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1.1 Introduction

Over the past decade, the development and democratization of high- 
throughput sequencing has pushed biological investigations into a new era 
of massive data collection and analysis, unparalleled by anything seen be-
fore. With published genomes becoming a standard step for studying model 
and non- model organisms alike, and with large collaborative projects such as 
the i5k Insect Genome Project (i5k Consortium, 2013; Thomas et al., 2018) and 
Earth BioGenome Project (Lewin et al., 2018) underway, genomic data will 
only become increasingly accessible and valuable for comparative studies. 
Despite the broad utility of genome sequences for investigating various as-
pects of biology (e.g. genome structure, heredity, evolutionary mechanisms), 
assessing the functional potential of a gene requires the study of transcrip-
tomes, namely repertoires of transcripts expressed in specific spatial and 
temporal patterns in specific physiological conditions (Wang et al., 2009). For 
example, alternative splicing allows for one gene to generate multiple iso-
forms, but which one is most relevant or prevalent, and in what conditions? 
Bioinformatic analysis can be leveraged to identify promoters, enhancers, 
and transcription factor binding sites to predict expression, but ultimately 
these models need to be verified experimentally.

The emerging field of transcriptomics can provide functional data that 
can answer questions far beyond those that can be answered through genom-
ic analysis alone. Its broad utility allows its applications in topics as far rang-
ing as gene regulation, development, evolution, environmental responses, 
toxicology, immunity, and host–parasite interactions. In this chapter, we dis-
cuss the history and development of transcriptomics (Fig. 1.1) and common 
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methodologies (Table 1.1), and highlight case studies of transcriptomics in 
entomology.

1.2 Technologies to Assay Gene Expression

1.2.1 Pre-transcriptomics

Prior to the development of modern genomic technologies, researchers 
were mostly limited to analyzing transcripts of a few genes at a time. One 
of the earliest methods of studying RNA transcripts was through the use 
of Northern blotting, developed as a variation of the Southern blot in the 
1970s (Alwine et  al., 1977). In this procedure, RNA extracted from a sam-
ple is size- separated using gel electrophoresis, then transferred onto a nylon 
membrane. Radioactive probes complementary to the RNA of interest are 
allowed to hybridize onto the membrane, visualized with radiography, and 
quantified by densitometry. By comparing intensities of bands, one can in-
fer whether a particular gene of interest is being transcribed, and at what 
relative abundance when compared with other conditions. As the hybridized 
DNA/RNA complexes are separated by size, Northern blotting can also pro-
vide information on the number of isoforms of a particular messenger RNA 
(mRNA) present in the sample. Within a year of its publication, the protocol 
was cited 11 times, and 76 more times in the second year, highlighting its 
popularity and ease of use.

Fig. 1.1. Timeline for the development of transcriptomic technologies. X- axis indicates 
time and circular markers indicate notable experiments and events. Numbers within points 
denote source reference. (1) Alwine et al., 1977 (2) Okubo et al., 1992 (3) Higuchi et al., 1993 
(4) Schena et al., 1995 (5) Velculescu et al., 1995 (6) Shiraki et al., 2003 (7) https://www.
illumina.com/science/technology/next-generation-sequencing/illumina-sequencing-history.
html (8) Lister et al., 2008; Mortazavi et al., 2008; Nagalakshmi et al., 2008 (9) See reference 
7. (10) Wang et al., 2016. (11) Hargreaves and Mulley, 2015.

https://www.illumina.com/science/technology/next-generation-sequencing/illumina-sequencing-history.html
https://www.illumina.com/science/technology/next-generation-sequencing/illumina-sequencing-history.html
https://www.illumina.com/science/technology/next-generation-sequencing/illumina-sequencing-history.html
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https://www.thermofisher.com/search/browse/results?customGroup=Microorganism+%26+Insect+Expression+Profiling+Arrays+%26+Assays
https://www.abmgood.com/RNA-Sequencing-Service.html
https://www.terrauniversal.com/applications/microarray-instruments-supplies-x.php
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_truseq/truseq-stranded-mrna-workflow/truseq-stranded-mrna-workflow-reference-
https://support.illumina.com/content/dam/illumina-support/documents/documentation/chemistry_documentation/samplepreps_truseq/truseq-stranded-mrna-workflow/truseq-stranded-mrna-workflow-reference-
https://www.thermofisher.com/us/en/home/references/protocols/cloning/cloning-protocol/cdna-library-construction.html
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One major limitation of the Northern blot is that it only reveals whether 
or not a probe is able to hybridize to an RNA target, and provides no infor-
mation on the strength of the hybridization, which will vary with presence of 
sequence polymorphism. How would one distinguish whether a probe had 
complete complementarity to the target, or whether it had perhaps bound 
to a similar target, as in the case of point mutations? Friedberg et al. (1990) 
asked this very question when they sought to determine whether there was 
an unknown, previously uncharacterized member of the P450 gene family 
in rats, and employed a modified version of an endonuclease protection as-
say for RNA (Myers et  al., 1985; Friedberg et  al., 1990). In this method, la-
beled RNA probes antisensed to an mRNA target are created using SP6 or 
T7 RNA transcription. These probes are added to extracted total mRNA of 
the sample and allowed to hybridize. RNAse is added at low enough con-
centrations to only degrade single- stranded RNA (ssRNA), but not protected 
double- stranded RNA (dsRNA). In addition, RNAse will degrade sites of 
mismatches in dsRNA; therefore, any probe bound to an RNA transcript that 
is similar but not identical in sequence will be degraded into reproducible 
smaller fragments. These fragments can be visualized by gel electrophoresis 
and the pattern of banding will be specific to each probe- target pair. Using 
this method, Friedberg et al. (1990) were able to identify a new member of 
the P450II gene family, which had been previously undetected with stand-
ard Northern assays using short oligonucleotide probes. In addition to this 
use, endonuclease protection assays can be used to quantify multiple differ-
ent targets in one tube. Because band size on the probe is dependent on the 
length of the probe, by using a combination of probes of different length, it is 
possible to assay expression levels of multiple genes simultaneously (Stalder 
et al., 1999).

Both of the previous methods rely on quantification of signal intensi-
ty from a radioactively labeled membrane. While quite effective, it has the 
disadvantage of requiring radioactive handling, and is often not sensitive 
enough for detecting RNA at extremely low copy number (Fehr et al., 2000; 
Dean et al., 2002; VanGuilder et al., 2008). The invention of the polymerase 
chain reaction (PCR) in 1983, coupled with the addition of a heat- stable poly-
merase in 1988, displayed incredible ability in amplifying DNA sequences, 
allowing detection of a single DNA copy in a mixture of 106 cells (Saiki et al., 
1988). The use of reverse transcriptase (RT- PCR) allowed researchers to am-
plify complementary DNA (cDNA) made from mRNA samples, allowing 
detection of different RNA isoforms (Mocharla et al., 1990). However, meth-
ods to estimate starting concentrations by visualizing final PCR products or 
competitive PCR were hampered by low sensitivity and accuracy (McCarrey 
et al., 1992; Piatak et al., 1993). In 1993, Higuchi et al. developed a quantitative 
RT- PCR reaction (qRT- PCR) using fluorescent dyes and a charge- coupled 
device (CCD) imager. By adding ethidium bromide into the PCR reaction, 
they could selectively label dsDNA using UV light. As each cycle of PCR ap-
proximately doubles the amount of target DNA present, recording the fluo-
rescence after each cycle with an imager allows for accurate quantification of 
starting template concentration. The highly sensitive nature of PCR means 
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that extremely low mRNA expression can still be measured and quantified. 
With careful primer design, one can selectively amplify and quantitatively 
compare different isoforms as well, with a detectable range as low as 16 mol-
ecules per reaction (Kubista et al., 2017).

1.2.2 Early transcriptomic methods

So far, the above methods for detecting RNA have been decidedly low- 
throughput. However, in the 1990s sequencing technology had advanced 
sufficiently to enable the beginning of transcriptome profiling, making use 
of expressed sequence tags (ESTs). With this method, extracted mRNA tran-
scripts from experimental samples are converted into bacterial cDNA librar-
ies. A random selection of colonies (around 1000) are selected and sequenced 
from the 3′ end, generating an EST for each transformant sequenced. These 
sequences represent expressed genes in the sample and can be used to iden-
tify novel genes and coding regions. However, as the relative abundance of 
an mRNA transcript is proportionally reflected in the number of colonies 
carrying that EST, EST databases can also be used to provide transcript 
abundance data of the sample (Audic and Claverie, 1997). EST transcriptome 
profiling was first used with human liver cells (Okubo et al., 1992), but has 
been applied to entomology research, such as profiling the transcriptomes 
of Toxoptera citricida (brown citrus aphids) (Hunter et al., 2003) and Bemisia 
tabaci (whitefly) (Leshkowitz et al., 2006). Upon the development of microar-
ray technologies, EST libraries were used to identify novel mRNA sequences 
to which hybridization probes could be designed (Ote et al., 2004; Guerrero 
et al., 2009; Bass et al., 2012; Husseneder et al., 2012).

ESTs enabled discovery of novel transcripts, but were resource- intensive 
due to the costs and labor of sequencing large numbers of bacterial colo-
nies. In order to reduce sequencing load, Serial Analysis of Gene Expression 
(SAGE) was developed to improve on EST technology (Velculescu et  al., 
1995). Instead of sequencing 600–800 bp long cDNA clones, SAGE used a 
combination of restriction enzyme digests and ligations to capture 9–14 bp 
3′ ends of mRNA and clone them into long serial chains. Thus, by sequenc-
ing one cDNA clone, one can obtain quantitative data on dozens of tran-
scripts simultaneously, greatly improving throughput as long as the 9–14 bp 
reads are uniquely identifying for each transcript. This is feasible as long as 
a sequenced genome of the organism or a previously created EST library is 
available to map the short tags to. A modified version of SAGE, Cap Analysis 
Gene Expression (CAGE), utilized a similar procedure but captured 5′ ends 
of RNA transcripts, allowing for discovery of alternative transcription start 
sites and promoter region identification (Shiraki et al., 2003).

