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A B S T R A C T

Viviparous reproduction is characterized by maternal retention of developing offspring within the reproductive
tract during gestation, culminating in live birth. In some cases, a mother will provide nutrition beyond that
present in the yolk; this is known as matrotrophic viviparity. While this phenomenon is best associated with
mammals, it is observed in insects such as the viviparous cockroach, Diploptera punctata. Female D. punctata carry
developing embryos in the brood sac, a reproductive organ that acts as both a uterus and a placenta by protecting
and providing a nutritive secretion to the intrauterine developing progeny. While the basic physiology of D.
punctata pregnancy has been characterized, little is known about the molecular mechanisms underlying this
phenomenon. This study combined RNA-seq analysis, RNA interference, and other assays to characterize mo-
lecular and physiological changes associated with D. punctata reproduction. A comparison of four stages of the
female reproductive cycle and males revealed unique gene expression profiles corresponding to each stage and
between sexes. Differentially regulated transcripts of interest include the previously identified family of milk
proteins and transcripts associated with juvenile hormone metabolism. RNA interference and methoprene ap-
plication experiments established the potential impacts of bothbreakdown and synthesis reduction of juvenile
hormone in maintaining pregnancy in D. punctata. These studies provide the comprehensive molecular me-
chanisms associated with cockroach viviparity, which will be a critical resource for comparative purposes among
viviparity in insect systems.

1. Introduction

Within the animal kingdom there exist three main reproductive
strategies: oviparity (the laying of eggs), facultative viviparity (en-
compassing ovoviviparity to aplacental viviparity), in which a mother
may lay eggs or give birth to live, active offspring, and true viviparity
(Hagan, 1948; Kalinka, 2015; Meier et al., 1999; Roth and Willis,
1957). True viviparous reproduction is characterized by the obligate
retention of and nutritional provisioning to developing progeny in the
maternal reproductive tract for the duration of gestation, which cul-
minates in the birth of active offspring; early termination of the preg-
nancy results in unviable offspring (Hagan, 1948; Kalinka, 2015). While
most insects are oviparous, facultative or true viviparity has been ob-
served in at least 13 orders of insects and in multiple other invertebrate

systems (Benoit et al., 2019, 2015; Clutton-Brock, 1991; Hagan, 1948;
Roth and Willis, 1957). One such viviparous insect is the pacific beetle
mimic cockroach, Diploptera punctata (Ingram et al., 1977; Roth and
Hahn, 1964; Roth and Stay, 1961; Roth and Willis, 1955; Stay and
Coop, 1974).

A Polynesian native species, D. punctata reproduces by matrotrophic
viviparity (Fig. 1A and B) (Ingram et al., 1977; Roth and Hahn, 1964;
Roth and Stay, 1961; Roth and Willis, 1955; Stay and Coop, 1974). The
form of reproduction used by D. punctata has also been described as
pseudoplacental viviparity, as the embryos are nourished within a
placental-like structure, or adenotrophic viviparity, as the embryos are
nourished by glandular secretion within the brood sac, which are both
types of matrotrophic viviparity (Benoit et al., 2015; Engelmann, 1959;
Hagan, 1941; Marchal et al., 2013). Embryos develop inside the brood
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sac, a unique organ which functions as both a uterus and pseudo-pla-
centa (Fig. 1B). Embryos are provided with nutrients by a secretion of
milk-like components (Roth and Stay, 1961; Roth and Willis, 1955; Stay
and Clark, 1971; Stay and Coop, 1973; Stay and Roth, 1956). Crystal-
ized milk secretion accumulates in embryo gut contents with 15 days of
the 60–70 day gestation period, which corresponds to the closure of the
body wall at the dorsal edge. Depending on the availability of nutrients
and other factors, the gestation period can extend to nearly 100 days
(Engelmann, 1959). Diploptera milk is a combination of proteins and
free amino acids, carbohydrates, and lipids in a water base (Stay and
Coop, 1973, 1974; Williford et al., 2004). The proteins present include a
family of lipocalin-like milk proteins derived from 25 unique mRNAs
coding for 22 different proteins (Stay and Coop, 1973, 1974; Williford
et al., 2004). These lipocalins likely serve as the carrier for linoleic and
oleic acids (Banerjee et al., 2016). Specific amino acids lacking in these
milk proteins are provided by a microbial symbiont, a species of Blat-
tabacteria (Jennings et al., 2019; Williford et al., 2004).

During its gestation period, between nine and thirteen embryos
grow from 1.5 mm at ovulation to over 6 mm at birth, increasing in
weight by more than 70-fold. Water content of each egg increases by
85-fold, and solid dry weight increases over 49-fold (Roth, 1967; Roth
and Hahn, 1964; Roth and Stay, 1961; Roth and Willis, 1955; Stay and
Coop, 1973, 1974; Stay and Roth, 1956). While the basic physiology of
D. punctata pregnancy has been characterized, little is known about the
molecular mechanisms underlying this phenomenon. This study com-
bines RNA-seq analysis, RNA interference, and other assays to char-
acterize molecular changes associated with D. punctata reproduction.
We present a transcriptome containing 11,987 coding DNA sequences,
2,474 of which are differentially regulated across pregnancy in D.
punctata. Additionally, transcript depletion through RNA inference of
juvenile hormone esterase and juvenile hormone acid methyltransferase
indicates a key role for these enzymes in milk protein production, likely
through the reduction of JH by a combination of reduced synthesis and
increased breakdown.

2. Methods

2.1. Animals

Colonies were reared at the University of Cincinnati in a climate-
controlled facility. Ambient temperature was held between 24 and
28 °C and relative humidity (RH) was held between 70 and 80%. A
12:12 h light-dark photoperiod was maintained for the duration of the
experiment. Animals were provided deionized water and fed Old Roy
Complete Nutrition brand dog food (Mars, Inc.) ad libitum.

2.2. Sample collection

Females used in transcriptome analysis are divided into four cate-
gories: mated but not pregnant, pre-lactation, early lactation, and late

lactation based on embryo sizes described in Stay and Coop (1973) and
Jennings et al. (2019). Pregnant females harboring embryos less than
1.6 mm in length are considered pre-lactation; those with embryos
between 1.6 and 2.5 mm are early lactation; and those with embryos
greater than 2.5 mm are considered late lactation. Mated but not
pregnant females are characterized by the presence of a spermatophore
in the bursa copulatrix and absence of embryos in the brood sac. Im-
portantly, not all individuals that have mated will continue the preg-
nancy cycle even if oocyte development occurs, thus we have used the
denotation of not-pregnant rather than pre-pregnant. Thus, not-preg-
nant mainly identified the lack of embryos within the brood sac. A
single sample for RNA-seq analyses was collected from the brood sac by
dissecting this tissue from multiple females late in the pregnancy cycle
when milk proteins are being highly produced. Females were randomly
chosen from the colony and embryos were carefully dissected out of the
brood sac in sterile PBS and immediately measured. Once the samples
were categorized, embryos were discarded, and due to their size, fe-
males were cut in half at the junction between the thorax and abdomen
and stored in Trizol (Invitrogen) at−80 °C until processing. Males were
two weeks of age and had previously mated and processed similarly to
the females.

2.3. RNA extraction and library preparation

Total RNA was extracted from whole animals, females without de-
veloping embryos, or the brood sac using Trizol and then treated with
DNase I (Thermo Scientific) to remove genomic DNA. Samples were
then treated with a GeneJET RNA Cleanup and Concentration Micro Kit
(Thermo Scientific) to further remove contamination. For pregnant fe-
male samples, equal parts of RNA extracted from the anterior and
posterior were combined before DNase I treatment. Total RNA was
pooled from 3 individuals – each extracted individually – for each re-
plicate; a second set of samples was prepared for qPCR validation of
select transcripts. In addition, three male samples, each consisting of a
pool of three individuals and one sample containing equal amounts of
RNA from a male, first instar nymph, pregnant female, and non-preg-
nant female, were collected for sequencing. RNA concentration and
quality were examined via A260/A280 and A260/A230 with a
NanoDrop 2000 (Thermo Scientific).

Poly(A) libraries were prepared by the DNA Sequencing and
Genotyping Core at Cincinnati Children's Hospital Medical Center. RNA
was quantified using a Qubit 3.0 Fluorometer (Life Technologies). Total
RNA (150–300 ng) was poly(A) selected for reverse transcription using
a TruSeq Stranded mRNA Library Preparation Kit (Illumina).
Multiplexing was conducted by ligating an 8-base molecular barcode to
sequences before 15 cycles of PCR amplification and HiSeq 2500
(Illumina) Rapid Mode library sequencing. Sequencing resulted in
30–40 million single end strand specific reads per sample at either 75
bp or 100 bp long. Reads are deposited to the NCBI under the following
Bioproject PRJNA577484.

2.4. Bioinformatic analysis

Initial bioinformatic analyses (e.g. de novo assembly of contigs,
identification of coding sequences, and basic characterization of coding
sequences) were conducted as previously described (Ribeiro et al.,
2014a, 2014b). Briefly, low quality regions and reads of low quality
were removed using RTA 1.12.4.2 (Illumina) and CASAVA 1.8.2 (Illu-
mina). The remaining high-quality reads were used to generate de novo
assemblies with both ABySS software (Birol et al., 2009; Simpson et al.,
2009) and the SOAPdenovo-Trans assembler (Luo et al., 2012), which
were joined by an iterative BLAST and cap3 assembler. Coding DNA
sequences were determined based on similarity to known proteins or by
obtaining CDS containing a signal peptide. Coding sequences were
deposited to the NCBI Transcriptome Shotgun Assembly (TSA) Anno-
tation (NCBI Bioproject PRJNA577484) utilized multiple databases

Fig. 1. (A) Female D. punctata giving birth. (B) Micro CT scan of pregnant D.
punctata showing embryos within the brood sac.

E.C. Jennings, et al. Insect Biochemistry and Molecular Biology 120 (2020) 103333

2



including Swissprot, Gene Ontology, KOG, Pfam, and SMART, as well as
the non-redundant protein database of the National Center for Bio-
technology Information. Additional manual annotation was conducted
as needed. Further description of this procedure can be found in pre-
vious publications (Ribeiro et al., 2014a, 2014b). Completeness of the
contig library was evaluated with Benchmarking Universal Single-Copy
Orthologs (BUSCO) using the insect gene sets (Simão et al., 2015;
Waterhouse et al., 2018).

Assessment of differential expression was conducted using the EDGE
method with default settings in CLC Genomics Workbench (QIAGEN) to
generate normalized expression values as the number of transcripts per
kilobase per million (TPM); false detection rate (FDR) corrected p-va-
lues less than 0.05 were considered significant. Specific genes asso-
ciated with juvenile hormone metabolism, such as juvenile hormone acid
methyltransferase (jhamt), that had been previously identified (Huang,
2015; Hult et al., 2015) and not present in the de novo assembly were
combined with our current assembly and expression levels were de-
termined as before. As the brood sac was limited to a single RNA-seq
replicate, a Kal's test was used for comparison to the non-pregnant fe-
males based on previous studies examining viviparity with single re-
plicate RNA-seq (Attardo et al., 2019; Benoit et al., 2014).

Differential enrichment of functional annotations was conducted
using the annotation and Fisher's Exact test functions in Blast2GO Basic
(BioBam), and the Gene Set Enrichment Analysis (GSEA) function of
CLC Genomics Workbench. Transcription factors were identified using
methods previously developed for other insect system (Benoit et al.,
2016; Panfilio et al., 2019; Schoville et al., 2018; Weirauch et al.,
2014). Briefly, amino acid sequences of all proteins were scanned for
putative DNA binding domains with the HMMER software package
(Eddy, 2009) and Pfam DNA binding domain models (Weirauch and
Hughes, 2014).

To further examine expression differences, weighted correlation
network analysis (WGCNA) was utilized to examine correlation of gene
expression among developmental stages (Zhang and Horvath, 2005;
Langfelder and Horvath, 2008). WGCNA is an R software package for
performing various aspects of weighted correlation network analysis,
which can be used to describe the correlation between expression levels
for genes between RNA-seq datasets. This approach is utilized to cluster
genes with similar expression across samples into modules and form a
correlation network to determine the relationship between modules and
external sample traits.

Transcripts with zero variance were filtered out from the RNA-seq
data in preparation for WGCNA, amounting to a total of 11,965 tran-
scripts for analysis. A signed network was generated with a calculated
soft power, tradeoff between scale free topology and mean connectivity,
of 18 and minimum module size of 20 based on the pickSoftThreshold
function of the WGCNA algorithm. A comparison of sex and the four
stages of the female reproductive cycle were used as input traits for
module-trait relationship analysis. The modules exhibiting the highest
Pearson correlation coefficient were selected for further analysis to
determine function and relationship to trait data. Modules associated
with specific states were examined for their associations with specific
GO categories as previously described.

