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ABSTRACT 

Body segmentation is a defining characteristic of arthropods, however, the mechanism 

by which segments are patterned during development has diverged greatly during 

evolution. The ancestral mode of patterning, in which segments are added sequentially 

to the posterior of the embryo during axial elongation, relies on a clock and wavefront 

mechanism that remains poorly understood and variable in nature between different 

species. Using the sequentially segmented beetle, Tribolium castaneum, I attempt to 

address some of the underlying complexities of this system and improve our 

understanding of the evolutionary processes responsible for this diversity in patterning 

mechanisms across arthropods. Driven by recent data from our lab that question the 

existing Tribolium segmentation clock circuit, I investigate candidates from the Hes/Hey 

and odd-related gene families for possible roles in primary segment patterning.  

Phylogenetic analyses demonstrate a strong potential for redundancy and 

developmental system drift within both gene families and provide evidence for 

concerted evolution among the arthropod odd-family genes. I offer a revised 

understanding of Tribolium odd-family gene expression patterns which, while 

inconsistent with roles in primary segment patterning, suggest Tc-sister-of-bowel and 

Tc-drumstick may be involved in the late segmentation network. A screen of Tribolium 

Hes/Hey gene expression identifies a novel segmentation clock candidate, Tc-

extramacrochaetae (Tc-emc), while multiplex in situ hybridisations provide evidence 

linking oscillations of Tc-hairy, Tc-deadpan and Tc-emc to genes from the primary clock 

circuit (Tc-even-skipped, Tc-odd-skipped, Tc-runt). Although segmentation roles for Tc-

deadpan were not identified in this study, knockdown of Tc-hairy in Tc-odd-null mutants 

indicates some redundancy in thoracic segment patterning, while Tc-emc knockdowns 

generate phenotypes consistent with a key role in abdominal segment patterning. As 

these genes are commonly associated with Notch signalling, these findings renew the 

discussion of Notch function in Tribolium segmentation while also highlighting changes 

to the network that occur across different stages of segment addition. 
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1. GENERAL INTRODUCTION  

 

1.1. Animal segmentation as a case study for Evo-Devo 

One of the fundamental research goals of biology is to understand the mechanisms by 

which morphological evolution and innovation occurs. Evolutionary developmental 

biology (Evo-Devo) is a field with a long history in the search for answers to this 

question, and with the ever-growing wealth of research tools and genomic resources at 

our disposal, our understanding of this process is constantly improving. 

A long-standing case study within Evo-Devo is that of animal body segmentation. This 

is a defining characteristic of several distinct bilaterian taxa, in which the anterior-

posterior axis of the animal is divided into a series of repetitive units, or segments. This 

trait is observed among Panarthropods (arthropods, Onychophora, Tardigrada), annelid 

worms, and Chordates (vertebrates, Cephalochordata), and is believed to have 

attributed to the great success and diversity of some of these groups (Fig. 1.1) (Hannibal 

and Patel, 2013; Dunn et.al., 2014). A segmented body plan offers significant potential 

for morphological diversification as individual segments can independently evolve to 

perform unique tasks (Tautz, 2004). This is perhaps most clearly illustrated by 

arthropods which have evolved a plethora of specialised segments. 

Segmentation is of particular interest to evolutionary biologists due to the relative 

positions of segmented taxa among unsegmented taxa in the metazoan phylogeny (Fig 

1.1). This raises the question as to whether segmentation has evolved independently 

in these groups or whether it has just 1 or 2 ancestral origins at the dawn of Bilateria or 

Protostomia, respectively, having subsequently been lost in multiple lineages. A 

combination of evidence from developmental, phylogenetics, and fossil studies lends 

support to independent origins of segmentation as the most parsimonious explanation 

(Reviewed by Chipman, 2010). Indeed, the widespread loss of segmentation that would 

have had to occur in the case of any ancestral origin seems unlikely, particularly given 

the selective advantages that segmentation offers. Another key observation from which 

the conclusion of independent origins is based, is that segment patterning occurs across 
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different germ layers between arthropods (ectoderm), annelids (ectoderm and 

mesoderm), and vertebrates (mesoderm) (Valentin and Oates, 2013). As an example of 

convergent evolution, we can use comparative developmental research to identify 

similarities and differences between the underlying genes and molecular mechanisms 

that have been employed into segment patterning in each case, thereby highlighting 

common themes underpinning the evolution of this trait. 

 

Figure 1.1. Prevalence of body segmentation among Bilateria. Segmented phyla 

highlighted in red. Figure adapted from Dunn et.al. (2014).  
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1.2. Segmentation in arthropods 

Another reason why segmentation remains a current area of focus for evo-devo 

research, particularly within arthropods, is that seemingly very different mechanisms 

for patterning segments have evolved in this phylum. This is of interest, given that the 

segmented body plan of arthropods represents a core morphological constraint that is 

shared among all arthropod species.  

One of the most notable differences observed in arthropods is between species, such 

as Drosophila, in which body segments appear to be patterned almost simultaneously 

in the blastoderm, in contrast to those that pattern the majority of their segments 

sequentially at the posterior of the embryo during germband elongation (GBE) (Fig. 