While these sequencing methods jump- started widespread discovery of 
transcripts, their significant economic and labor costs left room for innova-
tion, particularly when attempting to perform comparative transcriptomics 
between multiple samples and conditions. In 1995, researchers at Stanford 
University invented the first microarray, in an effort to allow fast, highly 
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parallelized quantification and comparisons of transcript quantity between 
samples (Schena et al., 1995). In short, this method utilizes cDNA that is gen-
erated from EST or cDNA libraries that are spotted in a known configuration 
on a glass slide. Next, fluorescent cDNA is generated from extracted mRNA 
of the samples to be compared. By hybridizing these fluorescent probes to 
the spotted array and scanning the array with a laser, one is able to determine 
relative expression levels of the cDNAs in question. By using different fluo-
rescent markers for each sample, multiplexing of both samples onto the same 
array is possible, and a direct comparison of expression patterns for all genes 
spotted can be estimated. While the initial technology contained 45 cDNA 
assays on a single 3.5 × 5.5 mm glass sheet, rapid advances have led to com-
mercially available RNA expression arrays containing over 1 million probes 
per chip (http://www. affymetrix. com/ products_ services/ arrays/ specific/ 
cexpress. affx). One major downside of using expression microarrays is the 
requirement that the probe targets be known. Typically, a cDNA library is 
used to create the probes; however, transcripts missing in the library will 
never be detected. To address this issue, it is possible to use a tiling microar-
ray instead. Rather than specifically targeting known transcripts, tiling mi-
croarrays use probes whose collective sequences span large regions of the 
genome, or even the entire genome sequence (Lemetre and Zhang, 2013). 
Thus, when extracted mRNA is hybridized, it is possible to detect previously 
unidentified transcribed regions by mapping the probe sequence back to the 
genome of the organism. Today, expression microarrays and tiling microar-
rays can be routinely ordered from and custom generated by a variety of 
commercial sources, enabling diagnostic as well as research applications, 
ushering in a modern era of transcriptomics.

1.2.3 Post-genomic

Despite the dramatic increase in parallel detection power and cost reduction, 
microarrays still left room for improvement. Detecting subtle differences in 
expression levels using hybridization- based approaches is often challenging, 
and transcripts expressed at very low levels often go undetected. The ad-
vent of cheap, highly parallel, high- throughput sequencing in the late 2000s 
opened up a new avenue of transcriptomic studies and led to the develop-
ment of RNA sequencing (RNA- seq), which enables more sensitive detec-
tion of rare transcripts and accurate quantification of differential expression 
(Zhao et al., 2014). The method was first employed in 2006 using 454 sequenc-
ing technology (Bainbridge et al., 2006), but the terminology used today was 
coined in 2008, when several papers published research using the term RNA- 
seq within several months of each other (Lister et al., 2008; Mortazavi et al., 
2008; Nagalakshmi et al., 2008). In its most general format, this method in-
volves generating cDNA from extracted mRNA, sequencing the cDNA, and 
using alignment software to map reads back to a reference genome that has 
been previously assembled. If a reference genome is not available, as is the 
case when working with non- model systems, it is also possible to generate a 

http://www.affymetrix.com/products_services/arrays/specific/cexpress.affx
http://www.affymetrix.com/products_services/arrays/specific/cexpress.affx
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de novo transcriptome assembly by assembling overlapping sequencing reads 
into complete transcripts, although sequencing errors and repetitive regions 
or splice variants can hamper this process (Wang and Gribskov, 2017; Geniza 
and Jaiswal, 2017). After sequencing and mapping has been completed, this 
data can be used for a variety of purposes, such as quantifying the number 
of transcripts per gene, differential gene expression between samples, iden-
tifying new splice variants or transcription start sites, phylogenetic analysis, 
and more. Compared with microarrays, RNA- seq offers more flexibility in 
research applications, as it eliminates the need to design and manufacture 
custom- printed microarrays.

1.2.4 Quantification of nascent RNA transcription

So far, the techniques covered have focused on capturing steady- state mRNA 
levels, that is, the current amount of an mRNA transcript in a cell at a par-
ticular point in time. What if one desired to understand the rate at which a 
particular transcript is produced or degraded? While steady- state levels may 
appear stable, the turnover rate can range widely, with single mRNA mol-
ecules exhibiting half- lives ranging from minutes to several hours (Opyrchal 
et al., 2005). Such information can provide detailed information on transcrip-
tional regulation and kinetics. A common attempt to capture this information 
across the genome uses chromatin immunoprecipitation of RNA polymerase 
II (RNAPII) cross- linked to DNA. By using microarrays or sequencing DNA 
attached to RNAPII and counting the number of reads at a locus, it becomes 
possible to see a snapshot of the amount of RNAPII presumably actively 
transcribing RNA (Kim et al., 2005; Muse et al., 2007; Welboren et al., 2009). 
This method provides a global view of transcription, but has a few limits, 
namely in its inability to determine which strand is being transcribed, as 
well as having a resolution of around 100 bp (Schmid et al., 2018). To improve 
resolution and identify the transcribed strand, several competing techniques 
arose that centered around chemically labeling nascently transcribed RNA 
and sequencing them. GRO- seq, developed in 2008, used a nuclear run- on 
assay, in which nuclei were extracted from flash- frozen samples (Core et al., 
2008). In vitro transcription is allowed to resume in the presence of a labeled 
nucleotide (such as 5- bromouridine 5′ triphosphate or biotin- triphosphates) 
and an inhibitor of transcription initiation. Thus, only genes in the process 
of being transcribed are labeled, and RNA- seq or microarray data can be 
used to identify activity. This process allowed strand identification, and a 
subsequent improvement called PRO- seq used 3′ end sequencing strand- 
terminating labeled triphosphates to identify RNAP localization on the tran-
script with base- pair (bp) level resolution (Mahat et al., 2016). An alternative 
technique, NET- seq, used immunoprecipitation of RNAP followed by 3′ se-
quencing to accomplish similar results in vivo (Churchman and Weissman, 
2011).

It is also possible to estimate both the transcription rate and decay rate 
of an mRNA concurrently in a single experiment. This can be performed by 
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allowing incorporation of labeled nucleotides into new transcripts for a de-
fined amount of time, and quantifying counts of labeled transcripts sepa-
rately from total RNA counts. Given the ratio of labeled RNA to total RNA 
in a specified amount of time, it is possible to estimate the mRNA decay rate 
for each gene, as well as the transcription rate (Dölken et al., 2008; Schmid 
et al., 2018).

1.2.5 Current state of sequencing technologies for RNA-seq

Currently, the most common technology used to perform sequencing of 
transcriptomic libraries is provided by the company Illumina, in a method 
known as sequencing by synthesis, for several reasons. Illumina technology 
provides highly accurate reads with an average error rate of 0.1% (Ardui 
et al., 2018), which when combined with its high sequencing output (up to 
20 billion reads on the NovaSeq 6000) is critical for correctly determining 
which gene the transcript sequence maps back to. As long as a high- quality 
reference genome is available for mapping of sequencing reads, typically 
70–90% of reads returned from an Illumina sequencing run are assigned to 
a gene of origin (Dobin et al., 2013). In addition, the cost per bp for Illumina 
sequencing is significantly lower than alternative methods, making it desir-
able for experiments with multiple comparisons and biological replicates.

The major shortcoming of Illumina sequencing technology is the short 
read length. Illumina offers read lengths up to 300 bp, and thus requires frag-
mentation of RNA transcripts into short sequences of 150–300 bp. When com-
pared with the average mRNA transcript length in Drosophila melanogaster 
of 3000 bp, this is quite small (Adams et  al., 2000). Using short fragments 
also requires the use of bioinformatic software to ‘reconstruct’ the mRNA 
sequences originally present in the sample. This can be achieved by simply 
counting the number of times a gene gets a read mapped to it (Anders et al., 
2015). This method can introduce biases in quantification, since during the 
fragmentation step longer transcripts will produce more reads mapping 
to itself than short transcripts. Statistical methods to estimate the original 
number of molecules of each transcript isoform can be used to account for 
this, but require knowledge of transcript length, which requires a sequenced 
genome (Trapnell et al., 2012). This bioinformatic step requires expertise in 
statistics and computational software, and can significantly increase com-
plexity in analyzing RNA- seq results. Furthermore, not all reads are mapped 
to unique locations on the genome. When a read maps equally well to multi-
ple genes, there will be ambiguity as to the identity of the transcript. Multi- 
mapped reads can be discarded during data processing, or assigned in an 
unbiased manner using modeling approaches (Liao et al., 2014; Anders et al., 
2015; Schmid and Grossniklaus, 2015), but either way information may be 
lost. A survey of best practices for RNA- seq data analysis has been published 
(Conesa et al., 2016) and the data analysis should be tailored to the research 
question.
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If an experiment only calls for quantification of transcripts present, a 
cheaper and simpler alternative to full- scale RNA sequencing is 3′ RNA- seq 
(Torres et  al., 2008). Borrowing concepts from SAGE, only the 3′ end of a 
transcript is sequenced. This removes over- counting bias of long transcripts, 
as each transcript results in a single read, greatly simplifying bioinformat-
ic analysis. 3′ RNA sequencing is especially useful in measuring transcript 
abundance in non- model organisms, as the need for a sequenced genome is 
eliminated (Tandonnet and Torres, 2017). In addition, fewer reads need to be 
generated, reducing sequencing costs. The major downside of 3′ RNA- seq is 
that isoform data will not be captured unless the differences in the isoforms 
are close to the 3′ end. Furthermore, in the case of organisms lacking a se-
quenced genome, most of the transcript sequence is left unknown.