2.5. RNA interference and methoprene treatment

Dicer-substrate short interfering RNAs (siRNA) consisting of two
duplex sequences were designed for the D. punctata juvenile hormone
esterase transcript (jhe), jhamt and green florescent protein (gfp) as a
control using the IDT custom siRNA design tool (Integrated DNA
Technologies) (Table 1). The siRNA was reconstituted in nuclease free
water according to manufacturer specifications and diluted to 1 μg/μl.
Pregnant females (status was confirmed by the presence of embryos in
the brood sac) were collected from the colony and grouped based on
weight. Cockroaches were injected with 2 μl of either siGFP or siJHE
according to the following schedule based on previous studies in D.

punctata (Hult et al., 2015). The first injection was considered as day 0
and subsequent injections were given on day 2, day 4, day 5, and day 6
starting at 30 days of pregnancy. Injection of siJHAMT was conducted
similarly but females were injected during the non-pregnant period at
only 1 and 3 days old to prevent the previously noted increase in JH
(Marchal et al., 2013). Methoprene treatments were conducted simi-
larly with cockroaches topically treated after 30 days in pregnancy
(100 μg of methoprene dissolved in 5 μl of acetone) (Marchal et al.,
2014). Embryos were removed from cold anesthetized females on day 7
and female tissue was stored in Trizol (Invitrogen) at −80 °C until RNA
was extracted. Each treatment was replicated at least four times.

2.6. cDNA synthesis and quantitative PCR

Extracted RNA was diluted to a concentration of 200 ng/μl for use in
reverse transcription reactions. Complementary DNA (cDNA) was syn-
thesized using a DyNAmo cDNA Synthesis Kit (Thermo Scientific) from
1 μg of RNA for gene specific expression validation and 250 ng of RNA
for RNAi knockdown experiments. KiCqStart SYBR Green qPCR
ReadyMix (Sigma Aldrich) was utilized in all reactions with gene spe-
cific primers designed using Primer3 (Hancock, 2004) (Table 1).
Quantitative PCR was conducted in an Illumina Eco quantitative PCR
system; reactions were run according to a previous study (Rosendale
et al., 2016). Relative expression of genes of interest was calculated
with the DDCq method (Schmittgen and Livak, 2008) using Elongation
factor 1 alpha (Ef1a) for normalization. For RNA-seq expression vali-
dation, fold change in the genes of interest was calculated relative to
non-pregnant females and the logarithmic fold change was plotted
against the corresponding value from the RNA-seq analysis to calculate
a Pearson correlation coefficient (r). Relative mRNA expression levels
for each gene of interest, calculated as described for RNA-seq valida-
tion, were compared between treatment groups in RStudio (R Core
Team, 2017; RStudio Team, 2015) and were compared between con-
trols and knockdowns using a Wilcox test.

2.7. Data processing and visualization

Data processing was conducted in Microsoft Excel (v.16.22) and R
(v.3.3.3) (R Core Team, 2017) using RStudio (v1.1.423) (RStudio Team,
2015). Additional statistics and graphical representations of data were
also performed in R using RStudio. Packages utilized include dplyr
(Wickham et al., 2017), ggplot2 (Wickham, 2016), reshape2 (Wickham,
2007), RColorBrewer (Neuwirth, 2014), Rmisc (Hope, 2013), we-
sanderson (Ram and Wickham, 2018), and yarrrr (Phillips, 2017).

3. Results

3.1. General assembly characteristics

Quality control processing of the raw sequencing data produced
460,755,803 single end reads which were assembled into 102,880
contigs (Table 2). Representing 10,820,347 bases, 11,987 of those
contigs were determined to be coding sequences (Table 2) and 3289 of
them had signatures indicative of signaling peptides (i.e., exported from
the cell). BUSCO analysis revealed that 80.5% of the benchmarking
universal single copy orthologs were represented as complete genes in
our gene set with another 2.3% present as fragments, indicating that the
assembly is of good quality (Fig. 2A). Contigs were annotated by
searching NCBI's arthropod non-redundant database and Swissprot
using BLASTx; 77.8% of extracted CDS matched a protein in the nr
arthropod database with an e-value ≤ 0.001. At the time of analysis,
termite Z. nevadensis appeared as the species with the highest similarity
for 57.30% of BLAST annotations followed by Tribolium castaneum,
representing only 2.85% of BLAST top-hits (Fig. 2B). Few cockroach
sequences were identified at the time of analyses as protein resources
for D. punctata are minimal in NCBI databases and cockroach genomes
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have only been recently completed and published after the completion
of our analyses (Harrison et al., 2018; Li et al., 2018; Marchal et al.,
2013).

Our analysis revealed 2,474 contigs that are differentially expressed
after mating across D. punctata pregnancy. Within these 2,474 contigs,
86 Gene Ontology (GO) terms were overrepresented (Fig. 3A; Table
S1–S2; Table 3). qPCR validation correlated highly with the RNA-seq
data (Pearson correlation = 0.8418; Fig. S1) Overrepresented terms
included biological processes such as cytoskeleton organization, cell
cycle processes, morphogenesis of epithelium, multiple metabolic and
biosynthetic processes; cellular components like ribosomes; and mole-
cular functions associated with cuticle components and the binding of
protein and carbohydrates. Each stage of pregnancy had a visibly and
statistically unique profile of differentially regulated genes associated
with an equally unique set of GO terms (Table 3). Using an FDR cor-
rected p-value cut off of 0.01 and a minimum absolute value of fold
change of 1.5, we detected 163 pre-lactation-specific genes (38 upre-
gulated and 125 downregulated), 414 early lactation-specific genes
(123 upregulated and 291 downregulated), and 287 late lactation-
specific (41 upregulated and 246 downregulated) (Fig. 3B). Pregnant
females producing milk secretion show additional enrichment of GO
terms for protein metabolic process, cuticle development, transposition,
and RNA splicing relative to non-pregnant females, while pre-lactation
females have increased representation of terms for inorganic ion
transport, generation of precursor metabolites and energy, cell differ-
entiation, nucleic acid metabolism, and mitochondria related energy
production (Table 3).

To identify male expressed genes, we selected CDS with five-fold or

greater expression in males when compared to both late lactation fe-
males and mated but not pregnant females with an FDR p-value cutoff
≤0.01. This analysis produced 286 CDS with male specific expression
(Fig. 4A). When annotated using BLASTx against the Z. nevadensis nr
database subset and arthropod nr database, only 64 of the 286 CDS had
blast matches with an e-value ≤ 0.001. GO analysis revealed an en-
richment of serine-type endopeptidase activity, serine-type peptidase
activity, serine hydrolase activity and general hydrolase and catalytic
activities; also enriched were the biological processes for proteolysis
and protein metabolic processes (Fig. 4B).

3.2. Differential expression of transcriptional regulators

We also sought to identify transcription factors that could be asso-
ciated with or implicated in driving reproduction in D. punctata.
Bioinformatic analyses identified 329 putative transcription factors in
our assembly, using methods previously described (Benoit et al., 2016;
Schoville et al., 2018; Weirauch et al., 2014). These transcription fac-
tors belong to 35 structural families, with C2H2 zinc fingers being the
most abundant followed by homeodomains, bHLH and bZIP (Fig. 5A).
Of the corresponding 329 transcripts, ten are differentially regulated,
including krüppel homolog 1 (krh1) and ftz-f1 beta (Fig. 5B), which are
known to interact with juvenile hormone as well as ecdysone, another
important insect hormone.

3.3. WGCNA analysis through pregnancy

The co-expression network based on WGCNA distributed the RNA-
seq data into 34 gene modules based on similar expression profiles of
genes within different stages of pregnancy and in males (Fig. 6A).
Fourteen modules were determined to be strongly associated to sex or
the stages of the female reproductive cycle at a significance cutoff of
P < 0.05 (Fig. 6B). Male and non-pregnant female specific modules
contained the largest number of enriched transcripts, 4678 and 1899
respectively (Fig. 6C), likely due to large scale down regulation typical
during pregnancy (Benoit et al., 2014). The modules specific to the
stages of the female reproductive cycle exhibited significantly fewer
enriched transcripts than non-pregnant females and males. Only 1
module containing 24 transcripts was attributed to early lactation fe-
males. Late lactation females had 4 modules containing 80 transcripts.
Pre-lactation females had no significant modules attributed.

Gene ontology enrichment analysis of the significant modules re-
vealed that the male-specific modules contained transcripts which are

Table 1
Primer and siRNA sequences utilized in this study.

Gene Assay Sequence

elongation factor 1 a qPCR F: 5′—CAAGATTGGAGGTATTGGAACAGTG—3′
R: 5′—GACTTTACTTCAGTGGTCAAGTTGG—3′

Vitellogenin qPCR F: 5′—AAAGGTGTCCTCAGCCAGC—3′
R: 5′—TCCTCCATCTCGGATTGGGA—3′

juvenile hormone esterase qPCR F: 5′—CCTGGACAAGGATGTTGTTATG—3′
R: 5′—CACCTCCGAAACTTGCTATG—3′

milk protein 13Y qPCR F: 5′—CAATATGGACAAGAGACACATCGTG—3′
R: 5′—CTGCAAGTATCCGACTTTCTGAATC—3′

krüppel homolog 1 qPCR F: 5′—ACACAGCGGCAAGTTACA—3′
R: 5′—AAGTTGACCGCTCTGGATAAA—3′

ecdysone receptor qPCR F: 5′—ATCAGTGAACGGAGTAAAACCTGTA—3′
R: 5′—TTGAGGTCATCATCAGAAGGTGATT—3′

juvenile hormone acid methyltransferase qPCR F: 5′— ATCCAGGTGCTGGAAGGAGAG—3′
R: 5′— CTGCCCAGAGTCGAACAGG—3′

juvenile hormone acid methyltransferase siRNA F: 5′— 5′ rCrArArCrArUrArUrArUrCrArCrUrUrArCrUrArArGrArCCT 3′
R: 5′— 5′ rArGrGrUrCrUrUrArGrUrArArGrUrGrArUrArUrArUrGrUrUrGrUrU 3′

juvenile hormone esterase siRNA F: 5′—rCrArArGrGrArUrGrUrUrGrUrUrArUrGrGrUrArArCrArATC—3′
R: 5′—rGrArUrUrGrUrUrArCrCrArUrArArCrArArCrArUrCrCrUrUrGrUrC—3′

green fluorescent protein siRNA F: 5′—rCrUrUrGrArCrUrUrCrArGrCrArCrGrUrGrUrCrUrUrGrUrArGrUrU—3′
R: 5′—rCrUrArCrArArGrArCrArCrGrUrGrCrUrGrArArGrUrCrArArG—3′

Table 2
General assembly information for both the full assembly and extracted CDS.

All Contigs Extracted CDS

Number of contigs 102,880 11,987
Total size of contigs 56,694,784 10,820,347
Longest contig 24,290 23,307
Shortest contig 150 150
Mean contig size 551 903
Median contig size 314 693
N50 contig length 866 1326
%A 31.88 31.4
%C 18.22 19.74
%G 17.88 22.41
%T 32.01 26.45
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usually involved in spermatogenesis and sperm viability such as serine-
threonine kinase and general categories underlying cell generation that
are necessary for spermatogenesis (Attardo et al., 2019; Li et al., 2018;
Meibers et al., 2019; Scolari et al., 2016). Non-pregnant female-specific
modules showed enrichment in 8 different biological processes. Early
lactation samples had an increase in levels of ribosome metabolic
processes, likely underlying the initial increase in protein synthesis
associated with milk production. In comparison, the late lactation fe-
male-specific modules lacked enrichment in all but 2 GO categories
(Fig. 6D and E).

3.4. Reproduction-specific gene expression

Previous research of Diploptera punctata reproduction resulted in the
identification of 25 mRNA sequences that appear to encode the proteins
that constitute the main nutritional content of the milky secretion
provided to intrauterine developing embryos during pregnancy (Evans
and Stay, 1994; Ingram et al., 1977; Stay and Coop, 1974; Williford
et al., 2004). These proteins have been shown to increase in con-
centration across pregnancy (Evans and Stay, 1994; Ingram et al., 1977;
Stay and Coop, 1974; Williford et al., 2004). Using the available mRNA
clone sequences from the NCBI database as a reference for mapping our
RNA-seq reads, we calculated the transcript expression of milk proteins
in the four reproductive stages surveyed. The pattern of expression
identified in our analysis combined with the previously conducted
mRNA clone sequencing and protein sequence analysis confirms that
these sequences encode the milk-proteins and that their transcription
mirrors the secretion patterns (Fig. 7A). Importantly, even though all
the mRNA clones for milk proteins have significantly higher expression
during the later periods of lactation, there is substantial variation
among each of the clones (Fig. 7A), suggesting some of the clones may
be more critical to embryo development than others. Additionally, we

identified and characterized the expression of transcripts for vitellogenin
(Vg), the main yolk protein precursor (Fig. 7B), and jhe,(Fig. 7C), the
enzyme primarily responsible for breaking down and suppressing levels
of juvenile hormone to allow the maintenance of pregnancy (Rotin and
Tobe, 1983). Both were differentially regulated across pregnancy and,
as expected, jhe inversely mirrored the known titer of juvenile hormone
(JH). Transcript levels for jhamt, an mRNA previously sequenced by
Huang et al. (2015), were the highest before the pregnancy cycle with
levels remaining low until a slight increase was noted during the late
lactation period (Fig. 7D).

