene expression is particularly enriched for
genes related to patterning, growth, and cell differentiation, while
larval gene expression is enriched for genes related to digestion
and locomotion. Thus, in many ways C. rufifacies development
appears to follow a similar general trajectory to D. melanogaster
in many ways, despite their evolutionary and ecological distance
from one another.

Individual genes also demonstrated conservation in pattern.
For example, the gene slam, which is important for cleavage
and polarized membrane growth and demonstrates highest
expression in D. melanogaster eggs (Lecuit et al, 2002),
was found to be uniquely expressed in the egg stage in
C. rufifacies. Another gene that demonstrated conservation in
pattern in D. melanogaster, Bombyx mori, and Manduca sexta
was a juvenile hormone esterase binding product (Jhebp29)
(Campbell et al., 1992; Liu et al,, 2007; Hao et al., 2013). In
Drosophila, the expression pattern of this gene largely matches
the pattern seen in C. rufifacies, where lowest expression occurs
in third instars and increases afterward throughout pupariation
(Graveley et al., 2011).

The utility of sexual dimorphism in development rates in
forensic entomology is not yet clear. In this work, we have
shown that male C. rufifacies eclose as adults 9 h earlier

at 30°C, on average, than females whose eggs were laid at
the same time, and pupariate 4 h earlier. Previous work
in forensically relevant species has demonstrated statistically
significant sexually dimorphic development rates, though in
some cases this dimorphism can too small to have a practical
use in case work (Picard et al., 2013; Fratczak-Lagiewska and
Matuszewski, 2018; Smith and Cook, 2020). However, given the
LDT’s calculated in this work, we observed that males pupariate
90-108 ADH and eclose 200-240 ADH earlier than females of the
same temporal age. Chrysomya rufifacies can develop at relatively
low temperatures (15.6°C; Byrd and Butler, 1997) and have been
collected routinely as a part of indoor casework in Texas (average
ambient =+ std. dev.: 27.7°C = 7.8 from Sanford, 2017). As ~16%
of cases involving C. rufifacies would have involved ambient
temperatures of ~20°C, this would represent a different of 16 h
between male and female eclosion. Given that blow flies rarely lay
eggs at night (Greenberg, 1990; Singh and Bharti, 2001; Amendt
et al., 2008; Zurawski et al., 2009; Berg and Benbow, 2013), and it
is common practice to use what are considered the oldest samples
to estimate a minimum postmortem interval (in this case “fastest
to eclose”), a 16 h difference could result in estimates that are
off by a day or more (if the complete developmental timeline is
relevant to a case). Clearly, more research is needed to validate the
results presented here, and to identify what factors, if any, affect
nocturnal oviposition in C. rufifacies. Results presented here
indicate that there is moderate sexual dimorphism in immature
development rate that is unlikely to be important in some
temperatures but may have investigative importance in others -
depending on what specimens/stages/sexes were sampled.

Generally, our results demonstrated that 98.4% of all nodes
passing our filtering threshold were differentially expressed. Of
these, most differentiated our samples by developmental time-
point (99.8%), fewer nodes were sex-differentially expressed
throughout development (19.1%), and very few nodes which
demonstrated differential expression by sex alone (1.5%). The
relatively large effect of development in differential expression is
clearly demonstrated in the MDS plot (Figure 3), which shows
the general pattern of clustering for sample types (sex:stage)
across all nodes. For the purposes of estimating insect age, nodes
which demonstrated significant stage-specific gene expression
but which are not affected by other factors, such as sex, are
the most useful (i.e., Jhebp29). Our results also point to sex-
determination cascade genes with male and female shared exons
(such as tra and dsx) which have stage-gated expression patterns
as being potentially useful for age-related estimates. Additional
research is required to determine how robust these patterns are
with respect to other factors, such as temperature or geographic
population of origin.

In concert with development-rate sexual dimorphism, sexual
dimorphism in gene expression is also observed in every stage
throughout immature development. Interestingly, the magnitude
(p-value and log,FC) of sexual dimorphism is higher in eggs
than first and second instar larvae, and is female skewed in
eggs. This is likely a lingering effect of maternal contributions to
their offspring (Avilés-Pagan and Orr-Weaver, 2018), although
it is anticipated that embryonic samples were collected after
the transition to zygotic gene expression (Kronja et al., 2014;
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Navarro-Costa and Martinho, 2020). However, there is a definite
masculinization of the sexually dimorphic component of the
transcriptome during the rest of development, characterized by a
greater number of nodes demonstrating male-biased expression
with more extreme p-values and logFC’s. This is directly in
line with patterns observed in zebrafish (Small et al., 2009), but
is also supported by findings that sex-linked gene expression
dimorphism evolves and diverges more rapidly in male-linked
genes (Ranz et al., 2003; Assis et al., 2012; Perry et al.,, 2014;
Grath and Parsch, 2016). Furthermore, patterns of increasing
dimorphism in gene expression over developmental time is
supported by results in D. melanogaster (Perry et al., 2014).
Additional work is needed, however, to disentangle sex-specific
differences in gene expression from the effect of different
development rates of males and females.

While the primary focus of this work was forensic entomology
applications, these results also shed some light on the unusual
sex determination mechanism of C. rufifacies. For example,
there in an interesting connection of GO enrichment of
cell cycle, underreplication, and endoreduplication in female-
fated immatures relative to male-fated immatures which imply
hypotheses that could explain coverage differences observed
between arrhenogenic and thelygenic female genomes (Andere
et al, 2020). Furthermore, the greatest increase of sexual
dimorphism in gene expression coincides with the initial
expression of dsx. Similarly, tra related sequences warrant further
investigation, but indicate a potential role for exons 2 and 3
in embryonic cell fates. As the exact genes involved in the
monogenic sex determination cascade of C. rufifacies have not
been identified, much less their hierarchy, this serves as a
promising starting point to begin to investigate critical genetic
and ontological control points.