Several developing technologies today are attempting to circumvent the 
issues of short reads by applying long- read sequencing technologies to tran-
scriptomics. Pacific Biosciences (PacBio) has recently begun advertising its 
Single Molecule Real- Time (SMRT) sequencing technology as an effective al-
ternative for RNA- seq experiments, termed Iso- Seq, which was first demon-
strated to effectively capture a complete transcriptome by Wang et al. (2016). 
With average read lengths of 30,000 bases at time of writing, entire mRNA 
molecules can be sequenced without need for fragmentation. While the tech-
nology has a higher cost per base pair of sequencing, it essentially elimi-
nates the need for bioinformatic processing to produce analyzable data. In 
addition, this has strong applications in identifying novel splice variants that 
may be missed with short- read technology, which requires estimating iso-
form presence using exon–intron boundaries and other subtle signals (Feng 
et  al., 2011). A competing technology from Oxford Nanopore Technologies 
also promises incredibly long reads from single molecules, although at pre-
sent higher error rate and consistency have been a concern (Garalde et al., 
2018; Weirather et al., 2017).

1.3 Case Studies of Transcriptomics in Entomology

1.3.1 Development and morphology

When studying development in any organism, transcriptomics provides sig-
nificant insights where genomics alone might falter. Since the genome of an 
individual is essentially identical in every cell throughout its lifetime, simply 
sequencing its genome would provide little context as to what guides the 
complex stages of development. This is especially relevant when studying 
holometabolous insects that undergo metamorphosis. Several transcriptom-
ic studies have been dedicated to elucidating these processes by taking a 
transcriptomic ‘snapshot’ at multiple stages of development (Akbari et al., 
2013; Jones et al., 2015; Shrestha et al., 2017). Studies have also been conduct-
ed on the earliest stages of embryogenesis to examine the maternal to zy-
gotic transition of RNA, a critical moment in which a developing organism 
switches from relying on maternally deposited mRNA to transcribing their 
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own endogenous mRNA (Ewen- Campen et al., 2011; Morrow et al., 2014; Ylla 
et  al., 2018). Comparative analysis can even be performed on different or-
gans: Wang et al. (2016) sequenced mRNAs from the spinnerets and Filippi’s 
glands of the silkworm, which are both known to be involved in silk produc-
tion, in an effort to better characterize the contribution of each gland to silk 
production. Their analysis suggested that Filippi’s glands may be supporting 
silk formation in the spinnerets through the transport of necessary ions and 
amino acids (Wang et al., 2016).

The field of forensic entomology has made use of unique transcriptomic 
signatures at each life stage of the blowfly Calliphora vicina for determining 
the minimum time of death (Zajac et  al., 2018). Blowflies lay their eggs in 
dead animals and humans, and have a temperature- regulated life cycle con-
sisting of egg- laying within 24 h, followed by a larval stage in which the larva 
feeds on the body and steadily grows, before leaving the body and pupating 
nearby to emerge as an adult blowfly. Traditionally, forensic scientists relied 
on the length of the larva to estimate its age (Donovan et al., 2006). However, 
using life- stage- specific gene expression markers to precisely identify age 
of larva has shown some promise (Tarone and Foran, 2011; Boehme et  al., 
2013; Abdel- Ghaffer et al., 2014). Zajac et al. (2018) generated transcriptomes 
of individual blowfly larvae at three different incubation temperatures each 
day from hatching to pupation. With this, they were able to identify genes 
expressed only at specific developmental windows at extremely high levels. 
Furthermore, they ensured that expression levels of these markers are inde-
pendent of the rearing temperatures. This allowed them to develop a qPCR 
assay of 15 markers that allowed accurate prediction of blowfly larva age to 
within a day.

1.3.2 Studying phenotype plasticity

Transcriptomics can often reveal much about the adaptability and wide- 
ranging phenotypes present within a single species that genomics alone 
would not be able to capture. One of the most striking forms of phenotyp-
ic plasticity is diapause, in which insects enter a hibernation- like state of 
low metabolism and reproduction and enhanced cold tolerance to survive 
through winter months (Hahn and Denlinger, 2011). Researchers have used 
transcriptomics to study this phenomenon in a wide range of arthropods, 
such as moths, mosquitoes, Drosophila spp., and mites (Kang et  al., 2016; 
Shearer et al., 2016; Zhao et al., 2017; Deng et al., 2018).

Polyphenism is a phenomenon in which distinct morphs can arise from 
a genetically similar background. This includes insects that develop highly 
complex caste systems and live in large social groups. Honey bees have been 
studied with regard to the development of reproductive systems in worker 
bees versus queens (Hartfelder et  al., 2018), and the key genes have been 
identified in the development of soldier castes of subterranean termites (Wu 
et al., 2018). Another excellent example of polyphenism is the swarming lo-
cust, Locusta migratoria. In this case, locusts can exist as a solitary morph or 
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as a swarming gregarious morph, the latter of which is often a serious con-
cern for agriculture as large swarms devour crops (Roberts, 2015). Seeking 
to understand the physiological underpinnings of this switch in morphs, the 
locust genome was recently sequenced and used in conjunction with tran-
scriptome data to identify key differentially regulated genes (Wang et  al., 
2014). By comparing the transcriptomes of locust nymph brains, nearly 4900 
genes were found to be differentially expressed and 45 genes exhibiting al-
ternative splicing. Gregarious morphs expressed more transcripts related to 
metabolic pathways and synaptic transmission, suggesting high rates of neu-
ronal plasticity.

A transcriptomics approach was also used to assess wing polymorphism 
in Gryllus firmus, the sand field cricket. Sand field crickets exhibit three 
morphs: a long- winged flying morph, a short- winged flightless morph, and 
a long- winged morph that loses its ability to fly as an adult through hys-
tolized wing muscles (Zera et al., 1997). The morphs have differential repro-
ductive success, with the flying morph having significantly lower rates of 
oviposition relative to the non- flying morphs (Zera, 2003, 2009). While many 
studies have been focused on determining the role of fitness in this phenom-
enon, fewer efforts have been dedicated to understanding the mechanism 
underlying this polyphenism (Harrison, 1980; Roff, 1984; Zera et al., 1997). 
Nanoth Vellichirammal et al. (2014) took an RNA- seq approach to this prob-
lem to compare the transcriptomes of the morphs. As a reference genome is 
not yet available for the cricket, a de novo transcriptome assembly was gen-
erated by taking a subset of the collected samples to create a reference tran-
scriptome for read mapping to enable transcript quantification. To further 
increase the tissue- specific resolution of their analysis, RNA samples were 
extracted from dissected wing muscles and fat bodies, focusing on the or-
gans involved in flight and reproduction, respectively. In comparing the two 
flightless morphs, 49% of the discovered genes were found to be significantly 
differentially expressed in wing muscles, with most of those being involved 
in proteolytic pathways up- regulated in the flightless wing muscles. They 
were also able to detect reduced mitochondrial genes in the flightless morphs 
and identify genes potentially involved in the increased muscle respiration 
rates of long- wing flying morphs that had been previously characterized 
(Zera et al., 1997). In examining the fat bodies, while a much smaller count of 
differentially expressed genes were identified between long- and short- wing 
morphs, increased expression of lipid synthesis pathways were detected in 
long- wing morphs, which coincides with the increased energy storage re-
quirements of flight (Zera and Larsen, 2001). Overall, they identified spe-
cific genes that corroborated previous physiological studies, highlighting the 
power of transcriptomics.

1.3.3 Host switching plasticity

Another area in which transcriptomics excels at providing information is 
in studying host switching, which is often of interest when investigating 
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invasive species or host–prey interactions. In contrast to the typical ‘gene 
mutation first’ theory of adaptation, a more recent alternate theory proposes 
a ‘plasticity first’ approach, in which generalist species first use their exist-
ing gene pool to occupy a new niche, before eventually evolving specialized 
genes (De Koning et  al., 1980). This suggests a special importance of gen-
eralists in the evolution and diversification of organisms. An example of a 
generalist is Trichoplusia ni, the cabbage looper, a moth whose larval stage is a 
common pest of brassicas such as cabbage, broccoli, and kale. While the loop-
er prefers brassicas, it is able to survive on over 60 species of plants, including 
celery, tobacco, peas, maize, and tomato (Eichlin and Cunningham, 1978). As 
many plant species contain their own unique defense mechanisms against 
insect herbivores, saliva of many herbaceous insects contains compounds to 
combat plant immune systems, and plants often simultaneously recognize 
specific insect species by unique proteins in their saliva (De Koning et  al., 
1980; Maffei et al., 2004; Maischak et al., 2007;Vadassery et al., 2012). Rivera- 
Vega et  al. (2017) were interested in determining whether cabbage loopers 
could change their salivary outputs based on the host they were currently 
feeding on. This could enable efficient expression of specific defense tran-
scripts unique to the current host, instead of expressing all defensive salivary 
genes constantly. To this end, Rivera- Vega et al. (2017) conducted an RNA- seq 
analysis on salivary glands of 5th- instar cabbage looper, raised on either live 
cabbage (preferred host), live tomato (non- preferred), or artificial pinto bean 
diet (preferred). Since a cabbage looper genome had not been published at the 
time, reads were grouped de novo into gene clusters, and the identified gene 
sequences were identified by using BLAST (Basic Local Alignment Search 
Tool) to identify homologs in the Bombyx mori (silkworm) genome. From this 
they identified that while only 4% of total transcripts were differentially reg-
ulated between loopers reared on either artificial or cabbage diet, 18% of the 
transcriptome was differentially regulated between loopers reared on either 
cabbage or tomato, proving that the salivary gland transcriptome is highly 
plastic. These included transcripts related to immunity, digestion, and de-
toxification. While this particular study was only able to identify about half 
of the genes discovered based on silkworm gene homology, a recently pub-
lished high- quality genome of cabbage looper would likely further improve 
identification of differentially expressed genes (Blissard et al., 2018), a perfect 
example of how differing ‘-omics’ technologies can complement one another.