When the expression levels within the brood sac are compared to
those during the later period of pregnancy (late lactation), milk proteins
represent most of the highly expressed genes (Fig. 8; Table S4). Along
with the milk proteins, there is relatively high expression of genes as-
sociated with ribosomal activity, indicating high levels of protein gen-
eration, and tissue structure, to allow for changing structure and sup-
port as the embryo groups (Table S4). Multiple aquaporins have noted
expression in the milk gland, both water and glycerol-types (Finn et al.,
2015), which can serve to provide water and other small molecules
within the milk. This expression pattern highlights the primary function
of the brood sac is in the generation of proteins and other resources to
feed the developing embryos.

3.5. Knockdown of JHE and JHAMT and methoprene treatment

We identified a putative transcript encoding JH esterase in our RNA-
seq data set that was differentially regulated across female reproduction
(Fig. 7C). The sequence for jhamt was identified previously and has
variation in expression during the reproductive cycle (Fig. 7D). To
determine the degree to which the increased expression of the JH es-
terase and JHAMT transcript contributes to the low JH titer controlling
milk production, we utilized short interfering RNA (siRNA) to

Fig. 2. Quality metrics of the de novo assembly from Diploptera punctata. (A) BUSCO representation in the complete combined assembly. (B) Top BLAST hits from the
extracted CDS against the nr arthropod database from NCBI.
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transiently knock down the expression of jhe and jhamt. We measured
relative expression of a milk protein clone MP13Z, ecdysone receptor
(EcR) and transcripts known to respond to juvenile hormone levels, Vg
and Krh1. Relative to the siGFP RNAi injected females, the siJHE in-
dividuals demonstrated a significant reduction in JHE expression, in-
dicating a successful knockdown of the transcript (Fig. 9). There was
also a significant decrease in levels of MP13Z, indicating that JHE
contributes to maintaining low circulating levels of juvenile hormone in
pregnant D. punctata. However, we did not see a corresponding increase
in Vg; rather, the levels of Vg transcripts did not vary between the siGPF
controls or the siJHE knockdowns, but both groups had high variability
in the expression of this gene. While we had predicted that Krh1 would
increase in expression due to an increase in circulating JH, we instead
saw a reduction of this transcript in siJHE knockdowns relative to siGFP
controls. Additionally, there was no change in the expression of EcR
(Fig. 10). Suppression of jhamt resulted in an increase expression of
MP13Z along with decreased expression of Krh1 and Vg (Fig. 10), which
were the anticipated results of decreased JH synthesis.

To assess the effect of increased juvenile hormone titer, individuals
were treated with methoprene, a JH mimic that effectively interacts

with the JH receptor Met (Charles et al., 2011; Jindra et al., 2015b;
Jindra and Bittova, 2019). Significant reduction in MP13Z was detected
as it was in siJHE, indicating that methoprene has a similar effect on
milk protein expression as juvenile hormone in D. punctata. In contrast
to the siJHE knockdowns, individuals treated with methoprene de-
monstrated a significant increase in Vg and Krh1 expression (Fig. 11),
indicating a potential shift to pre-lactation physiological states.

4. Discussion

Utilizing RNA-seq analysis, we assembled a 102,880 contig de novo
transcriptome of D. punctata. BLAST analysis of the extracted 11,987
CDS revealed high sequence similarity with the termite Z. nevadensis;
until recently, Z. nevadensis represented the most complete and well
annotated Blattodean genome available at the time of analysis
(Terrapon et al., 2014), which is why our analyses had the most mat-
ches to this termite. Two cockroach genomes were sequenced following
our analyses (Harrison et al., 2018; Li et al., 2018), which could provide
additional resources for future comparative studies. The size of our
transcriptome is comparable to recent transcriptomes for the American

Fig. 3. Functional annotation of genes differentially expressed across pregnancy. (A) GO terms for the most abundant terms enriched in the 2,474 transcripts
differentially regulated across pregnancy. (B) Analysis of biological function GO term composition of significantly up and down regulated contigs in female D.
punctata reveals unique transcriptional profiles for each stage of pregnancy.
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Table 3
Gene ontology (GO)term enrichment as generated by GSEA in CLC Genomics Workbench. t-statistics and P-values are from comparisons against non-pregnant
females.

Description
GO ID Gene

count
Pre-lactation Early Lactation Late Lactation

T-Statistic P-value T-Statistic P-value T-Statistic P-value

cuticle development 42335 26 −5.95 0.0087 −5.97 0.0018 −5.16 0.0009
transposition, DNA-mediated 6313 50 −1.99 0.4758 −6.97 0.0004 −5.54 0.0001
chitin-based cuticle development 40003 24 −6.17 0.0071 −6.69 0.0005 −5.90 0.0003
nucleic acid phosphodiester bond hydrolysis 90305 246 −14.60 <0.00001 −7.06 0.0009 −2.92 0.001
transposition 32196 50 −1.99 0.4758 −6.97 0.0004 −5.54 0.0001
DNA biosynthetic process 71897 187 −19.78 <0.00001 −10.49 <0.00001 −8.04 <0.00001
RNA-dependent DNA replication 6278 165 −19.41 <0.00001 −9.53 <0.00001 −8.25 <0.00001
DNA metabolic process 6259 415 −15.20 <0.00001 −8.86 <0.00001 −4.92 <0.00001
regulation of protein metabolic process 51246 185 −0.92 0.0506 2.41 0.0114 8.15 0.0004
translation 6412 401 6.84 <0.00001 13.00 <0.00001 11.67 <0.00001
single-organism cellular process 44763 1468 −5.89 0.0017 1.19 0.0002 11.77 0.0006
organic substance metabolic process 71704 3315 −13.01 0.0151 0.67 <0.00001 14.14 <0.00001
peptide biosynthetic process 43043 411 7.04 <0.00001 13.44 <0.00001 11.91 <0.00001
biosynthetic process 9058 1274 −5.95 0.0078 6.13 <0.00001 10.66 0.0009
regulation of cellular protein metabolic process 32268 179 −0.91 0.0532 2.39 0.0128 8.05 0.0006
organonitrogen compound metabolic process 1901564 944 2.56 <0.00001 7.72 <0.00001 11.26 <0.00001
organonitrogen compound biosynthetic process 1901566 601 5.79 <0.00001 11.73 <0.00001 12.10 <0.00001
cellular component assembly 22607 199 1.36 0.0008 5.56 <0.00001 8.75 0.0002
peptide metabolic process 6518 427 7.28 <0.00001 13.40 <0.00001 12.13 <0.00001
mRNA splicing, via spliceosome 398 59 2.61 0.0014 8.13 <0.00001 8.55 0.0006
RNA splicing, via transesterification reactions with bulged adenosine as

nucleophile
377 59 2.61 0.0014 8.13 <0.00001 8.55 0.0006

cellular metabolic process 44237 2935 −12.78 0.0721 0.33 <0.00001 13.62 0.0002
primary metabolic process 44238 3065 −13.50 0.1141 0.56 <0.00001 13.84 <0.00001
RNA splicing, via transesterification reactions 375 59 2.61 0.0014 8.13 <0.00001 8.55 0.0006
cellular biosynthetic process 44249 1210 −5.45 0.0056 6.43 <0.00001 10.59 0.0006
small molecule biosynthetic process 44283 125 1.09 0.0069 3.37 0.004 8.17 0.0004
cellular process 9987 3531 −15.72 0.3736 −1.41 <0.00001 13.44 0.0004
cellular amide metabolic process 43603 456 7.18 <0.00001 12.98 <0.00001 11.97 <0.00001
amide biosynthetic process 43604 420 7.51 <0.00001 13.76 <0.00001 12.21 <0.00001
macromolecule modification 43412 658 −12.45 0.0003 −4.57 0.146 2.84 0.259
organic substance transport 71702 452 −11.10 0.0008 −4.29 0.1324 0.56 0.0664
protein modification process 36211 602 −12.37 0.0001 −5.28 0.0602 2.16 0.1788
nucleobase-containing compound biosynthetic process 34654 486 −15.27 <0.00001 −5.48 0.0312 −1.63 0.0023
heterocycle biosynthetic process 18130 548 −14.20 <0.00001 −5.03 0.069 −0.31 0.0118
organic cyclic compound biosynthetic process 1901362 557 −14.15 <0.00001 −4.95 0.077 −0.14 0.0151
aromatic compound biosynthetic process 19438 525 −14.76 <0.00001 −5.31 0.0466 −1.00 0.0052
RNA phosphodiester bond hydrolysis, endonucleolytic 90502 46 −9.47 0.0003 −2.97 0.1006 −1.66 0.0651
nucleic acid metabolic process 90304 942 −15.18 <0.00001 −3.41 0.4912 2.91 0.1429
signal transduction 7165 539 −12.03 0.0003 −7.86 0.0007 1.17 0.0898
regulation of biological process 50789 1227 −14.48 0.0008 −6.93 0.0249 4.92 0.3858
cellular protein modification process 6464 602 −12.37 0.0001 −5.28 0.0602 2.16 0.1788
carboxylic acid metabolic process 19752 344 0.55 0.0001 2.84 0.0022 8.55 0.0015
single-organism metabolic process 44710 1534 −0.40 <0.00001 1.28 0.0001 11.00 0.0018
electron transport chain 22900 57 7.91 <0.00001 2.62 0.0238 5.80 0.0116
respiratory electron transport chain 22904 51 7.44 <0.00001 2.47 0.0296 5.23 0.0186
oxoacid metabolic process 43436 349 −0.03 0.001 2.40 0.0051 8.06 0.0027
mitotic cell cycle process 1903047 167 1.58 0.001 6.37 <0.00001 5.94 0.018
mitochondrial transport 6839 27 3.48 0.001 5.80 0.0004 5.56 0.0105
metabolic process 8152 4921 −15.84 0.0001 −4.73 0.0003 13.39 0.0022
inorganic ion transmembrane transport 98660 162 1.81 0.0005 3.27 0.0025 3.16 0.2502
inorganic cation transmembrane transport 98662 151 2.17 0.0004 3.74 0.0015 3.72 0.1555
mitochondrial electron transport, NADH to ubiquinone 6120 26 6.06 <0.00001 1.12 0.1634 2.89 0.1241
single-organism process 44699 2456 −6.68 <0.00001 −1.34 0.0011 11.28 0.0082
oxidation-reduction process 55114 813 3.62 <0.00001 1.78 0.0014 7.81 0.029
small molecule metabolic process 44281 600 0.81 <0.00001 2.92 0.0004 9.20 0.0016
generation of precursor metabolites and energy 6091 115 5.42 <0.00001 3.54 0.0028 7.05 0.0041
actomyosin structure organization 31032 24 3.99 0.0007 4.57 0.0027 4.98 0.0173
organic acid metabolic process 6082 350 0.02 0.0008 2.42 0.0048 8.08 0.0027
cell differentiation 30154 110 2.23 0.0005 7.71 <0.00001 7.46 0.0015
digestion 7586 10 5.13 0.0001 4.38 0.0056 5.05 0.0125
single-organism biosynthetic process 44711 318 −0.35 0.0033 3.33 0.0004 7.56 0.0063
nitrogen compound metabolic process 6807 1842 −8.68 0.0211 2.82 <0.00001 9.82 0.0237
synapse organization 50808 28 3.11 0.0022 5.38 0.0006 5.80 0.007
macromolecule biosynthetic process 9059 879 −6.93 0.2452 5.46 <0.00001 7.47 0.0513
neurogenesis 22008 89 0.99 0.0172 6.44 <0.00001 5.66 0.0154
RNA splicing 8380 74 1.74 0.0063 7.38 <0.00001 7.37 0.0023
cellular nitrogen compound metabolic process 34641 1620 −7.66 0.0131 4.92 <0.00001 10.45 0.0047
cellular macromolecule biosynthetic process 34645 833 −6.51 0.2124 5.60 <0.00001 6.62 0.1186
organic substance biosynthetic process 1901576 1220 −6.15 0.0149 6.10 <0.00001 10.33 0.0017
mRNA processing 6397 99 −0.02 0.0534 6.30 <0.00001 6.17 0.0086

(continued on next page)
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cockroach, Periplaneta americana, containing 85,984 contigs with
17,744 annotated (Kim et al., 2016), as well as for the lobster cock-
roach, Nauphoeta cinerea, which had 57,928 assembled contigs (Segatto
et al., 2018).