1.2A) (Clark et.al., 2019). Note that, even in sequentially segmented arthropods, there 

are always several pre-gnathal segments patterned in the blastoderm. However, these 

are established by a different mechanism relative to the more posterior segments that 

will be the focus of this thesis (Chipman and Edgecombe, 2019). Some species, such as 

the wasp, Nasonia vitripennis, or the milkweed bug, Oncopeltus fasciatus, use a mixed 

mode of segmentation, in which anterior segments are patterning simultaneously in 

the blastoderm, in a manner reminiscent of Drosophila, while posterior segments are 

added sequentially during GBE (Rosenberg et.al., 2014; Chipman, 2017). These different 

modes of segmentation are often correlated with different lengths of germ anlage, 

leading researchers to historically classify simultaneously segmenting arthropods as 

long germ, while “mixed mode” or sequentially segmenting species would be described 

as intermediate or short germ arthropods respectively (Davis and Patel, 2002). 

However, germ size does not always accurately reflect the mode of segmentation 

(Tidswell, 2021). Therefore, consistent with recent publications, I will instead use the 

terms “sequential” or “simultaneous” to distinguish between these different modes of 

segment patterning (Clark et.al., 2019). 

Sequential segmentation is widespread among arthropods and represents the ancestral 

mode of segment patterning in this group, while simultaneous segmentation has only 

been observed across holometabolous insect lineages (Fig. 1.2B) (Davis and Patel, 

2002). Despite the seemingly drastic differences between these two modes, 
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simultaneous segmentation is believed to have evolved independently multiple times 

in insects, suggesting that the regulatory changes required for this transition are not 

prohibitively complex (Clark et.al., 2019). Furthermore, recent research has begun to 

bridge the gap between sequential and simultaneous segmentation, identifying 

important heterochronic shifts in timing factors, as well as new subtleties in the 

Drosophila model that question the entirely simultaneous nature of this system (Clark, 

2017; Clark and Peel, 2018). 

Another striking difference between segment patterning across arthropods, is the 

evolution of pair-rule patterning. All segment patterning is based upon the 

establishment of periodic stripes of gene expression that ultimately define segment 

boundaries. In arthropods that exhibit pair-rule patterning, segmentation genes are 

initially expressed in a double-segment periodicity (i.e. 1 stripe for every 2 segments) 

before transitioning to a single-segment periodicity (1 stripe per segment) as the 

segment pattern resolves (Clark et.al., 2019). This appears to have evolved 

independently in insects and the centipede, Strigamia maritima, while there is no sign 

of double-segment periodicity in spiders, crustaceans, or the millipede, Glomeris 

marginata (Fig. 1.2B) (Chipman et.al., 2004; Davis et.al., 2005; Schwager, 2008; Janssen 

et.al., 2011; Eriksson et.al., 2013). Exactly how such a change occurred during evolution 

remains a puzzling question with several different hypotheses (reviewed by Clark et.al., 

2019).  

Most of what we know about arthropod segmentation comes from the extensively 

studied arthropod model, Drosophila. However, as previously mentioned, this species 

employs a highly derived mode of simultaneous segmentation and is therefore not 

representative of most arthropods. Research has since turned to other arthropod 

models that have retained the ancestral mode of sequential segmentation in an effort 

to rectify this. However, a detailed understanding of the precise molecular mechanisms 

that control sequential segmentation is still lacking. 
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Figure 1.2. Divergent mechanisms of segment patterning in arthropods. (A) Schematic 

illustrating sequential (e.g. Tribolium) vs simultaneous (e.g. Drosophila) modes of 

segmentation. SAZ refers to the segment addition zone, an undifferentiated posterior region 

where sequential segment patterning occurs. (B) arthropod phylogeny to show the existence 

of sequential(seq)/simultaneous(sim) segmentation in different taxa. Examples of both 

simultaneous and sequential segmentation are found in holometabolous insect orders. 

Presence or absence of pair-rule patterning is based on the example model species given for 

each taxa. Question mark reflects the unclear nature of pair-rule patterning in Oncopeltus 

fasciatus (Clark et.al., 2019). Figure adapted from Tidswell (2021). Phylogeny based on 

Misof et.al. (2014).  
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Using the red flower beetle, Tribolium castaneum, as a model for sequential 

segmentation, this thesis attempts to address aspects of patterning that remain poorly 

understood within this system. With this, it may then be possible to make more 

accurate inferences regarding the evolution of segmentation in arthropods, both in 

terms of its origin, and how patterning mechanisms have subsequently diverged. 

Furthermore, segment patterning in both annelids and vertebrates also occurs in a 

sequential manner during periods of axial extension (Chipman, 2010). A deeper 

understanding of sequential segmentation in arthropods may therefore contribute 

towards future comparisons between other segmented phyla, and provide us with 

insights into some of the common mechanisms and genes that have been 

independently recruited in each case. 

 

1.3. The Drosophila model and the history of segmentation gene nomenclature 

While Drosophila segmentation may not be representative of most arthropods, it was 

the first species in which segment patterning and segmentation genes were described. 

As such, the classifications of segmentation genes, which are commonly referred to in 

comparative studies of other arthropods, are all based upon this model. Drosophila 

segment patterning relies on a hierarchical system of gene expression and regulation, 

termed the “segmentation cascade”, to ultimately define segment boundaries (Fig. 1.3) 

(reviewed in Nasiadka et.al., 2002). Note that, much of this occurs within a syncytial 

blastoderm. This allows the diffusion of RNA transcripts and proteins, which 

subsequently form concentration gradients from their points of synthesis (Peel et.al., 

2005). There are four main gene classes that are distinguished by the timing of their 

expression within the “segmentation cascade”. 