In contrast to the generalist plasticity observed in the cabbage looper, the 
parasite Varroa jacobsoni (varroa mite) is an example of a specialist that sud-
denly ‘hopped’ from parasitizing Apis cerana (Asian honeybee) to Apis mellif-
era (European honeybee) as recently as 2008 (Roberts et al., 2015). Previously, 
V. jacobsoni had been observed living on A. mellifera brood but being unable 
to reproduce. The ability of some haplotypes of V. jacobsoni to now reproduce 
on A. mellifera alarmingly mimics host switching of Varroa destructor from A. 
cerana to A. mellifera in the 1950s, an adaptation that has spelled disaster for 
beekeepers worldwide due to the devastating impact of V. destructor on honey 
bee health today (Ellis and Nalen, 2010; Oldroyd, 1999). Andino et al. (2016) 
attempted to uncover the mechanism by which V. jacobsoni transitioned to 
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the European honey bee using RNA- seq. They obtained field RNA samples 
of V. jacobsoni that were reproducing on either A. cerana or A. mellifera. As a 
quality draft genome of V. destructor was available, Andino et al. (2016) were 
able to combine a de novo transcriptome assembly with a guided assembly of 
V. jacobsoni using the V. destructor genome, after which reads were mapped 
back to quantify transcript abundance. By comparing the transcript counts 
between the two conditions, they conservatively identified 267 differentially 
expressed genes, with 264 of these being up- regulated in mites reproducing 
on A. mellifera. Of these, increased expression of mitochondrial genes and 
metabolic pathways were observed, which suggested increased stress on V. 
jacobsoni as they adapt to this new host.

1.3.4 Interspecies comparisons

While differential expression analysis is most commonly applied to a single 
species being subjected to specific experimental conditions, transcriptomics 
can also be used to compare the experimental responses of closely related 
species to understand underlying mechanisms for phenotypic differences. 
As long as the species are closely related enough to identify homologous 
genes, differential analysis can be performed by comparing the experimental 
treatment RNA- seq profile of each species back to a control of the same spe-
cies. This allows identification of differential expression that is due to treat-
ment conditions, not the inherent differences that might exist between the 
species (Luo et  al., 2014; LoVerso and Cui, 2015; Archer et  al., 2016). Such 
was the approach used by Hoedjes et al. (2015) in order to identify key genes 
involved in long- term memory formation in two species of Nasonia, a genus 
of wasps that parasitize fly larva (Beukeboom and Desplan, 2003). Nasonia 
are able to form short- (STM) and long- term memories (LTM) associating 
odors with food sources; however, requirements for long- term memory for-
mation differ between species. Nasonia giraulti requires multiple condition-
ing events, spaced several days apart, before a particular odor is associated 
with prey, while Nasonia vitripennis is able to form LTM of an odor with only 
a single conditioning event (Hoedjes and Smid, 2014). To identify key causa-
tive genes for these contrasting phenotypes, Hoedjes et  al. (2015) exposed 
both species to a food source with or without a conditioning odor, and after 
allowing feeding, collected RNA samples from heads at 4 h and 24 h post 
feeding and performed standard RNA- seq using strand- specific sequencing. 
Protein- coding transcripts were identified by alignment with a proteome 
database of V. vitripennis, which allowed for determination of sense versus 
antisense transcripts, while any transcripts not mapping to a protein were 
checked against a non- coding RNA database. From this analysis, they identi-
fied genes that were only differentially expressed in V. vitripennis when pre-
sented with prey with or without a conditioning odor. These genes, involved 
in Ras and Rho signaling cascades, glutamate receptors, and PI3K signaling, 
have previously been associated with LTM in mice and chickadees, suggest-
ing a well- conserved mechanism of LTM. In addition, they discovered genes 



14 Kyle M. Lewald and Joanna C. Chiu

that were only differentially expressed in V. giraulti, which could suggest an 
LTM inhibitory mechanism.

1.3.5 Phylogenomics

In addition to comparative analysis, transcriptomics has recently been used 
in the field of phylogenomics (Misof et al., 2014; Wang et al., 2017; Darwell 
et al., 2018; Fernández et al., 2018; Miller et al., 2018). Up until the mid- 20th 
century, phylogenies were essentially constructed using morphology to dis-
tinguish species and determine ancestry history. The advent of sequencing 
technology in the 1980s enabled researchers to distinguish species and build 
phylogenetic trees based on DNA ‘barcoding’ genes that were commonly 
variable between species, such as the mitochondrial cytochrome oxidase 
subunit 1 (CO1) gene in animals (Hebert et al., 2004; Smith et al., 2007). By 
aligning genes between sequences and identifying base substitutions, dele-
tions, and insertions, it became possible to treat each of these changes as in-
dependent ‘characters’. These molecular characters are unambiguous (A, G, 
C, or T) and easily converted into data formats amenable to statistical analy-
sis (Brown, 2002). In addition, a single experiment can provide hundreds 
to hundreds of thousands of traits with ease, depending on the sequencing 
strategy used. In the past few years, it has become more and more feasible to 
do large sequencing comparisons of entire genomes or transcriptomes across 
species to generate more information to build accurate phylogenies. Early 
large- scale experiments used EST datasets, while more recent experiments 
use RNA- seq data (Cannon and Kocot, 2016).

Transcriptomic methods have been applied in identifying phylogenetic 
relationships between all orders of insects. The earliest records of insect fos-
sils date to approximately 400 million years ago in the Devonian period, with 
no fossils existing before this. However, some of the fossil data, as well as 
previous molecular phylogenetics work, suggested that insects arose earlier, 
between the Silurian or even Cambrian period (Engel and Grimaldi, 2004; 
Rota- Stabelli et al., 2013). In an attempt to resolve these discrepancies, 102 
insect transcriptomes were sequenced de novo, spanning all known orders 
of insects (Misof et al., 2014). From this massive amount of data, they used 
1478 genes to generate a phylogenetic tree of all insects, using both nucleo-
tide sequence- based methods as well as amino acid sequence- based method. 
Their results indicated that insects originated in the early Ordovician period, 
essentially concurrently with or just after land colonization by plants (Morris 
et al., 2018). They also provided evidence supporting previous theories on the 
evolution of flight during the Devonian period (Engel and Grimaldi, 2004), 
and helped to corroborate previous phylogenetic groupings of silverfish, 
Holometabola, and Polyneoptera (Wiegmann et al., 2009; Ishiwata et al., 2011; 
Yoshizawa, 2011; Blanke et al., 2014).

Once these massive sets of data are published, they can easily be lever-
aged by other researchers for a variety of further questions, such as trac-
ing the evolution of a specific gene. One such gene of interest is doublesex 
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(dsx), which has been identified as responsible for sex determination in 
several orders of insects as well as crustaceans and arachnids (Coschigano 
and Wensink, 1993; Toyota et al., 2013; Wang et al., 2014; Pomerantz and 
Hoy, 2015; Ledón- Rettig et al., 2017). In insects, alternative splicing of dsx 
leads to sex- specific development, while in the crustacean Daphnia magna 
and arachnid Metaseiulus occidentalis this is not the case. Price et al. (2015) 
wanted to determine how prevalent dsx was across all orders of insects by 
accessing publicly available transcriptome data, including the Misof et al. 
(2014) data mentioned above. From their analysis, it was revealed that dsx 
was present in nearly every order of insect. In addition, evidence of al-
ternative splicing was found in several orders, including basal lineages, 
suggesting alternative splicing as a mechanism for sex determination was 
present in the most recent common ancestor of insects. They were also able 
to detect a loss in gene copy; both D. magna and M. occidentalis contain two 
copies of dsx, while only seven of the 32 insect orders had evidence of a 
second gene copy.

1.4 Conclusion

While powerful strides are being made today in elucidating insect morphol-
ogy, evolution, and development, future technology and innovation promise 
much greater advances in knowledge. Long molecule sequencing, now and 
in the near future, will allow for improved read mapping and identification 
of isoforms. These new technologies will also reduce steps in RNA- seq bio-
informatic analysis, a current major bottleneck in many of these studies. The 
advent of single- cell RNA sequencing, such as the 10X Genomics Chromium 
technology, will continue to improve resolution of RNA- seq and provide 
unprecedented cell- type specific transcriptomic profiling without the need 
for intensive manual dissections or preparative work. With time, these tech-
niques will result in less effort being spent on sample preparation and bioin-
formatic preprocessing, and more effort dedicated to better annotation and 
elucidation of gene function.

Acknowledgements

Research in our laboratory is supported by NIH R01 GM102225, NSF IOS 1456297, 
USDA SCRI 2015-51181-24252, and USDA NIFA CA- D- ENM-2150- H awarded to JCC.

References

Abdel- Ghaffer, H., Abd- Elmottelb, M. and Zaky, A. (2014) Age- dependent gene expres-
sion of blow fly Lucilia cuprina (Diptera: Calliphoridae) during egg development im-
proving age estimation in forensic entomology. Journal of Forensic Research 5(5), 1. DOI: 
10.4172/2157-7145.1000238.