Differential expression analysis revealed 2,474 transcripts with

significantly different expression relative to non-pregnant females, en-
riched in predicted functions such as organonitrogen compound meta-
bolism and protein metabolic processes. This heavy investment into
nitrogen and protein metabolism is unsurprising considering the well
documented maternally synthesized protein component of the milk-like

Table 3 (continued)

Description
GO ID Gene

count
Pre-lactation Early Lactation Late Lactation

T-Statistic P-value T-Statistic P-value T-Statistic P-value

RNA processing 6396 224 −3.33 0.332 4.76 0.0003 6.02 0.0277
cell cycle process 22402 204 0.68 0.0019 5.78 <0.00001 6.24 0.0165
ribonucleoprotein complex assembly 22618 49 0.94 0.0403 5.12 0.0005 5.23 0.0164
organelle organization 6996 311 −1.20 0.016 3.96 0.0003 6.52 0.0198
organelle assembly 70925 29 3.25 0.0016 5.43 0.0003 6.64 0.0047
ribonucleoprotein complex subunit organization 71826 50 0.80 0.0477 5.17 0.0005 5.27 0.0146
cellular component organization or biogenesis 71840 629 −4.13 0.0463 5.08 <0.00001 8.81 0.0022
macromolecule metabolic process 43170 2570 −13.89 0.4511 0.11 <0.00001 10.97 0.0193
cellular macromolecule metabolic process 44260 2015 −13.84 0.1242 0.69 <0.00001 9.33 0.0715
cellular protein metabolic process 44267 1009 −5.26 0.0182 4.11 <0.00001 9.15 0.0091
cellular developmental process 48869 229 −0.05 0.0069 6.38 <0.00001 7.61 0.0035
cellular nitrogen compound biosynthetic process 44271 938 −6.16 0.0895 5.07 <0.00001 7.32 0.0707
regulation of developmental process 50793 97 0.68 0.0217 4.95 0.0003 4.32 0.066
mRNA metabolic process 16071 115 −0.75 0.0971 6.11 <0.00001 6.72 0.0045
single-organism organelle organization 1902589 124 1.64 0.0016 4.19 0.0005 7.40 0.0018
cellular component organization 16043 596 −4.36 0.0783 4.34 <0.00001 7.99 0.0073
protein metabolic process 19538 1543 −7.30 0.0115 2.69 <0.00001 11.12 0.0016

Fig. 4. Transcripts with male specific expression patterns. (A) Venn diagram of genes with male specific expression relative to not pregnant and late lactation females
as well as the core male gene set. Red indicates an increase in expression and blue indicates a decrease. (B) GO term enrichment of the 286 male specific genes. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

E.C. Jennings, et al. Insect Biochemistry and Molecular Biology 120 (2020) 103333

8



Fig. 5. Transcription factor identification and expression. (A) mRNA Expression levels for 329 transcription factors belonging to 35 structural families identified in
our assembly. C2H2 zincfinger domains are the most abundant family, followed by homeodomain, bHLH and bZIP domains, similar to other insects. (B) TPM
expression of ftz-f1 beta and krüppel homolog 1 (Krh1) transcription factors in the four female stages surveyed. * FDR p ≤ 0.01; ** FDR p ≤ 0.001.

Fig. 6. Weighted Gene Co-expression Network Analysis (WGCNA) across different stages of pregnancy. (A) Average linkage hierarchical clustering dendogram of the
genes. Modules, designated by color code, are the branches of the clustering tree. (B) Correlation of module eigengenes to pregnancy traits. Each row corresponds to a
module eigengene and columns are traits. ‘*’ represents values with a significant positive correlation for Pearson r (P < 0.05). Scale represents the weighted
coloration between the traits and each module. (C) Relative number of transcripts found within the significant modules for each trait. Gene ontology (GO) analysis of
eigengenes associated with late lactation females (D) and Non-pregnant females (E). GO conducted with g:Prolifer (Raudvere et al., 2019; Reimand et al., 2016, 2007)
and visualized with REVIGO (Supek et al., 2011).
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secretion consumed by intrauterine developing embryos (Banerjee
et al., 2016; Ingram et al., 1977; Marchal et al., 2013; Stay and Coop,
1974; Williford et al., 2004). Through our male-female comparisons, we
also identified a set of 286 genes with male specific expression. These
genes generally lacked similarity to existing annotations in available
databases but were enriched for processes such as metal ion binding,
peptidase activity, proteolysis, and phosphatase activities, among
others. Commonly seen enriched in transcriptomes of male re-
productive organs, these enzymatic activities have been linked to a
variety of post-mating changes in female reproductive physiology such
as ovulation and sperm storage (Avila et al., 2011; Azevedo et al., 2012;
Gotoh et al., 2018; McGraw et al., 2004). Male specific transcriptome
libraries often contain sequences with little to no similarity to known
genes and functions (Attardo et al., 2019; Azevedo et al., 2012; Gotoh
et al., 2018; Meibers et al., 2019; Wei et al., 2016); this is attributed to
male accessory gland or species-specific seminal proteins since they are
undergoing rapid evolution (Attardo et al., 2019; Avila et al., 2011;
Azevedo et al., 2012; Gotoh et al., 2018; Meibers et al., 2019; Papa
et al., 2017; Wei et al., 2016), explaining the lack of annotations as-
sociated with our male enriched gene set.

Our data also support the previously characterized increase in milk
protein synthesis and secretion across pregnancy (Evans and Stay,

1994; Ingram et al., 1977; Stay and Coop, 1974; Williford et al., 2004),
confirming that this increase is controlled at the transcriptional level. It
is exceptionally notable that while milk proteins are synthesized by the
cells of the brood sac epithelium (Hagan, 1941; Ingram et al., 1977;
Stay and Coop, 1974; Williford et al., 2004), the magnitude of milk
cDNA expression is so great that it is not masked by the sequencing of a
whole-body RNA sample, despite the fact that this organ makes up a
relatively small amount of the body mass of a female D. punctata. A
similar pattern has been documented in the viviparous tsetse fly, where
transcript levels of milk gland-derived proteins are among the most
abundant in whole body samples (Attardo et al., 2019; Benoit et al.,
2014). Juvenile hormone (JH), produced in the corpora allata (CA) of
insects, is known for its roles in development and reproduction (de Kort
and Granger, 1996; Engelmann and Mala, 2000; Jindra et al., 2015a,
2013; Rankin and Stay, 1984; Rotin and Tobe, 1983; Stoltzman et al.,
2000). The fluctuations of this hormone have been extensively char-
acterized across female reproduction in insects (de Kort and Granger,
1996; Engelmann and Mala, 2000; Raikhel et al., 2005; Rankin and
Stay, 1984; Rotin and Tobe, 1983; Roy et al., 2018; Stoltzman et al.,
2000). During D. punctata reproduction, JH gradually increases in the
first several days post mating, corresponding to oocyte development
and vitellogenesis, peaking at roughly five days post mating at peak

Fig. 7. Differential transcript expression of select reproduction associated genes in female D. punctata. (A) Milk protein mRNA clone expression (transcripts per
million, TPM) abundance across the four reproductive stages. Red indicates high TPM and blue low TPM. (B) Vitellogenin expression across pregnancy represented as
TPM. All milk protein clones have significantly higher expression during late lactation compared to non-pregnant females. (C) Expression of juvenile hormone esterase
across pregnancy represented as TPM. (D) Expression of juvenile hormone acid methyltransferase across pregnancy represented as TPM. Significance is denoted by
different letter combinations (FDR p-value < 0.05). (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of
this article.)

Fig. 8. Comparative analysis of CDS with significantly higher transcript levels during late lactation compared to those expressed within the brood sac. Expression is
represented as transcripts per million (TPM). Match of Diploptera punctata sequences to those of other insects and expression values are available in Table S4.
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yolk deposition (de Kort and Granger, 1996; Rotin and Tobe, 1983; Stay
et al., 1983; Stay and Lin, 1981; Stoltzman et al., 2000; Tobe et al.,
1985). Shortly after, JH levels drop, indicative of vitellogenesis and
ovipositioning into the brood sac, and remain low until the time of
parturition (de Kort and Granger, 1996; Marchal et al., 2013; Rankin
and Stay, 1984; Rotin and Tobe, 1983; Stoltzman et al., 2000; Tobe
et al., 1985). Importantly, these JH titers directly match the size
changes associated with the CA (Engelmann and Mala, 2000). JH titers
are modulated in part by JHE activity (Rotin and Tobe, 1983). The
activity of this enzyme shows an inverse relationship with JH levels
across reproduction, indicating that combined with fluctuating bio-
synthesis, breakdown is critical to maintaining JH levels (Marchal et al.,
2013; Paulson and Stay, 1987; Tobe et al., 1985). Thus, JHE likely
contributes to the maintenance of the low JH titers required for
maintenance of pregnancy (de Kort and Granger, 1996; Rotin and Tobe,
1983; Stoltzman et al., 2000; Tobe et al., 1985). Our RNA-seq analysis
suggests that this increase in enzymatic activity is being controlled at
the transcriptional level through increased expression of jhe, similar to
what has been seen in the distantly related viviparous tsetse fly and
other cockroaches (Baumann et al., 2013; Lozano and Bellés, 2011).

Of note, there is also, a significant decline in transcripts encoding
jhmat that matches JH titer as previously described in D. punctata
(Couillaud and Feyereisen, 1991; Hult et al., 2015; Marchal et al., 2013;
Paulson and Stay, 1987; Stay et al., 1983; Tobe et al., 1985) and other
insects (Baumann et al., 2013; Borras-Castells et al., 2017; Dominguez
and Maestro, 2018; Ishikawa et al., 2012; Naghdi et al., 2016; Qu et al.,
2018; Rankin et al., 1995). Other genes responsible for the synthesis of
JH were either not detected or show no difference in expression during
pregnancy (Marchal et al., 2013; Paulson and Stay, 1987; Tobe et al.,

1985). This is likely because the production of JH occurs in the CA,
which is part of the insect central nervous system and is relatively small
compared to the amount of tissue from which RNA was extracted for
this study. Consequently, it is probable that changes in expression of
these transcripts are being masked by our sampling technique and
tissue-specific sampling would reveal differential expression of addi-
tional JH biosynthesis enzymes during the lactation cycle.

To further characterize the role of the differential expression of jhe
transcripts, we performed an RNA interference knockdown of jhe. Our
knockdown experiments suggest that this transcriptional regulation of
jhe is a key component in maintaining milk production. Interestingly,
suppression of jhe was able to reduce milk transcript synthesis within
seven days of treatment but did not cause termination of any preg-
nancies in that time. Additionally, our knockdown produced un-
expected patterns of expression of Khr1 and Vg. Krh1 and Vg are known
for their strong expression in response to JH (Baumann et al., 2013;
Hult et al., 2015; Konopova et al., 2011; Marchal et al., 2013;
Minakuchi et al., 2009; Stay and Clark, 1971; Wilson et al., 1983).
Decreased expression of Krh1, which usually increases as JH levels rise,
was noted (Baumann et al., 2013; Lozano and Bellés, 2011). It is pos-
sible that the change in JH levels following jhe supression was sufficient
to prevent milk gene transcription but was not maintained at high en-
ough levels for sufficient time to trigger Vg or Krh1 transcription or,
based on our RNA-seq data, JH synthesis is being reduced as well which
will mask the impact of jhe reduction. In addition for Krh1, a previous
study increasing JH production by knocking down the retinoid X re-
ceptor/ultraspiracle (RXR/USP) complex and ecdysone receptor (EcR)
found organ-specific changes in expression of Krh1 (Hult et al., 2015).
Specifically, increased JH biosynthesis decreased Krh1 expression in the

Fig. 9. Relative mRNA expression of key transcripts associated with pregnancy after RNAi knockdown of juvenile hormone esterase, JHE. * denotes a Wilcox test p-
value< 0.05. Expression levels are based on quantitative PCR. Milk gland protein, MP13; vitellogenin, Krüppel homolog 1, Krh1; ecdysone receptor, EcR.
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CA, increased it in the ovary, and expression in the fat body was not
impacted by changes in JH alone (Hult et al., 2015). Additionally, we
saw that during pregnancy, Krh1 levels are dramatically lowered after
ovipositioning in D. punctata and are maintained low throughout
pregnancy in our transcriptome. Consequently, we conclude that our jhe
knockdown did not produce or sufficiently sustain a significant enough
increase in JH to trigger the expression of Krh1 or Vg and subsequently
yield embryo abortion.