Maternal co-ordinate genes are the first of these classes that convey positional 

information along the egg (Fig. 1.3A). The mRNA transcripts of these genes are 

maternally derived and their positions within the egg are established during oogenesis 

(Johnston and Nuusslein-Volhard, 1992). After fertilization, the translation of these 

transcripts and diffusion of their protein products results in broad protein gradients 

along the egg (Peel et.al., 2005). These include anterior-to-posterior gradients of the 
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protein products, Bicoid (BCD) and Hunchback (HB), and posterior-to-anterior gradients 

of Caudal (CAD) and Nanos (NOS). 

The next class of segmentation genes are the gap genes (Fig. 1.3B), whose expression 

domains are initially defined by inputs from the maternal co-ordinate genes before 

being further refined by cross regulation from each other (reviewed in Jaeger, 2011). 

While the expression patterns of gap genes are aperiodic, the graded concentrations of 

their protein products, along with those of maternal co-ordinate proteins, are sufficient 

to convey unique positional identities along the embryo that are interpreted by the next 

set of segmentation genes, the pair-rule genes (Fig. 1.3C) (Schroeder et.al., 2011). 

In Drosophila, there are 7 pair-rule genes, hairy (h), even-skipped (eve), runt (run), odd-

skipped (odd), fushi tarazu (ftz), paired (prd), and sloppy-paired (slp), which were 

initially identified by mutations resulting in the loss of alternating segments (Nüsslein-

Volhard and Wieschaus, 1980). Pair-rule genes are the first genes that convey a periodic 

pattern along the AP axis, with each initially expressed in 7 transverse stripes that 

reflect a double-segment periodicity (1 stripe for every 2 prospective segments) (Fig. 

1.3C) (Clark, 2017). Pair-rule genes can be further categorised into primary and 

secondary pair-rule genes, based on the order in which they appear and how their 

striped expression is established (Ingham, 1988). Primary pair-rule genes are the first 

to be expressed and their stripes are patterned via combinations of maternal and gap 

inputs that generate periodicity by activating “stripe-specific” enhancer elements 

(Schroeder et.al., 2011). Stripes of secondary pair-rule genes appear later and instead 

take their regulatory cues from the already periodic pair-rule genes. These 

classifications have historically been the source of much debate, however, close 

examination of the regulatory dynamics underpinning pair-rule stripes has formed the 

basis for h, eve, run, odd and ftz being defined as primary pair-rule genes due to their 

initial “stripe-specific” regulation, while prd and slp are expressed later and fit the 

description of secondary pair-rule genes (Schroeder et.al., 2011).  

Among the primary pair-rule genes, there is still variation in the extent to which stripes 

are generated through stripe-specific elements versus cross-regulation from other pair-

rule genes. In most cases, except for h (which relies solely on stripe-specific elements), 

combinations of each of these processes is required for the refinement and even 
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spacing of pair-rule stripes (Schroeder et.al., 2011). The stripes for each pair-rule gene 

at this point are slightly out of phase with each other, and their overlapping patterns 

are sufficient to confer positional information at an almost cellular resolution along the 

AP axis (Clark, 2017). At gastrulation, there is a sudden switch in the regulatory logic of 

the pair-rule network, triggered by expression of the timing factor, opa (Clark and 

Akam, 2016). This change drives a transition from double- to single-segment periodicity 

for several pair-rule genes, and the expression of the final class of genes from the 

Drosophila “segmentation cascade”, the segment-polarity genes (Fig. 1.3D). 

Activated by opa, and spatially regulated by pair-rule genes, the segment polarity 

genes, wingless (wg) and engrailed (en), are each expressed in 14-15 alternating 

periodic stripes along the length of the embryo (Benedyk et.al., 1994; Nasiadka et.al., 

2002). These stripes define the boundaries of patterning units known as parasegments 

which, while equal in size, are offset slightly from the eventual morphological segments. 

This is believed to reflect the discrepancy between the segmental organisation of the 

nervous system compared to that of the epidermis and musculature, which themselves 

are similarly offset (Deutsch, 2004). 
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Figure 1.3. The Drosophila “segmentation cascade”. An overview of protein and mRNA 

gradients/domains along the anterior-posterior axis of the developing Drosophila blastoderm. 

Members of each class of segmentation genes are listed to the right of their respective 

expression profiles. Dotted lines indicate parasegment boundaries defined by adjacent stripes 

of wg and en. Note that graphs are for illustrative purposes, and do not reflect real values. 

Figure adapted from Peel et.al. (2005) with maternal gradients from Jaeger (2011)  
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1.4. Sequential segmentation 

In contrast to Drosophila, most other arthropods have retained the ancestral mode of 

sequential segmentation, in which segments are patterned one or two at a time, from 

head to tail, during germband elongation (Davis and Patel, 2002). Some anterior 

segments are usually patterned within the blastoderm, but in general, most of the 

patterning occurs within a posterior region of the germband, termed the “segment 

addition zone” (SAZ) (Fig. 1.4). Note that this is the updated terminology for what has 

historically been known as the “growth zone”. This is to avoid the assumption that this 

region is undergoing continuous cell proliferation (or “growth”), which is not always 

true, as cell movement and rearrangement also contributes to axial elongation in 

arthropods, albeit to varying degrees (Mito et.al., 2011; Benton and Pavlopoulos, 2014; 

Benton et.al., 2016; Auman et.al., 2017; Clark et.al., 2019; Constantinou et.al., 2020; 

Cepeda et.al., 2021). The SAZ varies in size and shape between species, and even 

between different stages of GBE in the same species (Nakamoto et.al., 2015). Its 

boundaries are largely defined by the conserved expression of Wnt genes at its 

posterior, and the emerging periodic stripes of segment polarity gene expression at the 

anterior (Williams and Nagy. 2017; Clark et.al., 2019; Mundaca-Escobar et.al., 2022). 