16 Kyle M. Lewald and Joanna C. Chiu

Adams, M.D., Celniker, S.E., Holt, R.A., Evans, C.A., Gocayne, J.D. et  al. (2000) The ge-
nome sequence of Drosophila melanogaster. Science 287(5461), 2185–2195. DOI: 10.1126/
science.287.5461.2185.

Akbari, O.S., Antoshechkin, I., Sandler, J., Hay, B.A., Williams, B. et al. (2013) The developmen-
tal transcriptome of the mosquito Aedes aegypti, an invasive species and major arbovirus 
vector. Genes|Genomes|. Genetics 3, 1493–1509.

Alwine, J.C., Kemp, D.J. and Stark, G.R. (1977) Method for detection of specific RNAs in 
agarose gels by transfer to diazobenzyloxymethyl- paper and hybridization with DNA 
probes. Proceedings of the National Academy of Sciences 74(12), 5350–5354. DOI: 10.1073/
pnas.74.12.5350.

Anders, S., Pyl, P.T. and Huber, W. (2015) HTSeq- A Python framework to work with high- 
throughput sequencing data. Bioinformatics 31(2), 166–169. DOI: 10.1093/bioinformatics/
btu638.

Andino, G.K., Gribskov, M., Anderson, D.L., Evans, J.D. and Hunt, G.J. (2016) Differential gene 
expression in Varroa jacobsoni mites following a host shift to European honey bees (Apis 
mellifera). BMC Genomics 17(1), 926. DOI: 10.1186/s12864-016-3130-3.

Archer, D.B., Velasco de Castro Oliveira, J., van Munster, J.M., Blythe, M.J., Sang, F. et al. (2016) 
Transcriptomic responses of mixed cultures of ascomycete fungi to lignocellulose using 
dual RNA- seq reveal inter- species antagonism and limited beneficial effects on CAZyme 
expression. Fungal Genetics and Biology 102, 4–21.

Ardui, S., Ameur, A., Vermeesch, J.R. and Hestand, M.S. (2018) Single molecule real- time 
(SMRT) sequencing comes of age: applications and utilities for medical diagnostics. 
Nucleic Acids Research 46(5), 2159–2168. DOI: 10.1093/nar/gky066.

Audic, S. and Claverie, J.M. (1997) The significance of digital gene expression profiles. Genome 
Research 7(10), 986–995. DOI: 10.1101/gr.7.10.986.

Bainbridge, M.N., Warren, R.L., Hirst, M., Romanuik, T., Zeng, T. et al. (2006) Analysis of the 
prostate cancer cell line LNCaP transcriptome using a sequencing- by- synthesis approach. 
BMC Genomics 7(1), 246. DOI: 10.1186/1471-2164-7-246.

Bass, C., Hebsgaard, M.B. and Hughes, J. (2012) Genomic resources for the brown planthopper, 
Nilaparvata lugens: transcriptome pyrosequencing and microarray design. Insect Science 
19(1), 1–12. DOI: 10.1111/j.1744-7917.2011.01440.x.

Beukeboom, L. and Desplan, C. (2003) Nasonia. Current Biology 13(22), R860–R860. DOI: 
10.1016/j.cub.2003.10.042.

Blanke, A., Koch, M., Wipfler, B., Wilde, F. and Misof, B. (2014) Head morphology of 
Tricholepidion gertschi indicates monophyletic Zygentoma. Frontiers in Zoology 11(1), 16. 
DOI: 10.1186/1742-9994-11-16.

Blissard, G., Chen, W., Wang, P., Hegedus, D., Song, X. et al. (2018) A high- quality chromosome- 
level genome assembly of a generalist herbivore, Trichoplusia ni. Molecular Ecology Resources 
19, 485–496.

Boehme, P., Spahn, P., Amendt, J. and Zehner, R. (2013) Differential gene expression dur-
ing metamorphosis: a promising approach for age estimation of forensically important 
Calliphora vicina pupae (Diptera: Calliphoridae). International Journal of Legal Medicine 127(1), 
243–249. DOI: 10.1007/s00414-012-0699-1.

Brown, T. (2002) Genomes. Wiley- Liss, Oxford, UK.
Cannon, J.T. and Kocot, K.M. (2016) Phylogenomics using transcriptome data. Methods in 

Molecular Biology 1452, 65–80.
Churchman, L.S. and Weissman, J.S. (2011) Nascent transcript sequencing visualizes transcrip-

tion at nucleotide resolution. Nature 469(7330), 368–373. DOI: 10.1038/nature09652.
Conesa, A., Madrigal, P., Tarazona, S., Gomez- Cabrero, D., Cervera, A. et  al. (2016) A sur-

vey of best practices for RNA- seq data analysis. Genome Biology 17(1), 13. DOI: 10.1186/
s13059-016-0881-8.



17Harnessing Transcriptomics to Study Insect Biology

Core, L.J., Waterfall, J.J. and Lis, J.T. (2008) Nascent RNA sequencing reveals widespread 
pausing and divergent initiation at human promoters. Science 322(5909), 1845–1848. DOI: 
10.1126/science.1162228.

Coschigano, K.T. and Wensink, P.C. (1993) Sex- specific transcriptional regulation by the male 
and female doublesex proteins of Drosophila. Genes and Development 7(1), 42–54. DOI: 
10.1101/gad.7.1.42.

Darwell, C.T., Ayyampalayam, S., Leebens- Mack, J., Smith, C.I., Segraves, K.A. et  al. (2018) 
Phylogenomic reconstruction of transcriptome data confirms the basal position of 
Prodoxidae moths within the order Lepidoptera. Arthropod Systematics and Phylogeny 76, 
59–64.

De Koning, A.J., Budzelaar, P.H.M., Boersma, J. and van der Kerk, G.J.M. (1980) Specific and 
selective reduction of aromatic nitrogen heterocycles with the bis- pyridine complexes 
of bis(1,4- dihydro-1- pyridyl)zinc and bis(1,4- dihydro-1- pyridyl)magnesium. Journal of 
Organometallic Chemistry 199(2), 153–169. DOI: 10.1016/S0022-328X(00)83849-8.

Dean, J.D., Goodwin, P.H. and Hsiang, T. (2002) Comparison of relative RT- PCR and northern 
blot analyses to measure expression of β-1,3- glucanase in Nicotiana benthamiana infect-
ed with Colltotrichum destructivum. Plant Molecular Biology Reporter 20(4), 347–356. DOI: 
10.1007/BF02772122.

Deng, Y., Li, F., Rieske, L.K., Sun, L.-L. and Sun, S.-H. (2018) Transcriptome sequencing for 
identification of diapause- associated genes in fall webworm, Hyphantria cunea Drury. Gene 
668, 229–236. DOI: 10.1016/j.gene.2018.05.023.

Diaz, E. and Barisone, G.A. (2011) DNA Microarrays: Sample quality control, array hybridiza-
tion and scanning. Journal of Visualized Experiments 49(49), 2546. DOI: 10.3791/2546.

Dobin, A., Davis, C.A., Schlesinger, F., Drenkow, J., Zaleski, C. et al. (2013) STAR: Ultrafast 
universal RNA- seq aligner. Bioinformatics 29(1), 15–21. DOI: 10.1093/bioinformatics/
bts635.

Dölken, L., Ruzsics, Z., Rädle, B., Friedel, C.C., Zimmer, R. et al. (2008) High- Resolution gene 
expression profiling for simultaneous kinetic parameter analysis of RNA synthesis and 
decay. RNA 14(9), 1959–1972. DOI: 10.1261/rna.1136108.

Donovan, S.E., Hall, M.J.R., Turner, B.D. and Moncrieff, C.B. (2006) Larval growth rates of the 
blowfly, Calliphora vicina, over a range of temperatures. Medical and Veterinary Entomology 
20(1), 106–114. DOI: 10.1111/j.1365-2915.2006.00600.x.

Eichlin, T.D. and Cunningham, H.B. (1978) The Plusiinae (Lepidoptera: Noctuidae) of America 
north of Mexico, emphasizing genitalic and larval morphology. Technical Bulletin 1567 14–
15, US Department of Agriculture, Washington, DC.

Ellis, J.D. and Nalen, C.M.Z. (2010) Varroa Mite, Varroa destructor Anderson and Trueman. 
Entomology and Nematology Dept, UF/IFAS Extension. University of Florida, Gainesville, 
Florida.

Engel, M.S. and Grimaldi, D.A. (2004) New light shed on the oldest insect. Nature 427(6975), 
627–630. DOI: 10.1038/nature02291.

Ewen- Campen, B., Shaner, N., Panfilio, K.A., Suzuki, Y., Roth, S. et al. (2011) The maternal and 
early embryonic transcriptome of the milkweed bug Oncopeltus fasciatus. BMC Genomics 
12(1), 61. DOI: 10.1186/1471-2164-12-61.

Fehr, J.E., Trotter, G.W., Oxford, J.T. and Hart, D.A. (2000) Comparison of Northern blot hybrid-
ization and a reverse transcriptase- polymerase chain reaction technique for measurement 
of mRNA expression of metalloproteinases and matrix components in articular cartilage 
and synovial membrane from horses with osteoarthritis. American Journal of Veterinary 
Research 61(8), 900–905. DOI: 10.2460/ajvr.2000.61.900.

Feng, J., Li, W. and Jiang, T. (2011) Inference of isoforms from short sequence reads. Journal of 
Computational Biology 18(3), 305–321. DOI: 10.1089/cmb.2010.0243.



18 Kyle M. Lewald and Joanna C. Chiu

Fernández, R., Kallal, R.J., Dimitrov, D., Ballesteros, J.A., Arnedo, M.A. et  al. (2018) 
Phylogenomics, diversification dynamics, and comparative transcriptomics across the 
spider tree of life. Current Biology 28(13), 2190–2193. DOI: 10.1016/j.cub.2018.06.018.