The jhe knockdown highlighted the significance of JH in inhibiting
milk production; however, it produced unexpected results when con-
sidering the effect of JH on the Vg and Krh1 transcripts. This indicates
that the sole increase of jhe does not eliminate JH, rather it is likely the
combined impact of breakdown by jhe and reduced synthesis, which is
confirmed through the transcriptional reduction of jhamt. Importantly,
a reduction in jhamt by RNA interference yielded the opposite pheno-
type of increased milk protein transcript expression and reduced Vg

Fig. 10. Relative mRNA expression of key transcripts associated with pregnancy after RNAi knockdown of juvenile hormone acid methyltransferase, JHAMT. *
denotes a Wilcox test p-value< 0.05. Expression levels are based on quantitative PCR. Milk gland protein, MP13; vitellogenin, Krüppel homolog 1, Krh1.
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levels, highlighting that the combined impact of breakdown and
synthesis is critical to the D. punctata pregnancy phenotype. In order to
further investigate the effect of increased JH titer, individuals were
treated with methoprene, a structural analog to JH. The methoprene
treatment suppressed milk transcript production and, unlike the jhe
knockdown experiment, caused a significant increase in expression of
both Vg and Krh1. This indicates that there is a positive correlation
between JH and these transcripts and further supports our conclusion
that the jhe knockdown was unable to increase and sustain JH con-
centrations enough to elicit an increase in Krh1 or Vg. This likely occurs
since JH biosynthesis is also reduced during pregnancy based on lower
expression of jhamt. These combined results highlight that the reduction
in JH, both through breakdown by JHE and reduced synthesis, are
critical for cockroaches to remain in the pregnant state. This matches
previous studies that have shown JH synthesis is critical to termination
of the pregnancy cycle and the competence of the brood sac for milk
protein generation (Evans and Stay, 1995, 1989; Ter Wee and Stay,
1987).

It is important to note that viviparity and its associated physiology
are not unique to D. punctata. Many other insects are live-bearing and
even matrotrophic (Attardo et al., 2019; Clutton-Brock, 1991; Denlinger
and Ma, 1974; Hagan, 1948; Ma et al., 1975; Roth and Willis, 1957;
Tobe and Langley, 1978), including some dermapterans, aphids, and
most notably tsetse flies (Glossinidae) and other Hippoboscoidea
(Attardo et al., 2019; Clutton-Brock, 1991; Denlinger and Ma, 1974;
Hagan, 1948; Ma et al., 1975; Roth and Willis, 1957; Tobe and Langley,
1978). Despite the phylogenetic distance separating Diploptera and
Glossina, these genera have converged upon matrotrophic viviparity
and employ similar regulatory mechanisms for the process (Attardo
et al., 2019; Baumann et al., 2013; Denlinger and Ma, 1974; Ejezie and
Davey, 1976; Evans and Stay, 1995, 1989; Ingram et al., 1977; Langley
and Pimley, 1986; Marchal et al., 2013; Stay et al., 1984; Stay and
Coop, 1974; Tobe et al., 1985, 1973; Tobe and Langley, 1978; Williford
et al., 2004). Further underscoring this mechanistic convergence are the
shared adverse reactions to perturbations in juvenile hormone titers
during pregnancy - JH inhibits production and secretion of milk pro-
teins and can act as an abortifacient in both D. punctata and tsetse flies

(Baumann et al., 2013; Denlinger, 1975; Evans and Stay, 1995; Langley
and Pimley, 1986; Stay and Lin, 1981; Terr Wee and Stay, 1987).

Acknowledgements

JMCR was supported by the Intramural Research Program of the
National Institute of Allergy and Infectious Diseases (Vector-Borne
Diseases: Biology of Vector Host Relationship, Z01 AI000810-18).
Funding was provided, in part, by the National Science Foundation
(DEB-1654417) and the United States Department of Agriculture (2018-
67013) to JBB. ECJ received support for this project from a University
of Cincinnati Sigma Xi grant.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.ibmb.2020.103333.

References

Attardo, G.M., Abd-Alla, A.M.M., Acosta-Serrano, A., Allen, J.E., Bateta, R., Benoit, J.B.,
Bourtzis, K., Caers, J., Caljon, G., Christensen, M.B., Farrow, D.W., Friedrich, M.,
Hua-Van, A., Jennings, E.C., Larkin, D.M., Lawson, D., Lehane, M.J., Lenis, V.P.,
Lowy-Gallego, E., Macharia, R.W., Malacrida, A.R., Marco, H.G., Masiga, D., Maslen,
G.L., Matetovici, I., Meisel, R.P., Meki, I., Michalkova, V., Miller, W.J., Minx, P.,
Mireji, P.O., Ometto, L., Parker, A.G., Rio, R., Rose, C., Rosendale, A.J., Rota Stabelli,
O., Savini, G., Schoofs, L., Scolari, F., Swain, M.T., Takáč, P., Tomlinson, C., Tsiamis,
G., Van Den Abbeele, J., Vigneron, A., Wang, J., Warren, W.C., Waterhouse, R.M.,
Weirauch, M.T., Weiss, B.L., Wilson, R.K., Zhao, X., Aksoy, S., 2019. The Glossina
genome cluster: comparative genomic analysis of the vectors of African trypano-
somes. Genome Biol. 20, 1–31. https://doi.org/10.1101/531749.

Avila, F.W., Sirot, L.K., LaFlamme, B.A., Rubinstein, C.D., Wolfner, M.F., 2011. Insect
seminal fluid proteins: identification and function. Annu. Rev. Entomol. 56, 21–40.
https://doi.org/10.1146/annurev-ento-120709-144823.

Azevedo, R.V.D.M., Dias, D.B.S., Bretãs, J.A.C., Mazzoni, C.J., Souza, N.A., Albano, R.M.,
Wagner, G., Davila, A.M.R., Peixoto, A.A., 2012. The transcriptome of Lutzomyia
longipalpis (Diptera: Psychodidae) male reproductive organs. PLoS One 7, e34495.
https://doi.org/10.1371/journal.pone.0034495.

Banerjee, S., Coussens, N.P., Gallat, F.X., Sathyanarayanan, N., Srikanth, J., Yagi, K.J.,
Gray, J.S.S., Tobe, S.S., Stay, B., Chavas, L.M.G., Ramaswamy, S., 2016. Structure of a
heterogeneous, glycosylated, lipid-bound, in vivo-grown protein crystal at atomic
resolution from the viviparous cockroach Diploptera punctata. IUCrJ 3, 282–293.
https://doi.org/10.1107/S2052252516008903.

Fig. 11. Relative mRNA expression of key transcripts associated with pregnancy after treatment with methoprene. * denotes a Wilcox test p-value< 0.05. Expression
levels are based on quantitative PCR.

E.C. Jennings, et al. Insect Biochemistry and Molecular Biology 120 (2020) 103333

14

https://doi.org/10.1016/j.ibmb.2020.103333
https://doi.org/10.1016/j.ibmb.2020.103333
https://doi.org/10.1101/531749
https://doi.org/10.1146/annurev-ento-120709-144823
https://doi.org/10.1371/journal.pone.0034495
https://doi.org/10.1107/S2052252516008903


Baumann, A.A., Benoit, J.B., Michalkova, V., Mireji, P.O., Attardo, G.M., Moulton, J.K.,
Wilson, T.G., Aksoy, S., 2013. Juvenile hormone and insulin suppress lipolysis be-
tween periods of lactation during tsetse fly pregnancy. Mol. Cell. Endocrinol. 372,
30–41. https://doi.org/10.1016/j.mce.2013.02.019.

Benoit, J.B., Adelman, Z.N., Reinhardt, K., Dolan, A., Poelchau, M., Jennings, E.C., Szuter,
E.M., Hagan, R.W., Gujar, H., Shukla, J.N., Zhu, F., Mohan, M., Nelson, D.R.,
Rosendale, A.J., Derst, C., Resnik, V., Wernig, S., Menegazzi, P., Wegener, C., Peschel,
N., Hendershot, J.M., Blenau, W., Predel, R., Johnston, P.R., Ioannidis, P.,
Waterhouse, R.M., Nauen, R., Schorn, C., Ott, M.-C., Maiwald, F., Johnston, J.S.,
Gondhalekar, A.D., Scharf, M.E., Peterson, B.F., Raje, K.R., Hottel, B.A., Armisén, D.,
Crumière, A.J.J., Refki, P.N., Santos, M.E., Sghaier, E., Viala, S., Khila, A., Ahn, S.-J.,
Childers, C., Lee, C.-Y., Lin, H., Hughes, D.S.T., Duncan, E.J., Murali, S.C., Qu, J.,
Dugan, S., Lee, S.L., Chao, H., Dinh, H., Han, Y., Doddapaneni, H., Worley, K.C.,
Muzny, D.M., Wheeler, D., Panfilio, K.A., Vargas Jentzsch, I.M., Vargo, E.L., Booth,
W., Friedrich, M., Weirauch, M.T., Anderson, M.A.E., Jones, J.W., Mittapalli, O.,
Zhao, C., Zhou, J.-J., Evans, J.D., Attardo, G.M., Robertson, H.M., Zdobnov, E.M.,
Ribeiro, J.M.C., Gibbs, R.A., Werren, J.H., Palli, S.R., Schal, C., Richards, S., 2016.
Unique features of a global human ectoparasite identified through sequencing of the
bed bug genome. Nat. Commun. 7, 10165. https://doi.org/10.1038/ncomms10165.

Benoit, J.B., Attardo, G.M., Baumann, A.A., Michalkova, V., Aksoy, S., 2015.
Adenotrophic Viviparity in tsetse flies: potential for population control and as an
insect model for lactation. Annu. Rev. Entomol. 60, 351–371. https://doi.org/10.
1146/annurev-ento-010814-020834.

Benoit, J.B., Attardo, G.M., Michalkova, V., Krause, T.B., Bohova, J., Zhang, Q., Baumann,
A.A., Mireji, P.O., Takáč, P., Denlinger, D.L., Ribeiro, J.M., Aksoy, S., 2014. A novel
highly divergent protein family identified from a viviparous insect by RNA-seq
analysis: a potential target for tsetse fly-specific abortifacients. PLoS Genet. 10, 6–10.
https://doi.org/10.1371/journal.pgen.1003874.

Benoit, J.B., Kölliker, M., Attardo, G.M., 2019. Putting invertebrate lactation in context.
Science 80. https://doi.org/10.1126/science.aaw2732.

Birol, I., Jackman, S.D., Nielsen, C.B., Qian, J.Q., Varhol, R., Stazyk, G., Morin, R.D.,
Zhao, Y., Hirst, M., Schein, J.E., Horsman, D.E., Connors, J.M., Gascoyne, R.D.,
Marra, M.A., Jones, S.J.M., 2009. De novo transcriptome assembly with ABySS.
Bioinformatics 25, 2872–2877. https://doi.org/10.1093/bioinformatics/btp367.

Borras-Castells, F., Nieva, C., Maestro, J.L., Maestro, O., Bellés, X., Martín, D., 2017.
Juvenile hormone biosynthesis in adult Blattella germanica requires nuclear receptors
Seven-up and FTZ-F1. Sci. Rep. 7, 40234. https://doi.org/10.1038/srep40234.

Charles, J.P., Iwema, T., Epa, V.C., Takaki, K., Rynes, J., Jindra, M., 2011. Ligand-binding
properties of a juvenile hormone receptor, Methoprene-tolerant. Proc. Natl. Acad. Sci.
U.S.A. https://doi.org/10.1073/pnas.1116123109.

Clutton-Brock, T.H., 1991. The Evolution of Parental Care. Princeton University Press,
Princeton.

Couillaud, F., Feyereisen, R., 1991. Assay of HMG-CoA synthase in Diploptera punctata
corpora allata. Insect Biochem. 21, 131–135. https://doi.org/10.1016/0020-
1790(91)90042-D.

de Kort, C.A.D., Granger, N.A., 1996. Regulation of JH titers: the relevance of degradative
enzymes and binding proteins. Arch. Insect Biochem. Physiol. 33, 1–26. https://doi.
org/10.1002/(SICI)1520-6327(1996)33:1<1::AID-ARCH1>3.0.CO;2-2.

Denlinger, D.L., 1975. Insect hormones as tsetse abortifacients. Nature 253, 347–348.
https://doi.org/10.1038/253347a0.

Denlinger, D.L., Ma, W.-C., 1974. Dynamics of the pregnancy cycle in the tsetse Glossina
morsitans. J. Insect Physiol. 20, 1015–1026. https://doi.org/10.1016/0022-1910(74)
90143-7.

Dominguez, C.V., Maestro, J.L., 2018. Expression of juvenile hormone acid O -methyl-
transferase and juvenile hormone synthesis in Blattella germanica. Insect Sci. 25,
787–796. https://doi.org/10.1111/1744-7917.12467.

Eddy, S.R., 2009. A new generation of homology search tools based on probabilistic in-
ference. Genome Inform. https://doi.org/10.1142/9781848165632_0019.

Ejezie, G.C., Davey, K.G., 1976. Some effects of allatectomy in the female tsetse, Glossina
austeni. J. Insect Physiol. 22, 1743–1749.

Engelmann, F., 1959. The control of reproduction in Diploptera punctata (Blattaria). Biol.
Bull. 116, 406–419. https://doi.org/10.2307/1538949.

Engelmann, F., Mala, J., 2000. The interactions between juvenile hormone (JH), lipo-
phorin, vitellogenin, and JH esterases in two cockroach species. Insect Biochem. Mol.
Biol. 30, 793–803. https://doi.org/10.1016/S0965-1748(00)00051-5.