The SAZ can further be divided into the “anterior SAZ”, in which segments are in the 

process of being patterned, and the “posterior SAZ”, where cells are yet to be assigned 

to a particular segmental fate (Fig. 1.4) (Clark et.al., 2019). In Tribolium, these regions 

correlate with the expression of key developmental timing factors, caudal (posterior 

SAZ) and odd-paired (anterior SAZ) (Clark and Peel, 2018). 

Candidate gene approaches in sequentially segmenting arthropods commonly find pair-

rule homologues expressed in transverse stripes within the SAZ (Fig. 1.4). While there 

are some discrepancies in the relative positions of these stripes to one another, and in 

the segment periodicity to which they are expressed, these patterns have been 

reported in species from across the arthropod phylum (Chelicerata: Damen et.al., 2000; 

Schönauer et.al., 2016; Myriapoda: Green and Akam, 2013; Hughes and Kaufman, 

2002; Janssen et.al., 2011; insects: Mito et.al., 2007; Auman and Chipman, 2018; Patel 

et.al., 1994).  
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In sequentially segmenting arthropods, we can consider the prepatterned SAZ as 

analogous to the Drosophila blastoderm at the point where pair-rule stripes are being 

established and refined, while the anterior germband that has already undergone 

patterning represents a more mature stage of development. Indeed, conserved 

sequential expression of timing factors, such as opa and caudal, between Drosophila 

and Tribolium are consistent with this comparison (Clark and Peel, 2018). When we 

apply this logic, we see that, like Drosophila, primary pair-rule gene expression in 

sequentially segmenting arthropods precedes that of the segment polarity genes. 

Consistent with this, knockdowns of pair-rule genes in the sequentially segmenting 

beetle, Tribolium, results in the disruption of segment polarity gene expression, as well 

as of other pair-rule genes, supporting a similar regulatory framework to that in the 

Drosophila “segmentation cascade” (Choe et.al., 2006). However, where in Drosophila, 

pair-rule stripes take spatial cues from gap genes and maternal factors, in sequentially 

segmenting arthropods, these stripes are instead generated by inherently periodic 

oscillations of gene expression. 

Figure 1.4. Sequential segmentation. Key gene expression patterns and functional regions of 

a Tribolium embryo during germband elongation. Pair-rule genes (blue) are expressed in 

transverse stripes in the segment addition zone (SAZ), while segment polarity genes (green) 

define the segmented germband and mark the anterior edge of the SAZ. The SAZ is further 

divided into two functional regions that correlate with the expression of timing factors such as 

Tc-caudal (posterior SAZ; dark pink) and Tc-opa (anterior SAZ; light pink) (Clark and Peel, 

2018). Figure adapted from Clark et.al. (2019) 
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1.5. The clock and wavefront model 

Evidence for the oscillatory expression of pair-rule genes was first demonstrated in 

Tribolium, when Sarrazin et.al. (2012) used split-embryo experiments and live cell 

tracking to show that Tc-odd stripes are dynamic in nature, and that individual cells in 

the SAZ experience temporal changes in expression levels (i.e. oscillations). While the 

same types of experiment have not been widely conducted in other sequentially 

segmented arthropods, the variable expression patterns of segmentation genes 

between carefully staged embryos indicates that similar dynamics most likely exist in 

the SAZ of other arthropods from across the phylum (Brena and Akam, 2013; Schönauer 

et.al., 2016). 

It has been proposed that this oscillatory expression of segmentation genes is part of 

an arthropod “segmentation clock” analogous to the clock-and-wavefront mechanism 

that patterns segmental units (somites) in vertebrates (Clark et.al., 2019). While 

arthropod segments and vertebrate somites are not homologous morphological 

structures, there is evidence that related genes have been independently co-opted into 

similar developmental roles during their evolution. Where in arthropods, this 

patterning occurs along the SAZ, in vertebrates it takes place in an undifferentiated 

posterior region of the elongating embryo, termed the pre-somitic mesoderm (PSM) 

(Oates et.al., 2012). The vertebrate clock-and-wavefront model has been described in 

detail in several different model species (reviewed by Oates et.al., 2012). In arthropods, 

however, the precise network topology of this system is still unclear.   