Friedberg, T., Grassow, M.A. and Oesch, F. (1990) Selective detection of mRNA forms encoding 
the major phenobarbital inducible cytochromes P450 and other members of the P450IIB 
family by the RNAse A protection assay. Archives of Biochemistry and Biophysics 279(1), 
167–173. DOI: 10.1016/0003-9861(90)90477-G.

Garalde, D.R., Snell, E.A., Jachimowicz, D., Sipos, B., Lloyd, J.H. et al. (2018) Highly parallel 
direct RNA sequencing on an array of nanopores. Nature Methods 15(3), 201–206. DOI: 
10.1038/nmeth.4577.

Geniza, M. and Jaiswal, P. (2017) Tools for building de novo transcriptome assembly. Current 
Plant Biology 11–12, 41–45. DOI: 10.1016/j.cpb.2017.12.004.

Green, M.R. and Sambrook, J. (2018) Quantification of RNA by Real- Time Reverse 
Transcription- Polymerase Chain Reaction (RT- PCR). Cold Spring Harbor Protocols 2018(10), 
pdb.prot095042. DOI: 10.1101/pdb.prot095042.

Guerrero, F.D., Dowd, S.E., Sun, Y., Saldivar, L., Wiley, G.B. et al. (2009) Microarray analysis of 
female- and larval- specific gene expression in the horn fly (Diptera: Muscidae). Journal of 
Medical Entomology 46(2), 257–270. DOI: 10.1603/033.046.0210.

Hahn, D.A. and Denlinger, D.L. (2011) Energetics of insect diapause. Annual Review of 
Entomology 56(1), 103–121. DOI: 10.1146/annurev-ento-112408-085436.

Hargreaves, A.D. and Mulley, J.F. (2015) Assessing the utility of the Oxford Nanopore 
MinION for snake venom gland cDNA sequencing. PeerJ 3(3), e1441. DOI: 10.7717/
peerj.1441.

Harrison, R.G. (1980) Dispersal polymorphisms in insects. Annual Review of Ecology and 
Systematics 11(1), 95–118. DOI: 10.1146/ annurev. es. 11. 110180. 000523.

Hartfelder, K., Tiberio, G.J., Lago, D.C., Dallacqua, R.P. and Bitondi, M.M.G. (2018) The ovary 
and its genes – developmental processes underlying the establishment and function of a 
highly divergent reproductive system in the female castes of the honey bee, Apis mellifera. 
Apidologie 49(1), 49–70. DOI: 10.1007/s13592-017-0548-9.

Hebert, P.D.N., Penton, E.H., Burns, J.M., Janzen, D.H. and Hallwachs, W. (2004) Ten spe-
cies in one: DNA barcoding reveals cryptic species in the neotropical skipper butterfly 
Astraptes fulgerator. Proceedings of the National Academy of Sciences 101(41), 14812–14817. 
DOI: 10.1073/pnas.0406166101.

Higuchi, R., Fockler, C., Dollinger, G. and Watson, R. (1993) Kinetic PCR analysis: real- time 
monitoring of DNA amplification reactions. Nature Biotechnology 11(9), 1026–1030. DOI: 
10.1038/nbt0993-1026.

Hoedjes, K.M. and Smid, H.M. (2014) Natural variation in long- term memory formation 
among Nasonia parasitic wasp species. Behavioural Processes 105, 40–45. DOI: 10.1016/j.
beproc.2014.02.014.

Hoedjes, K.M., Smid, H.M., Schijlen, E.G.W.M., Vet, L.E.M. and van Vugt, J.J.F.A. (2015) 
Learning- induced gene expression in the heads of two Nasonia species that differ in long- 
term memory formation. BMC Genomics 16(1), 162. DOI: 10.1186/s12864-015-1355-1.

Hunter, W.B., Dang, P.M., Bausher, M.G., Chaparro, J.X., McKendree, W. et al. (2003) Aphid 
biology: expressed genes from alate Toxoptera citricida, the brown citrus aphid. Journal of 
Insect Science 3(23), 1–7. DOI: 10.1673/031.003.2301.

Husseneder, C., McGregor, C., Lang, R.P., Collier, R. and Delatte, J. (2012) Transcriptome 
profiling of female alates and egg- laying queens of the Formosan subterranean termite. 
Comparative Biochemistry and Physiology. Part D, Genomics & Proteomics 7, 14–27.

i5k Consortium (2013) The i5K initiative: advancing arthropod genomics for knowledge, hu-
man health, agriculture, and the environment. Journal of Heredity 104(5), 595–600. DOI: 
10.1093/jhered/est050.



19Harnessing Transcriptomics to Study Insect Biology

Ishiwata, K., Sasaki, G., Ogawa, J., Miyata, T. and Su, Z.-H. (2011) Phylogenetic relationships 
among insect orders based on three nuclear protein- coding gene sequences. Molecular 
Phylogenetics and Evolution 58(2), 169–180. DOI: 10.1016/j.ympev.2010.11.001.

Jones, B.M., Wcislo, W.T. and Robinson, G.E. (2015) Developmental transcriptome for a faculta-
tively eusocial bee, Megalopta genalis. Genes|Genomes|. Genetics 5, 2127–2135.

Kang, D.S., Cotten, M.A., Denlinger, D.L. and Sim, C. (2016) Comparative transcriptomics re-
veals key gene expression differences between diapausing and non- diapausing adults of 
Culex pipiens. PLoS ONE 11(4), e0154892. DOI: 10.1371/ journal. pone. 0154892.

Kim, T.H., Barrera, L.O., Zheng, M., Qu, C., Singer, M.A. et al. (2005) A high- resolution map 
of active promoters in the human genome. Nature 436(7052), 876–880. DOI: 10.1038/
nature03877.

Kubista, M., Sjögreen, B., Björkman, J., Forootan, A., Sjöback, R. et al. (2017) Methods to deter-
mine limit of detection and limit of quantification in quantitative real- time PCR (qPCR). 
Biomolecular Detection and Quantification 12, 1–6.

Ledón- Rettig, C.C., Zattara, E.E. and Moczek, A.P. (2017) Asymmetric interactions between 
doublesex and tissue- and sex- specific target genes mediate sexual dimorphism in beetles. 
Nature Communications 8(1), 14593. DOI: 10.1038/ncomms14593.

Lemetre, C. and Zhang, Z.D. (2013) A brief introduction to tiling microarrays: principles, con-
cepts, and applications. In: Lee, T.L. and Shui Luk, A.C. (eds) Tiling Arrays: Methods and 
Protocols. Humana Press, Totowa, New Jersey, pp. 3–19.

Leshkowitz, D., Gazit, S., Reuveni, E., Ghanim, M., Czosnek, H. et al. (2006) Whitefly (Bemisia ta-
baci) genome project: analysis of sequenced clones from egg, instar, and adult (viruliferous 
and non- viruliferous) cDNA libraries. BMC Genomics 7(1), 79. DOI: 10.1186/1471-2164-7-79.

Lewin, H.A., Robinson, G.E., Kress, W.J., Baker, W.J., Coddington, J. et  al. (2018) Earth 
BioGenome Project: sequencing life for the future of life. Proceedings of the National Academy 
of Sciences 115(17), 4325–4333. DOI: 10.1073/pnas.1720115115.

Liao, Y., Smyth, G.K. and Shi, W. (2014) FeatureCounts: an efficient general purpose program 
for assigning sequence reads to genomic features. Bioinformatics 30(7), 923–930. DOI: 
10.1093/bioinformatics/btt656.

Lister, R., O’Malley, R.C., Tonti- Filippini, J., Gregory, B.D., Berry, C.C. et al. (2008) Highly inte-
grated single- base resolution maps of the epigenome in Arabidopsis. Cell 133(3), 523–536. 
DOI: 10.1016/j.cell.2008.03.029.

LoVerso, P.R. and Cui, F. (2015) A computational pipeline for cross- species analysis of RNA- 
seq data using R and Bioconductor. Bioinformatics and Biology Insights 9, 165–174. DOI: 
10.4137/BBI.S30884.

Lowe, R., Shirley, N., Bleackley, M., Dolan, S. and Shafee, T. (2017) Transcriptomics technolo-
gies. PLoS Computational Biology 13(5), e1005457. DOI: 10.1371/ journal. pcbi. 1005457.

Luo, Y., Li, C., Landis, A.G., Wang, G., Stoeckel, J. et al. (2014) Transcriptomic profiling of differ-
ential responses to drought in two freshwater mussel species, the giant floater Pyganodon 
grandis and the pondhorn Uniomerus tetralasmus. PLoS ONE 9(2), e89481. DOI: 10.1371/ 
journal. pone. 0089481.

Maffei, M., Bossi, S., Spiteller, D., Mithöfer, A. and Boland, W. (2004) Effects of feeding Spodoptera 
littoralis on lima bean leaves. I. Membrane potentials, intracellular calcium variations, oral 
secretions, and regurgitate components. Plant Physiology 134(4), 1752–1762. DOI: 10.1104/
pp.103.034165.

Mahat, D.B., Kwak, H., Booth, G.T., Jonkers, I.H., Danko, C.G. et al. (2016) Base- pair- resolution 
genome- wide mapping of active RNA polymerases using precision nuclear run- on (PRO- 
seq). Nature Protocols 11(8), 1455–1476. DOI: 10.1038/nprot.2016.086.

Maischak, H., Grigoriev, P.A., Vogel, H., Boland, W. and Mithöfer, A. (2007) Oral secretions 
from herbivorous lepidopteran larvae exhibit ion channel- forming activities. FEBS Letters 
581(5), 898–904. DOI: 10.1016/j.febslet.2007.01.067.