Evans, L.D., Stay, B., 1995. Regulation of competence for milk production in Diploptera
punctata: interaction between mating, ovaries and the corpus allatum. Invertebr.
Reprod. Dev. 28, 161–170.

Evans, L.D., Stay, B., 1994. Development of competence for milk production in a vivi-
parous cockroach and its association with changes in brood sac glycogen. Invertebr.
Reprod. Dev. 25, 111–122. https://doi.org/10.1080/07924259.1994.9672376.

Evans, L.D., Stay, B., 1989. Humoral induction of milk synthesis in the viviparous cock-
roach Diploptera punctata. Invertebr. Reprod. Dev. 15, 171–176.

Finn, R.N., Chauvigné, F., Stavang, J.A., Bellés, X., Cerdà, J., 2015. Insect glycerol
transporters evolved by functional co-option and gene replacement. Nat. Commun.
https://doi.org/10.1038/ncomms8814.

Gotoh, A., Shigenobu, S., Yamaguchi, K., Kobayashi, S., Ito, F., Tsuji, K., 2018.
Transcriptome characterization of male accessory glands in ants to identify molecules
involved in their reproductive success. Insect Mol. Biol. 27, 212–220. https://doi.
org/10.1111/imb.12364.

Hagan, H.R., 1948. A brief analysis of viviparity in insects. J. N. Y. Entomol. Soc. 56,
63–68.

Hagan, H.R., 1941. The general morphology of the female reproductive system of a vi-
viparous roach, Diploptera dytiscoides (Serville). Psyche A J. Entomol. 48, 1–8.
https://doi.org/10.1155/1941/45020.

Hancock, J.M., 2004. PRIMER3. In: Dictionary of Bioinformatics and Computational

Biology. John Wiley & Sons, Ltd, Chichester, UK. https://doi.org/10.1002/
9780471650126.dob0560.pub2.

Harrison, M.C., Jongepier, E., Robertson, H.M., Arning, N., Bitard-Feildel, T., Chao, H.,
Childers, C.P., Dinh, H., Doddapaneni, H., Dugan, S., Gowin, J., Greiner, C., Han, Y.,
Hu, H., Hughes, D.S.T., Huylmans, A.K., Kemena, C., Kremer, L.P.M., Lee, S.L., Lopez-
Ezquerra, A., Mallet, L., Monroy-Kuhn, J.M., Moser, A., Murali, S.C., Muzny, D.M.,
Otani, S., Piulachs, M.D., Poelchau, M., Qu, J., Schaub, F., Wada-Katsumata, A.,
Worley, K.C., Xie, Q., Ylla, G., Poulsen, M., Gibbs, R.A., Schal, C., Richards, S., Bellés,
X., Korb, J., Bornberg-Bauer, E., 2018. Hemimetabolous genomes reveal molecular
basis of termite eusociality. Nat. Ecol. Evol. https://doi.org/10.1038/s41559-017-
0459-1.

Hope, R.M., 2013. Rmisc: Ryan Miscellaneous.
Huang, J., 2015. Juvenile hormone biosynthesis in the cockroach, Diploptera punctata: the

characterization of the biosynthetic pathway and the regulatory roles of allatostatins
and NMDA receptor. In: ProQuest Diss. Theses.

Hult, E.F., Huang, J., Marchal, E., Lam, J., Tobe, S.S., 2015. RXR/USP and EcR are critical
for the regulation of reproduction and the control of JH biosynthesis in Diploptera
punctata. J. Insect Physiol. 80, 48–60. https://doi.org/10.1016/j.jinsphys.2015.04.
006.

Ingram, M.J., Stay, B., Cain, G.D., 1977. Composition of milk from the viviparous cock-
roach, Diploptera punctata. Insect Biochem. 7, 257–267. https://doi.org/10.1016/
0020-1790(77)90023-3.

Ishikawa, A., Ogawa, K., Gotoh, H., Walsh, T.K., Tagu, D., Brisson, J.A., Rispe, C., Jaubert-
Possamai, S., Kanbe, T., Tsubota, T., Shiotsuki, T., Miura, T., 2012. Juvenile hormone
titre and related gene expression during the change of reproductive modes in the pea
aphid. Insect Mol. Biol. 21, 49–60. https://doi.org/10.1111/j.1365-2583.2011.
01111.x.

Jennings, E.C., Korthauer, M.W., Hamilton, T.L., Benoit, J.B., 2019. Matrotrophic vivi-
parity constrains microbiome acquisition during gestation in a live-bearing cock-
roach, Diploptera punctata. Ecol. Evol. https://doi.org/10.1002/ece3.5580.

Jindra, M., Bellés, X., Shinoda, T., 2015a. Molecular basis of juvenile hormone signaling.
Curr. Opin. Insect Sci. https://doi.org/10.1016/j.cois.2015.08.004.

Jindra, M., Bittova, L., 2019. The juvenile hormone receptor as a target of juvenoid
“insect growth regulators. Arch. Insect Biochem. Physiol. https://doi.org/10.1002/
arch.21615.

Jindra, M., Palli, S.R., Riddiford, L.M., 2013. The juvenile hormone signaling pathway in
insect development. Annu. Rev. Entomol. https://doi.org/10.1146/annurev-ento-
120811-153700.

Jindra, M., Uhlirova, M., Charles, J.P., Smykal, V., Hill, R.J., 2015b. Genetic evidence for
function of the bHLH-PAS protein GCE/Met as a juvenile hormone receptor. PLoS
Genet. https://doi.org/10.1371/journal.pgen.1005394.

Kalinka, A.T., 2015. How did viviparity originate and evolve? Of conflict, co-option, and
cryptic choice. Bioessays 37, 721–731. https://doi.org/10.1002/bies.201400200.

Kim, I.-W., Lee, J.H., Subramaniyam, S., Yun, E.-Y., Kim, I., Park, J., Hwang, J.S., 2016.
De novo transcriptome analysis and detection of antimicrobial peptides of the
American dockroach Periplaneta americana (Linnaeus). PLoS One 11, e0155304.
https://doi.org/10.1371/journal.pone.0155304.

Konopova, B., Smykal, V., Jindra, M., 2011. Common and distinct roles of juvenile hor-
mone signaling genes in metamorphosis of holometabolous and hemimetabolous
insects. PloS One 6, 19–23. https://doi.org/10.1371/journal.pone.0028728.

Langfelder, P., Horvath, S., 2008. WGCNA: an R package for weighted correlation net-
work analysis. BMC Bioinform. 9, 559. https://doi.org/10.1186/1471-2105-9-559.

Langley, P.A., Pimley, R.W., 1986. A role for juvenile hormone and the effects of so-called
anti-juvenile hormones in Glossina morsitans. J. Insect Physiol. 32, 727–734. https://
doi.org/10.1016/0022-1910(86)90115-0.

Li, S., Zhu, S., Jia, Q., Yuan, D., Ren, C., Li, K., Liu, S., Cui, Y., Zhao, H., Cao, Y., Fang, G.,
Li, D., Zhao, X., Zhang, J., Yue, Q., Fan, Y., Yu, X., Feng, Q., Zhan, S., 2018. The
genomic and functional landscapes of developmental plasticity in the American
cockroach. Nat. Commun. https://doi.org/10.1038/s41467-018-03281-1.

Lozano, J., Bellés, X., 2011. Conserved repressive function of Krüppel homolog 1 on insect
metamorphosis in hemimetabolous and holometabolous species. Sci. Rep. https://
doi.org/10.1038/srep00163.

Luo, R., Liu, B., Xie, Y., Li, Z., Huang, W., Yuan, J., He, G., Chen, Y., Pan, Q., Liu, Yunjie,
Tang, J., Wu, G., Zhang, H., Shi, Y., Liu, Yong, Yu, C., Wang, B., Lu, Y., Han, C.,
Cheung, D.W., Yiu, S.-M., Peng, S., Xiaoqian, Z., Liu, G., Liao, X., Li, Y., Yang, H.,
Wang, Jian, Lam, T.-W., Wang, Jun, 2012. SOAPdenovo2: an empirically improved
memory-efficient short-read de novo assembler. GigaScience 1, 18. https://doi.org/
10.1186/2047-217X-1-18.

Ma, W.-C., Denlinger, D.L., Järlfors, U., Smith, D.S., 1975. Structural modulations in the
tsetse fly milk gland during a pregnancy cycle. Tissue Cell 7, 319–330. https://doi.
org/10.1016/0040-8166(75)90008-7.

Marchal, E., Hult, E.F., Huang, J., Pang, Z., Stay, B., Tobe, S.S., 2014. Methoprene-tol-
erant (met) knockdown in the adult female cockroach, Diploptera punctata completely
inhibits ovarian development. PloS One. https://doi.org/10.1371/journal.pone.
0106737.

Marchal, E., Hult, E.F., Huang, J., Stay, B., Tobe, S.S., 2013. Diploptera punctata as a
model for studying the endocrinology of arthropod reproduction and development.
Gen. Comp. Endocrinol. 188, 85–93. https://doi.org/10.1016/j.ygcen.2013.04.018.

McGraw, L.A., Gibson, G., Clark, A.G., Wolfner, M.F., 2004. Genes regulated by mating,
sperm, or seminal proteins in mated female Drosophila melanogaster. Curr. Biol. 14,
1509–1514. https://doi.org/10.1016/j.cub.2004.08.028.

Meibers, H.E., Finch, G., Gregg, R.T., Glenn, S., Assani, K.D., Jennings, E.C., Davies, B.,
Rosendale, A.J., Holmes, C.J., Gantz, J.D., Spacht, D.E., Lee, R.E., Denlinger, D.L.,
Weirauch, M.T., Benoit, J.B., 2019. Sex- and developmental-specific transcriptomic
analyses of the Antarctic mite, Alaskozetes antarcticus, reveal transcriptional shifts
underlying oribatid mite reproduction. Polar Biol. 42, 357–370. https://doi.org/10.

E.C. Jennings, et al. Insect Biochemistry and Molecular Biology 120 (2020) 103333

15

https://doi.org/10.1016/j.mce.2013.02.019
https://doi.org/10.1038/ncomms10165
https://doi.org/10.1146/annurev-ento-010814-020834
https://doi.org/10.1146/annurev-ento-010814-020834
https://doi.org/10.1371/journal.pgen.1003874
https://doi.org/10.1126/science.aaw2732
https://doi.org/10.1093/bioinformatics/btp367
https://doi.org/10.1038/srep40234
https://doi.org/10.1073/pnas.1116123109
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref13
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref13
https://doi.org/10.1016/0020-1790(91)90042-D
https://doi.org/10.1016/0020-1790(91)90042-D
https://doi.org/10.1002/(SICI)1520-6327(1996)33:1<1::AID-ARCH1>3.0.CO;2-2
https://doi.org/10.1002/(SICI)1520-6327(1996)33:1<1::AID-ARCH1>3.0.CO;2-2
https://doi.org/10.1038/253347a0
https://doi.org/10.1016/0022-1910(74)90143-7
https://doi.org/10.1016/0022-1910(74)90143-7
https://doi.org/10.1111/1744-7917.12467
https://doi.org/10.1142/9781848165632_0019
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref20
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref20
https://doi.org/10.2307/1538949
https://doi.org/10.1016/S0965-1748(00)00051-5
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref23
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref23
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref23
https://doi.org/10.1080/07924259.1994.9672376
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref25
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref25
https://doi.org/10.1038/ncomms8814
https://doi.org/10.1111/imb.12364
https://doi.org/10.1111/imb.12364
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref28
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref28
https://doi.org/10.1155/1941/45020
https://doi.org/10.1002/9780471650126.dob0560.pub2
https://doi.org/10.1002/9780471650126.dob0560.pub2
https://doi.org/10.1038/s41559-017-0459-1
https://doi.org/10.1038/s41559-017-0459-1
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref32
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref33
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref33
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref33
https://doi.org/10.1016/j.jinsphys.2015.04.006
https://doi.org/10.1016/j.jinsphys.2015.04.006
https://doi.org/10.1016/0020-1790(77)90023-3
https://doi.org/10.1016/0020-1790(77)90023-3
https://doi.org/10.1111/j.1365-2583.2011.01111.x
https://doi.org/10.1111/j.1365-2583.2011.01111.x
https://doi.org/10.1002/ece3.5580
https://doi.org/10.1016/j.cois.2015.08.004
https://doi.org/10.1002/arch.21615
https://doi.org/10.1002/arch.21615
https://doi.org/10.1146/annurev-ento-120811-153700
https://doi.org/10.1146/annurev-ento-120811-153700
https://doi.org/10.1371/journal.pgen.1005394
https://doi.org/10.1002/bies.201400200
https://doi.org/10.1371/journal.pone.0155304
https://doi.org/10.1371/journal.pone.0028728
https://doi.org/10.1186/1471-2105-9-559
https://doi.org/10.1016/0022-1910(86)90115-0
https://doi.org/10.1016/0022-1910(86)90115-0
https://doi.org/10.1038/s41467-018-03281-1
https://doi.org/10.1038/srep00163
https://doi.org/10.1038/srep00163
https://doi.org/10.1186/2047-217X-1-18
https://doi.org/10.1186/2047-217X-1-18
https://doi.org/10.1016/0040-8166(75)90008-7
https://doi.org/10.1016/0040-8166(75)90008-7
https://doi.org/10.1371/journal.pone.0106737
https://doi.org/10.1371/journal.pone.0106737
https://doi.org/10.1016/j.ygcen.2013.04.018
https://doi.org/10.1016/j.cub.2004.08.028
https://doi.org/10.1007/s00300-018-2427-x


1007/s00300-018-2427-x.
Meier, R., Kotrba, M., Ferrar, P., 1999. Ovoviviparity and viviparity in the Diptera. Biol.