The clock and wavefront mechanism of segment patterning, first proposed by Cooke 

and Zeeman (1976), can be divided into 3 tiers of regulatory activity. In its simplest 

form, it relies on (1) intracellular oscillations of gene expression (Fig. 1.5A (cellular 

oscillator)), (2) Co-ordination of these oscillations across cells (Fig. 1.5B (local 

synchrony)), and (3) posterior-to-anterior regulatory control to activate, slow, and 

eventually stop oscillations as they reach the anterior PSM/SAZ (Fig. 1.5C (global 

control)), thereby leaving behind fixed periodic stripes of gene expression that convey 

the segment pattern (Oates et.al., 2012). 
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Figure 1.5. The three-tier clock-and-wavefront model. (A) Cellular oscillations driven by 

a negative feedback loop. In this case, a single auto-repressive gene is shown as an example, 

however, cellular oscillations can also be driven by multi-gene circuits such as the Tc-eve/Tc-

odd/Tc-run oscillator in Tribolium (Choe et.al., 2006). (B) Intracellular oscillations are 

synchronised across cells through intercellular signalling (red ligands, green receptors). In 

vertebrates, and some arthropods, this occurs via the Notch signalling pathway. (C) Opposing 

anterior-posterior gradients of regulatory factors control the oscillation frequency across the 

SAZ/PSM. Cellular oscillations are initiated at the posterior end of the embryo. These 

temporal oscillations are synchronised between neighbouring cells and present themselves 

spatially in the form of dynamic “waves” that propagate anteriorly. Oscillations are then 

arrested in the anterior SAZ/PSM, fixing these “waves” in place and laying down the segment 

pattern. Figure adapted from Liao and Oates (2017) 
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Cellular oscillations and local synchrony  

In vertebrates, members of the hairy/enhancer-of-split (Hes) gene family are known to 

be key drivers of intracellular oscillations, achieving this via the auto-inhibitory action 

of HES proteins on their own expression (Fig. 1.5A) (reviewed in Kageyama et.al., 2012). 

Transcriptome sequencing of the PSMs of zebrafish, mice and chicks, shows that Hes 

genes are the only cyclical genes conserved across all three species, demonstrating 

their importance (Krol et.al., 2011). As well as regulating their own expression, Hes 

genes also inhibit modulators of the intercellular Notch signalling pathway, which in 

turn synchronises Hes oscillations to neighbouring cells (Fig. 1.5B) (Kageyama et.al., 

2012). 

In some arthropods, there is also evidence for similar roles of Hes genes and Notch 

signalling in segmentation (Fig. 1.6). Indeed, the primary pair-rule gene, hairy, is itself 

a member of the Hes gene family. In the spider, Cupiennius salei, hairy, notch and delta, 

all exhibit dynamic striped expression in the SAZ, and perturbing the Notch pathway 

results in malformed segments and irregular hairy expression (Stollewerk et.al., 2003). 

Similar expression patterns for these genes have been observed in several other 

arthropod models, and knockdowns of key Notch signalling genes and/or Hes genes in 

the crustacean, Daphnia magna, the cockroach, Periplaneta americana, and the moth, 

Bombyx mori, all confirm important segment patterning roles in these species also (Fig. 

1.6) (Pueyo et.al., 2008; Eriksson et.al., 2013; Liu, 2013). These results support the idea 

that Notch signalling synchronises cellular hairy/Hes oscillations in sequentially 

segmented artrhopods, as is the case in vertebrates. However, the exact topology of 

the gene regulatory network(s) that drives Hes oscillations, as well as the downstream 

targets of HES transcription factors, are still unknown. Furthermore, there is 

contradicting evidence for the roles of these genes and pathways in other sequentially 

segmenting insects, with expression data and functional studies in the cricket, Gryllus 

bimaculatus, the milkweed bug, Oncopeltus fasciatus, and the beetle, Tribolium, 

suggesting that Hes genes and/or Notch signalling are not required in the segmentation 

clocks of these species (Fig. 1.6) (Aranda et.al., 2008; Kainz et.al., 2011; Reding et.al., 

2019).  
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In Tribolium, the Hes genes, Tc-h and Tc-deadpan (Tc-dpn), are both expressed in 

dynamic stripes in the SAZ, although single and double knockdowns appear to have no 

effect on segmentation (Aranda et.al., 2008). There also appears to be no striped SAZ 

expression of Notch signalling genes and Tc-delta knockdowns do not result in any 

obvious segmentation phenotypes (Aranda, 2006). However, knockdown of the 

ubiquitously expressed receptor coding gene, Notch, has been found to result in 

abdominal segment defects and missing stripes of the segment polarity gene, Tc-en 

(Kux et.al., 2013). Given the lack of segmental expression of Notch signalling genes, 

along with the highly pleiotropic nature of the pathway, it is unclear whether these 

phenotypes are directly related to a function in segment patterning in Tribolium.  

The discrepancies observed across arthropods only raise more questions regarding the 

gene regulatory networks that underpin the arthropod segmentation clock, especially 

among species that do not appear to use Notch signalling to synchronise oscillations. 

The apparent loss of Hes-driven cellular oscillations and local synchronisation by Notch 

signalling appears to have only occurred during the evolution of some insect lineages, 

although evidence that it has been retained in Periplaneta and Bombyx make the timing 

of this evolutionary transition unclear (Fig. 1.6). In Tribolium, cellular oscillations appear 

to instead be driven by a pair-rule gene circuit consisting of Tc-eve, Tc-odd and Tc-run, 

which generates cyclical expression via a negative feedback loop (Fig. 1.7) (Choe et.al., 

2006). Given that dynamic stripes of primary pair-rule genes have been observed in the 

SAZ of species from across the arthropod phylum, and essential roles have been 

identified in several other sequentially segmented insects, it is possible that similar pair-

rule networks drive cellular oscillations in other species also (Fig. 1.6). A hypothetical 

model by Clark et.al. (2019) proposes the existence of, and interaction between, two 

cellular oscillators, one consisting of a pair-rule circuit, and another of autonomous Hes 

oscillations that are linked to intercellular Notch signalling (Fig. 1.7A). However, there 

is still a lack of sufficient experimental evidence to support this model, and it is currently 

unclear how cellular oscillations are synchronised in the apparent absence of Notch 

signalling.  