20 Kyle M. Lewald and Joanna C. Chiu

McCarrey, J.R., Dilworth, D.D. and Sharp, R.M. (1992) Semiquantitative analysis of X- linked 
gene expression during spermatogenesis in the mouse: ethidium- bromide staining 
of RT- PCR products. Genetic Analysis, Techniques and Applications 9(4), 117–123. DOI: 
10.1016/1050-3862(92)90051-6.

Miller, D.B., Bartlett, S., Sartori, M., Breinholt, J.W. and Ogden, T.H. (2018) Anchored phy-
logenomics of burrowing mayflies (Ephemeroptera) and the evolution of tusks. Systematic 
Entomology 43(4), 692–701. DOI: 10.1111/syen.12298.

Misof, B., Liu, S., Meusemann, K., Peters, R.S., Donath, A. et al. (2014) Phylogenomics resolves 
the timing and pattern of insect evolution. Science 346(6210), 763–767. DOI: 10.1126/
science.1257570.

Mocharla, H., Mocharia, R. and Hodes, M. (1990) Coupled reverse transcription- polymerase 
chain reaction (RT- PCR) as a sensitive and rapid method for isozyme genotyping. Gene 
93(2), 271–275. DOI: 10.1016/0378-1119(90)90235-J.

Morris, J.L., Puttick, M.N., Clark, J.W., Edwards, D., Kenrick, P. et al. (2018) The timescale of 
early land plant evolution. Proceedings of the National Academy of Sciences 115(10), E2274–
E2283. DOI: 10.1073/pnas.1719588115.

Morrison, T.B., Weis, J.J. and Wittwer, C.T. (1998) Quantification of lowcopy transcripts by 
continuous SYBR® green I monitoring during amplification. BioTechniques 24, 954–962.

Morrow, J.L., Riegler, M., Gilchrist, A., Shearman, D.C.A. and Frommer, M. (2014) 
Comprehensive transcriptome analysis of early male and female Bactrocera jarvisi embry-
os. BMC Genetics 15(Suppl. 2), S7. DOI: 10.1186/1471-2156-15-S2-S7.

Mortazavi, A., Williams, B.A., McCue, K., Schaeffer, L. and Wold, B. (2008) Mapping and 
quantifying mammalian transcriptomes by RNA- Seq. Nature Methods 5(7), 621–628. DOI: 
10.1038/nmeth.1226.

Muse, G.W., Gilchrist, D.A., Nechaev, S., Shah, R., Parker, J.S. et al. (2007) RNA polymerase is 
poised for activation across the genome. Nature Genetics 39(12), 1507–1511. DOI: 10.1038/
ng.2007.21.

Myers, R.M., Larin, Z. and Maniatis, T. (1985) Detection of single base substitutions by ribonu-
clease cleavage at mismatches in RNA:DNA duplexes. Science 230(4731), 1242–1246. DOI: 
10.1126/science.4071043.

Nagalakshmi, U., Wang, Z., Waern, K., Shou, C., Raha, D. et al. (2008) The transcriptional land-
scape of the yeast genome defined by RNA sequencing. Science 320(5881), 1344–1349. DOI: 
10.1126/science.1158441.

Nanoth Vellichirammal, N., Zera, A.J., Schilder, R.J., Wehrkamp, C., Riethoven, J.-J.M. et  al. 
(2014) De novo transcriptome assembly from fat body and flight muscles transcripts to 
identify morph- specific gene expression profiles in Gryllus firmus. PLoS ONE 9(1), e82129. 
DOI: 10.1371/ journal. pone. 0082129.

Okubo, K., Hori, N., Matoba, R., Niiyama, T., Fukushima, A. et al. (1992) Large scale cDNA 
sequencing for analysis of quantitative and qualitative aspects of gene expression. Nature 
Genetics 2(3), 173–179. DOI: 10.1038/ng1192-173.

Oldroyd, B.P. (1999) Coevolution while you wait: Varroa jacobsoni, a new parasite of 
western honeybees. Trends in Ecology & Evolution 14(8), 312–315. DOI: 10.1016/
S0169-5347(99)01613-4.

Opyrchal, M., Anderson, J.R., Sokoloski, K.J., Wilusz, C.J. and Wilusz, J. (2005) A cell- free 
mRNA stability assay reveals conservation of the enzymes and mechanisms of mRNA de-
cay between mosquito and mammalian cell lines. Insect Biochemistry and Molecular Biology 
35(12), 1321–1334. DOI: 10.1016/j.ibmb.2005.08.004.

Ote, M., Mita, K., Kawasaki, H., Seki, M., Nohata, J. et al. (2004) Microarray analysis of gene 
expression profiles in wing discs of Bombyx mori during pupal ecdysis. Insect Biochemistry 
and Molecular Biology 34(8), 775–784. DOI: 10.1016/j.ibmb.2004.04.002.



21Harnessing Transcriptomics to Study Insect Biology

Piatak, M., Luk, K.C., Williams, B. and Lifson, J.D. (1993) Quantitative competitive polymerase 
chain reaction for accurate quantitation of HIV DNA and RNA species. BioTechniques 14, 
70–81.

Pomerantz, A.F. and Hoy, M.A. (2015) Expression analysis of Drosophila doublesex, trans-
former-2, intersex, fruitless- like, and vitellogenin homologs in the parahaploid predator 
Metaseiulus occidentalis (Chelicerata: Acari: Phytoseiidae). Experimental and Applied Acarology 
65(1), 1–16. DOI: 10.1007/s10493-014-9855-2.

Price, D.C., Egizi, A. and Fonseca, D.M. (2015) The ubiquity and ancestry of insect doublesex. 
Scientific Reports 5(1), 13068. DOI: 10.1038/srep13068.

Rivera- Vega, L.J., Galbraith, D.A., Grozinger, C.M. and Felton, G.W. (2017) Host plant driven 
transcriptome plasticity in the salivary glands of the cabbage looper (Trichoplusia ni). PLoS 
ONE 12(8), e0182636. DOI: 10.1371/ journal. pone. 0182636.

Roberts, J.M.K., Anderson, D.L. and Tay, W.T. (2015) Multiple host shifts by the emerging 
honeybee parasite, Varroa jacobsoni. Molecular Ecology 24(10), 2379–2391. DOI: 10.1111/
mec.13185.

Roberts, K. (2015) NSW department of primary industries. locust damage in crops and pas-
tures. Available at: http://www. dpi. nsw. gov. au/__ data/ assets/ pdf_ file/ 0005/ 336983/ 
Locust- damage- in- crops- and- pastures. pdf (accessed 21 June 2019).

Roff, D.A. (1984) The cost of being able to fly: a study of wing polymorphism in two species of 
crickets. Oecologia 63(1), 30–37. DOI: 10.1007/BF00379781.

Rota- Stabelli, O., Daley, A. C. and Pisani, D. (2013) Molecular timetrees reveal a Cambrian 
colonization of land and a new scenario for ecdysozoan evolution. Current Biology 23(5), 
392–398. DOI: 10.1016/j.cub.2013.01.026.

Saiki, R., Gelfand, D., Stoffel, S., Scharf, S., Higuchi, R. et al. (1988) Primer- directed enzymatic 
amplification of DNA with a thermostable DNA polymerase. Science 239(4839), 487–491. 
DOI: 10.1126/science.239.4839.487.

Schena, M., Shalon, D., Davis, R. and Brown, P.O.R. (1995) Quantitative monitoring of gene 
expression patterns with a complementary DNA microarray. Science 270(5235), 467–470. 
DOI: 10.1126/science.270.5235.467.

Schmid, M.W. and Grossniklaus, U. (2015) Rcount: Simple and flexible RNA- Seq read count-
ing. Bioinformatics 31(3), 436–437. DOI: 10.1093/bioinformatics/btu680.

Schmid, M., Tudek, A. and Jensen, T.H. (2018) Simultaneous measurement of transcriptional 
and post- transcriptional parameters by 3′ end RNA- Seq. Cell Reports 24(9), 2468–2478. 
DOI: 10.1016/j.celrep.2018.07.104.

Shearer, P.W., West, J.D., Walton, V.M., Brown, P.H., Svetec, N. et al. (2016) Seasonal cues induce 
phenotypic plasticity of Drosophila suzukii to enhance winter survival. BMC Ecology 16(1), 
11. DOI: 10.1186/s12898-016-0070-3.

Shiraki, T., Kondo, S., Katayama, S., Waki, K., Kasukawa, T. et  al. (2003) Cap analysis gene 
expression for high- throughput analysis of transcriptional starting point and identifica-
tion of promoter usage. Proceedings of the National Academy of Sciences of the United States of 
America 100(26), 15776–15781. DOI: 10.1073/pnas.2136655100.

Shrestha, A., Champagne, D.E., Culbreath, A.K., Rotenberg, D., Whitfield, A.E. et  al. (2017) 
Transcriptome changes associated with Tomato spotted wilt virus infection in various 
life stages of its thrips vector, Frankliniella fusca (Hinds). Journal of General Virology 98(8), 
2156–2170. DOI: 10.1099/jgv.0.000874.

Smith, M.A., Wood, D.M., Janzen, D.H., Hallwachs, W. and Hebert, P.D.N. (2007) DNA bar-
codes affirm that 16 species of apparently generalist tropical parasitoid flies (Diptera, 
Tachinidae) are not all generalists. Proceedings of the National Academy of Sciences 104(12), 
4967–4972. DOI: 10.1073/pnas.0700050104.

https://www.dpi.nsw.gov.au/_data/assets/pdf_file/0005/336983/Locust-damage-in-crops-and-pastures.pdf
https://www.dpi.nsw.gov.au/_data/assets/pdf_file/0005/336983/Locust-damage-in-crops-and-pastures.pdf


22 Kyle M. Lewald and Joanna C. Chiu

Stalder, A.K., Pagenstecher, A., Kincaid, C.L. and Campbell, lain L. (1999) Analysis of gene 
expression by multiprobe RNase protection assay. In: Harry, J. and Tilson, H.A. (eds) 
Neurodegeneration Methods and Protocols. Humana Press, Totowa, New Jersey, pp. 53–66.