Rev. 74, 199–258. https://doi.org/10.1111/j.1469-185X.1999.tb00186.x.
Minakuchi, C., Namiki, T., Shinoda, T., 2009. Krüppel homolog 1, an early juvenile

hormone-response gene downstream of Methoprene-tolerant, mediates its anti-me-
tamorphic action in the red flour beetle Tribolium castaneum. Dev. Biol. 325, 341–350.
https://doi.org/10.1016/j.ydbio.2008.10.016.

Naghdi, M., Maestro, J., Bellés, X., Bandani, A., 2016. Transduction of the vitellogenic
signal of juvenile hormone by Methoprene-tolerant in the cockroach Blattella ger-
manica ( L .) ( Dictyoptera , Blattellidae ). Arthropods 5, 130–137.

Neuwirth, E., 2014. RColorBrewer: ColorBrewer Palettes.
Panfilio, K.A., Vargas Jentzsch, I.M., Benoit, J.B., Erezyilmaz, D., Suzuki, Y., Colella, S.,

Robertson, H.M., Poelchau, M.F., Waterhouse, R.M., Ioannidis, P., Weirauch, M.T.,
Hughes, D.S.T., Murali, S.C., Werren, J.H., Jacobs, C.G.C., Duncan, E.J., Armisén, D.,
Vreede, B.M.I., Baa-Puyoulet, P., Berger, C.S., Chang, C.C., Chao, H., Chen, M.J.M.,
Chen, Y.T., Childers, C.P., Chipman, A.D., Cridge, A.G., Crumière, A.J.J., Dearden,
P.K., Didion, E.M., Dinh, H., Doddapaneni, H.V., Dolan, A., Dugan, S., Extavour, C.G.,
Febvay, G., Friedrich, M., Ginzburg, N., Han, Y., Heger, P., Holmes, C.J., Horn, T.,
Hsiao, Y.M., Jennings, E.C., Johnston, J.S., Jones, T.E., Jones, J.W., Khila, A.,
Koelzer, S., Kovacova, V., Leask, M., Lee, S.L., Lee, C.Y., Lovegrove, M.R., Lu, H.L.,
Lu, Y., Moore, P.J., Munoz-Torres, M.C., Muzny, D.M., Palli, S.R., Parisot, N., Pick, L.,
Porter, M.L., Qu, J., Refki, P.N., Richter, R., Rivera-Pomar, R., Rosendale, A.J., Roth,
S., Sachs, L., Santos, M.E., Seibert, J., Sghaier, E., Shukla, J.N., Stancliffe, R.J.,
Tidswell, O., Traverso, L., Van Der Zee, M., Viala, S., Worley, K.C., Zdobnov, E.M.,
Gibbs, R.A., Richards, S., 2019. Molecular evolutionary trends and feeding ecology
diversification in the Hemiptera, anchored by the milkweed bug genome. Genome
Biol. https://doi.org/10.1186/s13059-019-1660-0.

Papa, F., Windbichler, N., Waterhouse, R.M., Cagnetti, A., D’Amato, R., Persampieri, T.,
Lawniczak, M.K., Nolan, T., Papathanos, P.A., 2017. Rapid evolution of female-biased
genes among four species of Anopheles malaria mosquitoes. Infect. Genet. Evol. 27,
1536–1548. https://doi.org/10.1101/gr.217216.116.

Paulson, C.R., Stay, B., 1987. Humoral inhibition of the corpora allata in larvae of
Diploptera punctata: role of the brain and ecdysteroids. J. Insect Physiol. 33, 613–622.
https://doi.org/10.1016/0022-1910(87)90129-6.

Phillips, N., 2017. Yarrr: a companion to the e-Book “YaRrr!: the Pirate's guide to R.”.
Qu, Z., Bendena, W.G., Tobe, S.S., Hui, J.H.L., 2018. Juvenile hormone and sesqui-

terpenoids in arthropods: biosynthesis, signaling, and role of MicroRNA. J. Steroid
Biochem. Mol. Biol. 184, 69–76. https://doi.org/10.1016/j.jsbmb.2018.01.013.

R Core Team, 2017. R: A Language and Environment for Statistical Computing.
Raikhel, A.S., Brown, M.R., Bellés, X., 2005. Hormonal control of reproductive processes.

In: Gilbert, L.I., Iatrou, K., Gill, S. (Eds.), Comprehensive Molecular Insect Science.
Pergamon.

Ram, K., Wickham, H., 2018. Wesanderson: A Wes Anderson Palette Generator.
Rankin, S.M., Palmer, J.O., Yagi, K.J., Scott, G.L., Tobe, S.S., 1995. Biosynthesis and re-

lease of juvenile hormone during the reproductive cycle of the ring-legged earwig.
Comp. Biochem. Physiol. 110, 241–251. https://doi.org/10.1016/0742-8413(95)
00016-H.

Rankin, S.M., Stay, B., 1984. The changing effect of the ovary on rates of juvenile hor-
mone synthesis in Diploptera punctata. Gen. Comp. Endocrinol. 54, 382–388. https://
doi.org/10.1016/0016-6480(84)90151-5.

Raudvere, U., Kolberg, L., Kuzmin, I., Arak, T., Adler, P., Peterson, H., Vilo, J., 2019. g:
Profiler: a web server for functional enrichment analysis and conversions of gene
lists. Nucl. Acids Res, 47, W191–W198. https://doi.org/10.1093/nar/gkz369.

Reimand, J., Arak, T., Adler, P., Kolberg, L., Reisberg, S., Peterson, H., Vilo, J., 2016.
g:Profiler—a web server for functional interpretation of gene lists (2016 update).
Nulc. Acids Res. 44, W83–W89. https://doi.org/10.1093/nar/gkw199.

Reimand, J., Kull, M., Peterson, H., Hansen, J., Vilo, J., 2007. g:Profiler—a web-based
toolset for functional profiling of gene lists from large-scale experiments. Nulc. Acids
Res. 35, W193–W200. https://doi.org/10.1093/nar/gkm226.

Ribeiro, José M.C., Chagas, A.C., Pham, V.M., Lounibos, L.P., Calvo, E., 2014. An insight
into the sialome of the frog biting fly, Corethrella appendiculata. Insect Biochem. Mol.
Biol. 44, 23–32. https://doi.org/10.1016/j.ibmb.2013.10.006.

Ribeiro, José M.C., Genta, F.A., Sorgine, M.H.F., Logullo, R., Mesquita, R.D., Paiva-Silva,
G.O., Majerowicz, D., Medeiros, M., Koerich, L., Terra, W.R., Ferreira, C., Pimentel,
A.C., Bisch, P.M., Leite, D.C., Diniz, M.M.P., Junior, J.L., da, S.G.V., Da Silva, M.L.,
Araujo, R.N., Gandara, A.C.P., Brosson, S., Salmon, D., Bousbata, S., González-
Caballero, N., Silber, A.M., Alves-Bezerra, M., Gondim, K.C., Silva-Neto, M.A.C.,
Atella, G.C., Araujo, H., Dias, F.A., Polycarpo, C., Vionette-Amaral, R.J., Fampa, P.,
Melo, A.C.A., Tanaka, A.S., Balczun, C., Oliveira, J.H.M., Gonçalves, R.L.S., Lazoski,
C., Rivera-Pomar, R., Diambra, L., Schaub, G.A., Garcia, E.S., Azambuja, P., Braz,
G.R.C., Oliveira, P.L., 2014b. An insight into the transcriptome of the digestive tract
of the bloodsucking bug, Rhodnius prolixus. PLoS Neglected Trop. Dis. 8, e2594.
https://doi.org/10.1371/journal.pntd.0002594.

Rosendale, A.J., Romick-Rosendale, L.E., Watanabe, M., Dunlevy, M.E., Benoit, J.B.,
2016. Mechanistic underpinnings of dehydration stress in the American dog tick
revealed through RNA-Seq and metabolomics. J. Exp. Biol. 219, 1808–1819. https://
doi.org/10.1242/jeb.137315.

Roth, L.M., 1967. Water changes in cockroach oothecae in relation to the evolution of
ovoviviparity and viviparity. Ann. Entomol. Soc. Am. 60, 928–946. https://doi.org/
10.1093/aesa/60.5.928.

Roth, L.M., Hahn, W., 1964. Size of new-born larvae of cockroaches incubating eggs in-
ternally. J. Insect Physiol. https://doi.org/10.1016/0022-1910(64)90094-0.

Roth, L.M., Stay, B., 1961. Oöcyte development in Diploptera punctata (Eschscholtz)
(Blattaria). J. Insect Physiol. https://doi.org/10.1016/0022-1910(61)90071-3.

Roth, L.M., Willis, E.R., 1957. An analysis of oviparity and viviparity in the Blattaria. Am.
Entomol. Soc. 83, 221–238.

Roth, L.M., Willis, E.R., 1955. Intra-uterine nutrition of the “beetle-roach” Diploptera
dytiscoides (Serv.) during embryogenesis, with notes on its biology in the laboratory
(Blattaria: Diplopteridae). Psyche A J. Entomol. https://doi.org/10.1155/1955/
12542.

Rotin, D., Tobe, S.S., 1983. The possible role of juvenile hormone esterase in the reg-
ulation of juvenile hormone titre in the female cockroach Diploptera punctata. Can. J.
Biochem. Cell Biol. 61, 811–817. https://doi.org/10.1139/o83-103.

Roy, S., Saha, T.T., Zou, Z., Raikhel, A.S., 2018. Regulatory pathways controlling female
insect reproduction. Annu. Rev. Entomol. https://doi.org/10.1146/annurev-ento-
020117-043258.

RStudio Team, 2015. RStudio. Integrated development for R.
Schmittgen, T.D., Livak, K.J., 2008. Analyzing real-time PCR data by the comparative CT

method. Nat. Protoc. 3, 1101–1108. https://doi.org/10.1038/nprot.2008.73.
Schoville, S.D., Chen, Y.H., Andersson, M.N., Benoit, J.B., Bhandari, A., Bowsher, J.H.,

Brevik, K., Cappelle, K., Chen, M.-J.M., Childers, A.K., Childers, C., Christiaens, O.,
Clements, J., Didion, E.M., Elpidina, E.N., Engsontia, P., Friedrich, M., García-Robles,
I., Gibbs, R.A., Goswami, C., Grapputo, A., Gruden, K., Grynberg, M., Henrissat, B.,
Jennings, E.C., Jones, J.W., Kalsi, M., Khan, S.A., Kumar, A., Li, F., Lombard, V., Ma,
X., Martynov, A., Miller, N.J., Mitchell, R.F., Munoz-Torres, M., Muszewska, A.,
Oppert, B., Palli, S.R., Panfilio, K.A., Pauchet, Y., Perkin, L.C., Petek, M., Poelchau,
M.F., Record, É., Rinehart, J.P., Robertson, H.M., Rosendale, A.J., Ruiz-Arroyo, V.M.,
Smagghe, G., Szendrei, Z., Thomas, G.W.C., Torson, A.S., Vargas Jentzsch, I.M.,
Weirauch, M.T., Yates, A.D., Yocum, G.D., Yoon, J.-S., Richards, S., 2018. A model
species for agricultural pest genomics: the genome of the Colorado potato beetle,
Leptinotarsa decemlineata (Coleoptera: Chrysomelidae). Sci. Rep. 8, 1931. https://doi.
org/10.1038/s41598-018-20154-1.

Scolari, F., Benoit, J.B., Michalkova, V., Aksoy, E., Takac, P., Abd-Alla, A.M.M.,
Malacrida, A.R., Aksoy, S., Attardo, G.M., 2016. The spermatophore in Glossina
morsitans morsitans: insights into male contributions to reproduction. Sci. Rep.
https://doi.org/10.1038/srep20334.

Segatto, A.L.A., Diesel, J.F., Loreto, E.L.S., da Rocha, J.B.T., 2018. De novo transcriptome
assembly of the lobster cockroach Nauphoeta cinerea (Blaberidae). Genet. Mol. Biol.
41, 713–721. https://doi.org/10.1590/1678-4685-gmb-2017-0264.