 

 



16 
 

 

 

 

 

 



17 
 

 

Posterior to anterior control of regulatory logic 

In the vertebrate PSM, posterior-to-anterior gradients of FGF and Wnt family activity 

oppose anterior-to-posterior gradients of retinoic acid expression, which together 

convey global regulatory control over cellular oscillations (reviewed in Resende et.al., 

2014). Perturbing these pathways produces changes in the length of somites, 

demonstrating their importance for positioning segment boundaries. In arthropods, it 

is unknown precisely how the regulatory context across the length of the SAZ changes. 

However, there are several genes, with conserved expression patterns correlating to 

specific functional regions, that are thought to be involved (reviewed in Clark et.al., 

2019 and Diaz-Cuadro et.al., 2021).  

Figure 1.6. Candidate oscillator genes and the divergence of Notch-mediated synchrony 

in the arthropod segmentation clock. (A) A hypothetical model by Clark et.al. (2019) based 

on regulatory relationships with functional evidence from segmentation studies in different 

arthropod species. In this model, intercellular Notch signalling synchronises intracellular Hes 

oscillations, which themselves are linked to a pair-rule gene oscillator network (e.g. Fig. 1.7). 

As of yet, there is no evidence for the existence of all of these interactions together in a single 

species. (B)  The phylogenetic tree (based on Misof et.al., 2014) shows the relationships of 

different arthropod taxa, each of which is represented by an experimental model organism in 

the corresponding table. Proposed cellular oscillators are divided into pair-rule orthologues 

(excluding hairy) and Hes genes, based on the hypothetical model in (A). Genes written in 

black all exhibit dynamic striped expression across the SAZ consistent with oscillatory 

expression, while those in blue are expressed in the anterior SAZ only, and therefore likely to 

be involved in a later stage of patterning. Genes written in red are expressed in patterns that 

appear unrelated to segmentation. Table box colours indicate functional evidence for or 

against roles in segmentation for the corresponding groups of genes. Gene abbreviations: pby-

3, pairberry-3; hdpnl, hairy-deadpan-like; odr/odd-r, odd-related; odl, odd-like. 

Superscripted numbers are references: 1. Stollewerk et.al., 2003; 2. Damen et.al., 2005; 3. 

Green and Akam, 2013; 4. Chipman and Akam, 2008; 5. Eriksson et.al., 2013; 6. Pueyo et.al., 

2008; 7. Chesebro, 2012; 8. Mito et.al., 2007; 9. Mito et.al., 2011; 10. Kainz et.al., 2011; 11. 

Reding et.al., 2019; 12. Auman et.al., 2017; 13. Aranda et.al., 2008; 14. Choe et.al., 2006; 15. 

Kux et.al., 2013; 16. Nakao, 2015; 17. Liu, 2013; 18, Schroeder et.al., 2011 
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Similar to vertebrates, Wnt genes show conserved expression in arthropods at the 

posterior end of the elongating embryo (Mundaca-Escobar et.al., 2022). This similarity 

may reflect a shared origin of Wnt signalling for posterior patterning in a bilaterian 

ancestor, rather than the independent co-option of this network into segmentation 

(Ryan and Baxevanis, 2007). That said, there is evidence of an indirect role for posterior 

Wnt signalling in promoting pair-rule gene expression in the spider, Parasteatoda, and 

the beetle, Tribolium (Oberhofer et.al., 2014; Schönauer et.al., 2016). This is suspected 

to occur via downstream targets of Wnt signalling, such as caudal and Dichaete 

(Oberhofer et.al., 2014; Clark et.al., 2019). In Tribolium, the expression domains of 

these genes roughly coincide with the region of the SAZ where oscillations are occurring 

(Clark and Peel, 2018). Furthermore, partially knocking down Tc-caudal results in a 

reduced frequency of Tc-eve stripes demonstrating its importance upstream of the 

clock network (El-Sherif et.al., 2014). 

The primary candidate gene for changing the regulatory context in the anterior of the 

SAZ, is odd-paired (opa) (Clark et.al., 2019). Opa has a conserved expression profile 

across distantly related arthropod taxa, where its domain extends into the anterior SAZ 

throughout GBE, immediately preceding nascent segment polarity gene stripes 

(Janssen et.al., 2011; Clark and Peel, 2018). Its knockdown in Tribolium causes 

phenotypes consistent with a role in segmentation (Clark and Peel, 2018). Interestingly, 

cad, Dichaete and opa, all exhibit a conserved order of expression between Drosophila 

and Tribolium associated with important shifts in the regulatory logic of both systems, 

further bridging the gap between sequential and simultaneous segmentation (Clark and 

Peel, 2018). While there is growing evidence that these timing factors play important 

roles in global control of the arthropod segmentation clock, the precise molecular 

mechanisms and regulatory relationships with other genes are still poorly understood. 
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1.6. Tribolium as a model for sequential segmentation research 

After Drosophila, Tribolium is perhaps the most established experimental arthropod 

model. It has a number of traits that make it easy to work with in the laboratory, as well 

as characteristics of its development and behaviour that make it well suited for research 

in evolution and ecology (reviewed by Pointer et.al., 2021). As a sequentially segmented 

holometabolan insect, Tribolium is well placed for researching mechanisms of the 

arthropod segmentation clock, while still providing a useful comparison against other 

holometabola that have evolved simultaneous segmentation, such as Drosophila. It is 

largely from comparisons between these two species that similarities reconciling 

sequential and simultaneous segmentation have been identified, and from which 

possible explanations for this evolutionary transition have been proposed (Clark et.al., 

2019; Diaz-Cuadros et.al., 2021).   

