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The German cockroach, Blattella germanica, and the American cockroach, Periplaneta americana are the most common
and synanthropic household pests of interest to public health. While they have increasingly served as model systems in
hemimetabolous insects for studying many biological issues, there is still a lack of stable reference gene evaluation for
reliable quantitative real-time PCR (gPCR) outputs and functional genomics.
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| 1. Introduction

The Blattaria cockroaches have evolved as an ancient and highly successful form of insect life. Some species (less than
1%) in this group serve as public health pests, of which the German cockroach, Blattella germanica, and the American
cockroach, Periplaneta americana, are the most common and troublesome household pests worldwide &, These two
species are strictly synanthropic and usually infest human-built structures, including homes, apartments, restaurants,
hospitals, and other places where food is available. They harbor and mechanically transmit various pathogens and trigger
asthma and allergic diseases @&, During the last decades, an increasing number of studies on B. germanica and P.
americana have shown them to be valuable organisms for exploring a variety of biological issues. In particular, they serve
as model systems for studies of developmental biology and endocrinology in hemimetabolous insects AISIGI7IBIAMLO 5nq
nutrition and reproduction physiology LUL213114] A5 excellent chemical communicators, they have long served as
important models for studying chemical ecology, especially in the aspects of sex and aggregation pheromones LSI[16][17](18]
(191201 These omnivorous cockroach species are also wildly used for examining host-gut microbiota interactions with
regard to their development and behavior [22122][23][24]

Quantitative real-time polymerase chain reaction (QPCR) is a powerful molecular tool that allows the detection and
measurement of messenger RNA (mMRNA) at the transcriptional level. Being a faster and more sensitive method over the
traditional northern blotting and semi-quantitative PCR, qPCR has developed as the most widely used approach for gene
expression profiling and validation of transcriptome data [23128127][28] The accuracy and reliability of gPCR outputs
strongly depend on many biological and technical factors, such as sample quality, RNA integrity, cDNA synthesis
efficiency, and laboratory procedures involved. Therefore, normalization of the data with appropriate reference genes, also
known as housekeeping genes, is needed for minimizing variability 22, Ideal reference genes are assumed to have
constant and stable expression across biotic and abiotic factors. However, it is hard and almost impossible to use
universal reference genes under all conditions (e.g., developmental stages, tissues, and experimental treatments).
Evaluation and identification of appropriate reference genes prior to gPCR analyses is hence crucial for normalization.
Importantly, this is also an indispensable step of the MIQE guideline that currently serves as the golden criteria of qPCR
experiments (29,

With the advent of next-generation sequencing technology, many research fields in entomology have been profoundly
developed into the Genomic Era. In 2018, the genomes of both B. germanica and P. americana were published 2139,
Depending on the genome availability, functional genomic studies could provide an in-depth understanding of
cockroaches and novel insights into old issues at the molecular level and on a genome-wide scale. Assessment of gene
function by silencing gene expression (e.g., highly efficient RNAI in cockroaches) and accurate measurement of gene
expression are needed for successful functional genomics. Hitherto, only actin has been used historically and extensively

as a reference gene for gPCR normalization in these two species [CIZBISNLOMIA|13][14]28][31S2[S3]  However, its stability
under specific experimental conditions was not empirically validated, yet there is no stable reference gene quantification
system for B. germanica and P. americana.