One of the main purposes of the RNA-seq work was to
generate putative sequences for estimating ages of immature
samples, especially puparial development, as this stage occupies
a major proportion of immature development and, without
dissection/imaging and detailed knowledge of development,
is difficult to break into smaller portions of developmental
time. Results which were upheld across RNA-seq and qPCR,
especially when similar to patterns in D. melanogaster, support
the possibility of stability of markers across genotypes and
environments - more so than if they had been tested in the
same conditions and population of flies (i.e., the comparison
mirrors casework interests where the reference is not necessarily
an exact representative of the casework sample population).
Some potential markers of age were assessed further with
qPCR in a different population of C. rufifacies, less than 10
generations out of the wild reared in different conditions. The
validation qPCR tested genes demonstrated similar patterns
across developmental time-points and/or sexes as seen in the
RNA-seq experiment. It was anticipated that Lspla and SdhD
would be useful for differentiating feeding 3rd instar from
postfeeding 3rd instar stages, as Lspla is expressed in all
instars and new white prepupae at moderate to high levels
in D. melanogaster. However, our qPCR results indicate that
Jhebp29, Cyp28d2, and Tango5 would be a more useful panel in
these larval development stages. Of the validation qPCR tested

genes, Lspla, SdhD, and Jhebp29 seem like ideal candidates for
further work to develop a gene expression model to quantify
puparial development progress. The qPCR found higher Lspla
expression in the early puparial stage than later stages, with highly
sexually dimorphic expression early in pupariation. While Lspla
expression drops throughout puparial development, SdhD and
Jhebp29 have significantly higher expression in the late puparial
stage than earlier stages. Aside from the sexual dimorphism in
Lsplo expression in early puparial development, comparison of
the validation qPCR results between sexes did produce any other
remarkable differences that could be found in both RNA-seq
and qPCR analyses.

We have demonstrated that C. rufifacies is a useful organism
for the study of developmental sex-specific gene expression
impacts in insects against a wild-type genetic background,
and provided some genetic tools with which to do so. These
results set the stage for a number of downstream applications.
Building upon this work will deepen our understanding of
the evolution of sex determination and sexual dimorphism,
especially in the case of comparison of model systems and
across clades. This work has specific applications in medical
entomology as well, especially for the development of new tools
for the control on myiasis causing Calliphoridae. The Sterile
Insect Technique (SIT), originally developed in the 1950’ to
control the calliphorid species Cochliomyia hominivorax a.k.a
“the new world screwworm” (Sapti et al., 2005), has proven to be
a robust tool in the control of pest insects. However, while newer
applications of SIT have integrated genetic tools, the control of
Co. hominivorax still relies upon uneconomical bisexual rearing
and sorting. We have generated a list of target pathways and
the genetic tools to exploit them for both SIT and the release of
dominant lethal genes.

One core challenge of forensic entomology has been
that individual species have their own temperature-dependent
development rates (Amendt et al, 2011). As more work is
done in more parts of the world, publishing pressures and
theoretical developments have led to a shift in research focus
away from laboratory development studies. Work in the last
10 years in this field has also highlighted the effect of carrion
species and potential local adaptation on development rates
(Tarone et al., 2011; Flores et al., 2014; Owings et al., 2014),
though current application in forensic entomology does not
always take these factors into account. The results of this work
add to a growing body of data on developmental patterns of
gene expression in Calliphoridae (Zehner et al., 2009; Tarone
et al, 2011; Boehme et al., 2013; Fremdt et al., 2014; Zajac et al,,
2015), which could be used to identify a core set of conserved
genes with which to make quantitative age estimates across the
Family. It is also unclear how much of an effect sex-specific
development rates may have in case-work applications, as there
have only been few studies so far (including this one) with flies
(Smith and Cook, 2020) and beetles (Fratczak-Lagiewska and
Matuszewski, 2018) of forensic importance. As noted previously
(Tarone et al., 2015), any genes used to predict fly age for
forensic purposes would ideally be tested across a range of
genetic and environmental conditions to whittle the long list
of candidates available from this and other genomic projects
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down to those that are the most informative across the widest
range of conditions.

CONCLUSION

This study evaluated gene expression over immature C. rufifacies
development, leveraging the distinct sex determination system
to simultaneously evaluate sexual dimorphism in development
and developmental gene expression. It allowed an evaluation
of the proportion of the transcriptome impacted by sex
and/or development (developmental progress impacts expression
the most and sex the least), in a system with no obvious
morphological differences between immatures of either sex and
with wild-type individuals (not mutants). The results largely
align with what is known in Drosophila. However, it has been
established that in this species, dimorphism in expression in
embryos is female biased, with a major signal from tra, then
switches to male biased expression in larvae (except third instars)
and puparia that increases as development progresses and with
the greatest shift in dimorphism occurring concurrent with when
dsx expression initiates. The study sets a baseline for a set of
genes that are potential markers of age, independent of and
dependent on sex. Several genes were confirmed as markers
of developmental progress in a way that can help separate
feeding from postfeeding third instars or can break intra-puparial
development into smaller portions of developmental time
without detailed morphological knowledge of metamorphosis. In
addition, several features of the unique sex determination system
were identified that can be pursued in more detail in the future,
enhancing support for, and ruling out, previous hypotheses
about the sex determination system (Andere et al, 2020).
Thus, this study of a forensically important insect enhances
forensic application while synergistically contributing to basic
evolutionary ecology (Tomberlin et al., 2011) and potentially
other applications with blow flies (Yan et al., 2020).
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