Tribolium has a chromosome level genome assembly that has been updated and 

improved through multiple iterations, most recently by Herndon et.al. (2020). 

Furthermore, the genome has been fully annotated with the aid of comprehensive 

RNA-seq data, enabling the quick and accurate identification of candidate gene 

sequences for developmental research. There are several long established and robust 

experimental techniques in Tribolium for analysing gene expression and function, such 

as in situ hybridisation (ISH) and RNAi respectively, while the use of more advanced 

methods in imaging, gene manipulation, and transgenics are constantly being 

developed and improved (Reviewed in Klingler and Bucher, 2022). 

 

Current understanding of the Tribolium segmentation clock and outstanding questions 

Much of the research regarding sequential segmentation and the clock-and-wavefront 

model in arthropods has utilized Tribolium as a model. Indeed, this was the first species 

in which evidence for a segmentation clock in arthropods was found (Sarrazin et.al., 

2012). That said, there are still aspects of the Tribolium clock network that are poorly 

understood. The pair-rule orthologues, Tc-eve, Tc-odd and Tc-run, are known to play an 

essential role in segment patterning. These genes are expressed in co-ordinated 
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dynamic stripes in the SAZ which maintain the same relative order of expression, 

indicating that their oscillations are linked to each other (Choe et.al., 2006). Single 

knockdowns of each gene produce almost asegmental phenotypes with just a few head 

appendages still visible (Fig. 1.8B) (Choe et.al., 2006). Note that, as is true for other 

arthropods, pre-gnathal segments are patterned by a separate mechanism, unrelated 

to that which patterns more posterior segments (Chipman and Edgecombe, 2019). 

Therefore, these phenotypes observed by Choe et.al. (2006) are indicative of a 

complete collapse in sequential segment patterning. Consistent with this, there were 

no visible stripes of the segment polarity gene, Tc-en, in embryos where Tc-eve, Tc-run 

or Tc-odd had been knocked down (Choe et.al., 2006). In Tc-odd knockdown embryos, 

Tc-eve and Tc-run are over-expressed in the SAZ, while the knockdown of Tc-eve leads 

to the down-regulation of both Tc-run and Tc-odd, and Tc-run knockdown results in the 

down-regulation of Tc-odd and overexpression of Tc-eve (Choe et.al., 2006). These 

observations led Choe et.al. (2006) to propose a negative feedback loop in which Tc-

eve activates Tc-run, which in turn activates Tc-odd, which itself inhibits Tc-eve (Fig. 

1.7A). Based on their precise relative expression patterns, and from what we know of 

the interactions between these genes in Drosophila, an alternative repressor-based 

network has since been modelled by Clark et.al. (2019) (Fig. 1.7B). However, this simple 

network alone is insufficient to explain the down-regulation of Tc-odd observed in Tc-

eve and Tc-run knockdowns by Choe et.al. (2006). Regardless of which hypothesised 

network topology is correct, these three genes appear to be essential for driving cellular 

oscillations in the Tribolium segmentation clock. However, the mechanism by which 

these oscillations are co-ordinated across cells remains elusive. 

More recent functional data from our lab has raised further questions over the exact 

nature of the Tribolium oscillatory network and even hints at an intraspecies divergence 

between 2 different lab strains. Tc-odd RNAi in the San Bernadino (SB) strain from our 

lab failed to capture the asegmental phenotype observed by Choe et.al. (2006) (Fig. 

1.8B), who themselves used the Georgia (GA2) strain for their experiments. Rather than 

a complete collapse in segmentation that would be expected with the loss of cellular 

oscillations, Tc-odd RNAi in SB beetles generated consistent pair-rule-like phenotypes, 

in which every other segment was missing (Fig. 1.8C) (Sharma, pers comms). This 
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phenotype has also been published by Jeon et.al. (2020) for the GA2 strain, where they 

proposed a role for Tc-odd in regulating expression of the secondary pair-rule gene, Tc-

prd, which itself is required for the formation of odd-numbered segments (Choe and 

Brown, 2007). However, these phenotypes were attributed to a weaker knockdown 

efficiency, and more severe asegmental cuticles were still observed. Comparisons of Tc-

odd knockdowns between different strains in our lab also finds a higher penetrance of 

Figure 1.7. Proposed Tribolium Tc-eve/Tc-odd/Tc-run oscillator network models. (A) 

Gene circuit hypothesised by Choe et.al. (2006) that involves activator roles for Tc-eve and 

Tc-run. This feedback loop is sufficient to generate periodic oscillations and is consistent with 

expression patterns of Tc-eve, Tc-odd, and Tc-run in knockdown embryos (Choe et.al., 2006). 