Simão, F.A., Waterhouse, R.M., Ioannidis, P., Kriventseva, E.V., Zdobnov, E.M., 2015.
BUSCO: assessing genome assembly and annotation completeness with single-copy
orthologs. Bioinformatics. https://doi.org/10.1093/bioinformatics/btv351.

Simpson, J.T., Wong, K., Jackman, S.D., Schein, J.E., Jones, S.J.M., Birol, I., 2009. ABySS:
a parallel assembler for short read sequence data. Genome Res. 19, 1117–1123.
https://doi.org/10.1101/gr.089532.108.

Stay, B., Clark, J.K., 1971. Fluctuation of protein granules in the fat body of the vivi-
parous cockroach, Diploptera punctata, during the reproductive cycle. J. Insect
Physiol. 17, 1747–1762. https://doi.org/10.1016/0022-1910(71)90072-2.

Stay, B., Coop, A., 1973. Developmental stages and chemical composition in embryos of
the cockroach, Diploptera punctata, with observations on the effect of diet. J. Insect
Physiol. 19, 147–171. https://doi.org/10.1016/0022-1910(73)90230-8.

Stay, B., Coop, A.C., 1974. “Milk” secretion for embryogenesis in a viviparous cockroach.
Tissue Cell 6, 669–693. https://doi.org/10.1016/0040-8166(74)90009-3.

Stay, B., Lin, H.L., 1981. The inhibition of milk synthesis by juvenile hormone in the
viviparous cockroach, Diploptera punctata. J. Insect Physiol. 27, 551–557. https://doi.
org/10.1016/0022-1910(81)90043-3.

Stay, B., Ostedgaard, L.S., Tobe, S.S., Strambi, A., Spaziani, E., 1984. Ovarian and hae-
molymph titres of ecdysteroid during the gonadotrophic cycle in Diploptera punctata.
J. Insect Physiol. 30, 643–651. https://doi.org/10.1016/0022-1910(84)90049-0.

Stay, B., Roth, L.M., 1956. The reproductive behavior of Diploptera punctata (Blattaria:
Diplopterinae). Proc. Int. Congr. Entomol.

Stay, B., Tobe, S.S., Mundall, E.C., Rankin, S., 1983. Ovarian stimulation of juvenile
hormone biosynthesis in the viviparous cockroach, Diploptera punctata. Gen. Comp.
Endocrinol. 52, 341–349. https://doi.org/10.1016/0016-6480(83)90171-5.

Stoltzman, C.A., Stocker, C., Borst, D., Stay, B., 2000. Stage-specific production and re-
lease of juvenile hormone esterase from the ovary of Diploptera punctata. J. Insect
Physiol. 46, 771–782. https://doi.org/10.1016/S0022-1910(99)00166-3.

Supek, F., Bošnjak, M., Škunca, N., Šmuc, T., 2011. REVIGO summarizes and visualizes
long lists of gene ontology terms. PLoS One 6, 7. https://doi.org/10.1371/journal.
pone.0021800.

Ter Wee, J., Stay, B., 1987. Termination of pregnancy and milk synthesis in the viviparous
cockroach, diploptera punctata: a role of juvenile hormone. Int. J. Invertebr. Reprod.
Dev. https://doi.org/10.1080/01688170.1987.10510267.

Terr Wee, J., Stay, B., 1987. Termination of pregnancy and milk synthesis in the vivi-
parous cockroach, Diploptera punctata: a role of juvenile hormone. Int. J. Invertebr.
Reprod. Dev. 11, 59–75.

Terrapon, N., Li, C., Robertson, H.M., Ji, L., Meng, X., Booth, W., Chen, Z., Childers, C.P.,
Glastad, K.M., Gokhale, K., Gowin, J., Gronenberg, W., Hermansen, R.A., Hu, H.,
Hunt, B.G., Huylmans, A.K., Khalil, S.M.S., Mitchell, R.D., Munoz-Torres, M.C.,
Mustard, J.A., Pan, H., Reese, J.T., Scharf, M.E., Sun, F., Vogel, H., Xiao, J., Yang, W.,
Yang, Zhikai, Yang, Zuoquan, Zhou, J., Zhu, J., Brent, C.S., Elsik, C.G., Goodisman,
M.A.D., Liberles, D.A., Roe, R.M., Vargo, E.L., Vilcinskas, A., Wang, J., Bornberg-
Bauer, E., Korb, J., Zhang, G., Liebig, J., 2014. Molecular traces of alternative social
organization in a termite genome. Nat. Commun. 5, 3636. https://doi.org/10.1038/
ncomms4636.

Tobe, S.S., Davey, K.G., Huebner, E., 1973. Nutrient transfer during the reproductive
cycle in Glossina austeni newst.: histology and histochemistry of the milk gland, fat
body, and oenocytes. Tissue Cell 5, 633–650. https://doi.org/10.1016/S0040-
8166(73)80050-3.

Tobe, S.S., Langley, P.A., 1978. Reproductive physiology of Glossina. Annu. Rev. Entomol.
23, 283–307. https://doi.org/10.1146/annurev.en.23.010178.001435.

Tobe, S.S., Ruegg, R.P., Stay, B., Baker, F.C., Miller, C.A., Schooley, D.A., 1985. Juvenile

E.C. Jennings, et al. Insect Biochemistry and Molecular Biology 120 (2020) 103333

16

https://doi.org/10.1007/s00300-018-2427-x
https://doi.org/10.1111/j.1469-185X.1999.tb00186.x
https://doi.org/10.1016/j.ydbio.2008.10.016
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref56
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref56
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref56
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref57
https://doi.org/10.1186/s13059-019-1660-0
https://doi.org/10.1101/gr.217216.116
https://doi.org/10.1016/0022-1910(87)90129-6
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref61
https://doi.org/10.1016/j.jsbmb.2018.01.013
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref63
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref64
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref64
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref64
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref65
https://doi.org/10.1016/0742-8413(95)00016-H
https://doi.org/10.1016/0742-8413(95)00016-H
https://doi.org/10.1016/0016-6480(84)90151-5
https://doi.org/10.1016/0016-6480(84)90151-5
https://doi.org/10.1093/nar/gkz369
https://doi.org/10.1093/nar/gkw199
https://doi.org/10.1093/nar/gkm226
https://doi.org/10.1016/j.ibmb.2013.10.006
https://doi.org/10.1371/journal.pntd.0002594
https://doi.org/10.1242/jeb.137315
https://doi.org/10.1242/jeb.137315
https://doi.org/10.1093/aesa/60.5.928
https://doi.org/10.1093/aesa/60.5.928
https://doi.org/10.1016/0022-1910(64)90094-0
https://doi.org/10.1016/0022-1910(61)90071-3
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref74
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref74
https://doi.org/10.1155/1955/12542
https://doi.org/10.1155/1955/12542
https://doi.org/10.1139/o83-103
https://doi.org/10.1146/annurev-ento-020117-043258
https://doi.org/10.1146/annurev-ento-020117-043258
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref78
https://doi.org/10.1038/nprot.2008.73
https://doi.org/10.1038/s41598-018-20154-1
https://doi.org/10.1038/s41598-018-20154-1
https://doi.org/10.1038/srep20334
https://doi.org/10.1590/1678-4685-gmb-2017-0264
https://doi.org/10.1093/bioinformatics/btv351
https://doi.org/10.1101/gr.089532.108
https://doi.org/10.1016/0022-1910(71)90072-2
https://doi.org/10.1016/0022-1910(73)90230-8
https://doi.org/10.1016/0040-8166(74)90009-3
https://doi.org/10.1016/0022-1910(81)90043-3
https://doi.org/10.1016/0022-1910(81)90043-3
https://doi.org/10.1016/0022-1910(84)90049-0
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref90
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref90
https://doi.org/10.1016/0016-6480(83)90171-5
https://doi.org/10.1016/S0022-1910(99)00166-3
https://doi.org/10.1371/journal.pone.0021800
https://doi.org/10.1371/journal.pone.0021800
https://doi.org/10.1080/01688170.1987.10510267
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref94
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref94
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref94
https://doi.org/10.1038/ncomms4636
https://doi.org/10.1038/ncomms4636
https://doi.org/10.1016/S0040-8166(73)80050-3
https://doi.org/10.1016/S0040-8166(73)80050-3
https://doi.org/10.1146/annurev.en.23.010178.001435
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref98


hormone titre and regulation in the cockroach Diploptera punctata. Experientia 41,
1028–1034.

Waterhouse, R.M., Seppey, M., Simao, F.A., Manni, M., Ioannidis, P., Klioutchnikov, G.,
Kriventseva, E.V., Zdobnov, E.M., 2018. BUSCO applications from quality assess-
ments to gene prediction and phylogenomics. Mol. Biol. Evol. https://doi.org/10.
1093/molbev/msx319.

Wei, D., Tian, C.B., Liu, S.H., Wang, T., Smagghe, G., Jia, F.X., Dou, W., Wang, J.J., 2016.
Transcriptome analysis to identify genes for peptides and proteins involved in im-
munity and reproduction from male accessory glands and ejaculatory duct of
Bactrocera dorsalis. Peptides 80, 48–60. https://doi.org/10.1016/j.peptides.2015.08.
007.

Weirauch, M.T., Hughes, T.R., 2014. A catalogue of eukaryotic transcription factor types,
their evolutionary origin, and species distribution. Subcell. Biochem. https://doi.org/
10.1007/978-90-481-9069-0_3.

Weirauch, M.T., Yang, A., Albu, M., Cote, A.G., Montenegro-Montero, A., Drewe, P.,
Najafabadi, H.S., Lambert, S.A., Mann, I., Cook, K., Zheng, H., Goity, A., van Bakel,
H., Lozano, J.-C., Galli, M., Lewsey, M.G., Huang, E., Mukherjee, T., Chen, X., Reece-
Hoyes, J.S., Govindarajan, S., Shaulsky, G., Walhout, A.J.M., Bouget, F.-Y., Ratsch,

G., Larrondo, L.F., Ecker, J.R., Hughes, T.R., 2014. Determination and inference of
eukaryotic transcription factor sequence specificity. Cell 158, 1431–1443. https://
doi.org/10.1016/j.cell.2014.08.009.

Wickham, H., 2016. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag, New
York.

Wickham, H., 2007. Reshaping data with the reshape Package. J. Stat. Software 21, 1–20.
https://doi.org/10.18637/jss.v021.i12.

Wickham, H., Francois, R., Henry, L., Müller, K., 2017. Dplyr: A Grammar of Data
Manipulation.

Williford, A., Stay, B., Bhattacharya, D., 2004. Evolution of a novel function: nutritive
milk in the viviparous cockroach, Diploptera punctata. Evol. Dev. 6, 67–77. https://
doi.org/10.1111/j.1525-142X.2004.04012.x.

Wilson, T.G., Landers, M.H., Happ, G.M., 1983. Precocene I and II inhibition of vitello-
genic oöcyte development in Drosophila melanogaster. J. Insect Physiol. 29, 249–254.
https://doi.org/10.1016/0022-1910(83)90091-4.

Zhang, B., Horvath, S., 2005. A general framework for weighted gene co-expression
network analysis. Stat. Appl. Genet. Mol. Biol. 4 (1). https://doi.org/10.2202/1544-
6115.1.

E.C. Jennings, et al. Insect Biochemistry and Molecular Biology 120 (2020) 103333

17

http://refhub.elsevier.com/S0965-1748(20)30022-9/sref98
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref98
https://doi.org/10.1093/molbev/msx319
https://doi.org/10.1093/molbev/msx319
https://doi.org/10.1016/j.peptides.2015.08.007
https://doi.org/10.1016/j.peptides.2015.08.007
https://doi.org/10.1007/978-90-481-9069-0_3
https://doi.org/10.1007/978-90-481-9069-0_3
https://doi.org/10.1016/j.cell.2014.08.009
https://doi.org/10.1016/j.cell.2014.08.009
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref103
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref103
https://doi.org/10.18637/jss.v021.i12
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref105
http://refhub.elsevier.com/S0965-1748(20)30022-9/sref105
https://doi.org/10.1111/j.1525-142X.2004.04012.x
https://doi.org/10.1111/j.1525-142X.2004.04012.x
https://doi.org/10.1016/0022-1910(83)90091-4
https://doi.org/10.2202/1544-6115.1
https://doi.org/10.2202/1544-6115.1

	Molecular mechanisms underlying milk production and viviparity in the cockroach, Diploptera punctata
	Introduction
	Methods
	Animals
	Sample collection
	RNA extraction and library preparation
	Bioinformatic analysis
	RNA interference and methoprene treatment
	cDNA synthesis and quantitative PCR
	Data processing and visualization

	Results
	General assembly characteristics
	Differential expression of transcriptional regulators
	WGCNA analysis through pregnancy
	Reproduction-specific gene expression
	Knockdown of JHE and JHAMT and methoprene treatment

	Discussion
	Acknowledgements
	Supplementary data
	References