Su, S. and Huang, D. (2015) Northern blot. Protocol Exchange. DOI: 10.1038/protex.2015.080.
Tandonnet, S. and Torres, T.T. (2017) Traditional versus 3′ RNA- seq in a non- model species. 

Genomics Data 11, 9–16. DOI: 10.1016/j.gdata.2016.11.002.
Tarone, A.M. and Foran, D.R. (2011) Gene expression during blow fly development: improving 

the precision of age estimates in forensic entomology. Journal of Forensic Sciences 56(Suppl. 
1), S112–122. DOI: 10.1111/j.1556-4029.2010.01632.x.

Thomas, G.W.C., Dohmen, E., Hughes, D.S.T., Murali, S.C., Poelchau, M. et  al. (2018) The 
genomic basis of arthropod diversity. BioRxiv Genomics 382945.

Torres, T.T., Metta, M., Ottenwälder, B. and Schlötterer, C. (2008) Gene expression profiling by 
massively parallel sequencing. Genome Research 18(1), 172–177. DOI: 10.1101/gr.6984908.

Toyota, K., Kato, Y., Sato, M., Sugiura, N., Miyagawa, S. et  al. (2013) Molecular cloning of 
doublesex genes of four Cladocera (water flea) species. BMC Genomics 14(1), 239. DOI: 
10.1186/1471-2164-14-239.

Trapnell, C., Hendrickson, D.G., Sauvageau, M., Goff, L., Rinn, J.L. et  al. (2012) Differential 
analysis of gene regulation at transcript resolution with RNA- seq. Nature Biotechnology 
31(1), 46–53. DOI: 10.1038/nbt.2450.

Vadassery, J., Scholz, S.S. and Mithöfer, A. (2012) Multiple calmodulin- like proteins in 
Arabidopsis are induced by insect- derived (Spodoptera littoralis) oral secretion. Plant 
Signaling & Behavior 7(10), 1277–1280. DOI: 10.4161/psb.21664.

VanGuilder, H.D., Vrana, K.E. and Freeman, W.M. (2008) Twenty- five years of quantitative 
PCR for gene expression analysis. BioTechniques 44(5), 619–626. DOI: 10.2144/000112776.

Velculescu, V.E., Zhang, L., Vogelstein, B. and Kinzler, K.W. (1995) Serial analysis of gene ex-
pression. Science 270(5235), 484–487. DOI: 10.1126/science.270.5235.484.

Wang, X., Li, Y., Peng, L., Chen, H., Xia, Q. et al. (2016) Comparative transcriptome analysis 
of Bombyx mori spinnerets and Filippi's glands suggests their role in silk fiber formation. 
Insect Biochemistry and Molecular Biology 68, 89–99. DOI: 10.1016/j.ibmb.2015.11.003.

Wang, X.-Y., Zheng, Z.-Z., Song, H.-S. and Xu, Y.-Z. (2014) Conserved RNA cis- elements regu-
late alternative splicing of Lepidopteran doublesex. Insect Biochemistry and Molecular Biology 
44, 1–11. DOI: 10.1016/j.ibmb.2013.10.009.

Wang, Z., Gerstein, M. and Snyder, M. (2009) RNA- Seq: a revolutionary tool for transcriptom-
ics. Nature Reviews Genetics 10(1), 57–63. DOI: 10.1038/nrg2484.

Wang, B., Tseng, E., Regulski, M., Clark, T.A., Hon, T. et al. (2016) Unveiling the complexity of 
the maize transcriptome by single- molecule long- read sequencing. Nature Communications 
7(1), 11708. DOI: 10.1038/ncomms11708.

Wang, K., Hong, W., Jiao, H. and Zhao, H. (2017) Transcriptome sequencing and phylogenetic 
analysis of four species of luminescent beetles. Scientific Reports 7(1), 1814. DOI: 10.1038/
s41598-017-01835-9.

Wang, S. and Gribskov, M. (2017) Comprehensive evaluation of de novo transcriptome as-
sembly programs and their effects on differential gene expression analysis. Bioinformatics 
33, 327–333.

Wang, X., Fang, X., Yang, P., Jiang, X., Jiang, F. et al. (2014) The locust genome provides insight 
into Swarm formation and long- distance flight. Nature Communications 5(1), 2957. DOI: 
10.1038/ncomms3957.

Weirather, J.L., de Cesare, M., Wang, Y., Piazza, P., Sebastiano, V. et al. (2017) Comprehensive 
comparison of Pacific biosciences and Oxford nanopore technologies and their 
applications to transcriptome analysis. F1000Research 6, 100. DOI: 10.12688/
f1000research.10571.2.



23Harnessing Transcriptomics to Study Insect Biology

Welboren, W.-J., van Driel, M.A., Janssen- Megens, E.M., van Heeringen, S.J., Sweep, F.C. et al. 
(2009) ChIP- Seq of ERα and RNA polymerase II defines genes differentially responding to 
ligands. The EMBO Journal 28(10), 1418–1428. DOI: 10.1038/emboj.2009.88.

Whitton, C., Daub, J., Thompson, M. and Blaxter, M. (2004) Expressed sequence tags: medium- 
throughput protocols. In: Melville, S.E. (ed.) Methods in Molecular Biology. Humana Press, 
Totowa, New Jersey, pp. 075–092.

Wiegmann, B.M., Trautwein, M.D., Kim, J.-W., Cassel, B.K., Bertone, M.A. et al. (2009) Single- 
copy nuclear genes resolve the phylogeny of the holometabolous insects. BMC Biology 
7(1), 34. DOI: 10.1186/1741-7007-7-34.

Wu, T., Dhami, G.K. and Thompson, G.J. (2018) Soldier- biased gene expression in a subter-
ranean termite implies functional specialization of the defensive caste. Evolution and 
Development 20(1), 3–16. DOI: 10.1111/ede.12243.

Ylla, G., Piulachs, M.-D. and Belles, X. (2018) Comparative transcriptomics in two extreme 
Neopterans reveals general trends in the evolution of modern insects. IScience 4, 164–179. 
DOI: 10.1016/j.isci.2018.05.017.

Yoshizawa, K. (2011) Monophyletic Polyneoptera recovered by wing base structure. Systematic 
Entomology 36(3), 377–394. DOI: 10.1111/j.1365-3113.2011.00572.x.

Zajac, K.B., Amendt,J., Verhoff, A.M. and Zehner, R. (2018) Dating pupae of the blow fly 
Calliphora vicina Robineau–Desvoidy 1830 (Diptera: Calliphoridae) for post mortem inter-
val—estimation: validation of molecular age markers. Genes 9(3), 153. DOI: 10.3390/
genes9030153.

Zera, A.J. (2003) The endocrine regulation of wing polymorphism in insects: state of the art, 
recent surprises, and future directions. Integrative and Comparative Biology 43(5), 607–616. 
DOI: 10.1093/icb/43.5.607.

Zera, A.J. and Larsen, A. (2001) The metabolic basis of life history variation: genetic and phe-
notypic differences in lipid reserves among life history morphs of the wing- polymorphic 
cricket, Gryllus firmus. Journal of Insect Physiology 47(10), 1147–1160. DOI: 10.1016/
S0022-1910(01)00096-8.

Zera, A.J., Sall, J. and Grudzinski, K. (1997) Flight‐muscle polymorphism in the cricket Gryllus 
firmus: muscle characteristics and their influence on the evolution of flightlessness. 
Physiological Zoology 70(5), 519–529. DOI: 10.1086/515865.

Zera, A.J. (2009) Wing polymorphism in Gryllus (Orthoptera: Gryllidae): proximate endocrine, 
energetic and biochemical mechanisms underlying morph specialization for flight vs. re-
production. In: Whitman, D.W. and Ananthakrishnan, T.N. (eds) Phenotypic Plasticity of 
Insects: Mechanisms and Consequences. Science Publishers, Inc., Enfield, New Hampshire, 
pp. 609–653.

Zhao, S., Fung- Leung, W.-P., Bittner, A., Ngo, K. and Liu, X. (2014) Comparison of RNA- Seq 
and microarray in transcriptome profiling of activated T cells. PLoS ONE 9(1), e78644. 
DOI: 10.1371/ journal. pone. 0078644.

Zhao, J.-Y., Zhao, X.-T., Sun, J.-T., Zou, L.-F., Yang, S.-X. et al. (2017) Transcriptome and proteome 
analyses reveal complex mechanisms of reproductive diapause in the two- spotted spider 
mite, Tetranychus urticae. Insect Molecular Biology 26(2), 215–232. DOI: 10.1111/imb.12286.


	Harnessing Transcriptomics to Study Insect Biology
	1.1 Introduction
	1.2 Technologies to Assay Gene Expression
	1.2.1 Pre-transcriptomics
	1.2.2 Early transcriptomic methods
	1.2.3 Post-genomic
	1.2.4 Quantification of nascent RNA transcription
	1.2.5 Current state of sequencing technologies for RNA-seq

	1.3 Case Studies of Transcriptomics in Entomology
	1.3.1 Development and morphology
	1.3.2 Studying phenotype plasticity
	1.3.3 Host switching plasticity
	1.3.4 Interspecies comparisons
	1.3.5 Phylogenomics

	1.4 Conclusion
	Acknowledgements
	References