| 2. Current Insights

Many gPCR studies have reached a consensus that it is unrealistic to find a ‘universal’ reference gene showing constant
expression across all species and experimental conditions [22. |dentification of appropriate reference genes under
different conditions (spatiotemporal and experimental treatments) is therefore mandatory for reliable gPCR analysis in a
given species 29, Hitherto, a stable reference gene system has been established in a variety of insect orders but not the
Blattaria cockroaches. In the present study, we evaluated the stability of several reference genes in B. germanica and P.
americana, which are important model systems in hemimetabolous insects. We sampled several tissues and
developmental stages that have their own advantages against others on studying biological issues of interest. For
example, the antennae should be preferred for exploring chemosensory mechanisms, as with legs for limb regeneration,
and the last nymphal instar for metamorphosis. We found that the obtained C; values from either different tissues, stages,
or experimental treatments showed a much higher variation in P americana than those in B. germanica (Figure 1, Figure
2 and Figure 3). A possible explanation is that the mixed specimens at MN (N9-11) and LN (N12-14) might introduce
higher sample variations since P. americana harbors a much longer molting cycle at each instar. Previous studies have
demonstrated significant impacts of tissue types and developmental stages on reference gene expression, in some cases,
even greater than the experimental treatments 34351361 Based on the comprehensive RefFinder ranking that integrates
the results of four individual algorithms, RPL32 showed the lowest variation in most tissues or at most developmental
stages in B. germanica. By contrast, actin was most frequently preferred in P. americana tissue types, whereas EFl1a
performed well at most stages (Figure 2 and Figure 3). It is of note that actin was most stably expressed across various
developmental stages in the P. americana gut but was the least stable gene in the ovary (Figure 2M,N). Nevertheless,
these varied data highlight the importance of screening condition-specific reference genes in a given species.
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Figure 1. C,; value distribution of candidate reference genes in all examined samples from B. germanica (A) or P.
americana (B). The median and quartiles are indicated by dashed and solid lines.
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Figure 2. Expression stability rankings of candidate reference genes across different developmental stages in specific
tissue types. The M and GM values were calculated by the geNorm and RefFinder algorithms, respectively, for candidate
reference genes across different stages in the tissue of antenna, head, wing, abdominal integument, gut, and ovary in
either B. germanica (A—G) or P. americana (H-N).
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Figure 3. Expression stability rankings of candidate reference genes across various tissues at given developmental
stages. The M and GM values were calculated by the geNorm and RefFinder algorithms, respectively, for candidate
reference genes across various tissue types at the developmental stages of nymphs N5 (A) and N6 (B), and adults FD1
(C), FD3 (D), FD5 (E), and FD7 (F) in B. germanica. In P. americana, gene expression stability was calculated at the
developmental stages of nymphs MN (G) and LN (H), and also adults FD1 (1), FD3 (J), FD5 (K), and FD7 (L).

While the actin gene has been extensively and empirically used in both B. germanica and P. americana, regardless of
tissue types, developmental stages, and experimental treatments, its stability under specific conditions has never been
evaluated. Our data showed that actin was rarely selected as the most stable reference gene by all four algorithms (only
preferred by NormFinder under JH treatment) (Eigure S4A) in B. germanica. However, it showed the highest stability in
several tissue types, but not at various examined stages in P. americana (Figure 2 and Figure S2). Therefore, we
conclude that actin was not appropriate for gene expression analyses, at least in B. germanica, for all the examined tissue
types and developmental stages, nor under hormone treatment and RNAI conditions.

Overall, the present study has identified appropriate reference genes across different tissue types, developmental stages,
and experimental treatments, including hormone application and dsRNA injection in B. germanica, and inhibitor and
antibiotic feeding in P. americana. In B. germanica, we recommend RPL32 as an appropriate internal control for most
spatiotemporal conditions, and the combination of RPL32 and EF1a might be ideal for all the tested tissue types and
developmental stages. In addition, GAPDH and EF1a were recommended for the quantification of gene expression under
JH treatment and RNAI conditions, respectively. In P. americana, actin and EF1a were appropriate in most tissue types
and developmental stages, respectively, while no efficient reference gene combination was sufficient for spatiotemporal
normalization. RPS23 and 18S was the best choice under inhibitor and antibiotic treatment, respectively. Clearly, more
investigations are needed for qPCR analysis under other experimental conditions not tested at this time. This study is the
first step toward facilitating functional genomics and an in-depth understanding of cockroaches from aspects of interest at
the molecular level.
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