(B) Cellular oscillations based on a repression based negative feedback loop proposed by 

Clark et.al. (2019). This model more accurately captures relative expression patterns in situ 

and is consistent with the repressive nature of these genes. However, taken on its own, this 

cannot explain observed expression patterns in knockdown embryos (Choe et.al., 2006). 

Temporal expression patterns are based on in silico models by Clark et.al. (2019) using 

Boolean logic with equal time delays for protein synthesis and decay (Clark, 2017). 
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severe segmentation phenotypes in GA2 cuticles compared to SB cuticles, indicating 

that there is indeed a real strain difference (Sharma pers comms). 

To test if poor knockdown efficiency of Tc-odd was responsible for the lack of 

asegmental phenotypes seen in the SB strain, a Tc-odd knockout strain was developed 

using a CRISPR/Cas9 “knock in and replace” approach. A construct containing a GFP 

marker was inserted in place of part of the Tc-odd gene that contains the functional zinc 

finger coding domain (Fig. 1.8E). Its correct placement was confirmed through DNA 

sequencing and molecular analysis (Sharma pers comms). Interestingly, even in Tc-odd 

knockout embryos, 2 thoracic segments and 2 to 3 abdominal segments were often still 

patterned, reflecting a pair-rule-like phenotype, albeit slightly more severe than those 

observed in Tc-odd knockdowns (Fig. 1.8D). This suggests that, despite the complete 

loss of Tc-odd, there is still sufficient patterning activity to rescue almost half of the 

body segments in the SB strain.  

Analysis of Tc-eve expression in Tc-odd null embryos shows ubiquitous distribution 

throughout the SAZ (Fig. 1.9A), consistent with that observed in Tc-oddRNAi experiments 

by Choe et.al. (2006). In contrast, poorly resolved stripes of Tc-run can still be seen in 

the Tc-odd-/- germbands (Fig. 1.9A red arrowheads), indicating that Tc-run oscillations 

are being maintained despite the loss of cyclical Tc-odd and Tc-eve expression (Sharma 

pers comms). This would suggest either that there are genes connected to the pair-rule 

oscillator that share a degree of redundancy with Tc-odd (Fig. 1.9C), or that Tc-run is 

taking regulatory input from an alternate oscillator network (Fig. 1.9D). The latter of 

these scenarios is consistent with the hypothetical model proposed by Clark et.al. 

(2019), which points towards direct regulation of Tc-run from a secondary hairy/Hes 

based oscillator (Fig. 1.9D). The auto-oscillatory behaviour of h/Hes genes in this model 

is also consistent with the preservation of Tc-h stripes observed in the SAZ of Tc-odd-/- 

embryos, however, it is unclear how Tc-eve is overexpressed given the proposed 

repression by Tc-run (Fig. 1.9A). An alternative explanation is that other Tribolium odd-

skipped-family genes confer partial redundancy with Tc-odd (Fig. 1.9C). Indeed, Tc-

bowel (Tc-bwl) and Tc-sister-of-bowel (Tc-sob), are both expressed in similar patterns to 

Tc-odd in the SAZ during early stages of GBE (Thümecke and Schröder, 2021). 
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Figure 1.8. Weaker Tc-oddRNAi segmentation phenotype in SB strain confirmed through 

CRISPR gene knockout. (A) Wildtype cuticle and diagram of a normal Tribolium body plan. 

(B) Diagram depicting asegmental Tc-oddRNAi phenotype in GA2 strain reported by choe et.al. 

(2006). (C) Pair-rule-like phenotype from Tc-odd knockdown in SB strain. (D) Tc-odd CRISPR 

knockout cuticle in which 2 thoracic segments and 3 abdominal segments have been patterned. 

(E) Tc-odd CRISPR knockout design. The construct includes a GFP gene which is expressed 

ubiquitously via an upstream EFA (EF1-alpha) promoter. Guide RNAs (gRNAs) were 

designed to target and replace a section of the gene, from exon 2 to exon 3, that encompasses 

the functional zinc-finger coding domain. Sequencing confirms the full construct has been 

inserted into the correct position as intended. Images and CRISPR schematic all provided by 

Sharma and Peel (pers comms) 
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1.7. The Hes/Hey family genes: Candidates for secondary oscillations in Tribolium 

segmentation 

Hes/Hes-related with YRPW motif (Hey) genes encode a group of basic helix-loop-helix 

(bHLH) transcription factors that function as repressors (reviewed by Kageyama et.al., 

2007). They are often described as effectors of Notch signalling; however, they are not 

core components of the pathway and are not essential for all Notch-dependent 

processes (Gazave et.al., 2014). Furthermore, there are several cases where Hes/Hey 

expression and/or function appears to be independent of Notch signalling (Carroll 

et.al., 1988; Leimeister et.al., 2000; Peel et.al., 2005). The relationship between 

Hes/Hey genes with Notch signalling was likely established at the dawn of Metazoan 

evolution, where together they share an ancient role in regulating neural differentiation 

(Gazave et.al., 2014; Layden and Martindale, 2014).  

Several characteristics of Hes genes, such as their repressive nature and short 

degradation times, make them particularly suitable as genetic oscillators (Kageyama 

et.al., 2007), and their cyclical expression has been observed across multiple 

Figure 1.9. PR gene expression in Tc-odd-null SB embryos and hypothetical clock 

networks. (A) Colorimetric in situ hybridisations for Tc-eve, Tc-run and Tc-h (blue) alongside 

the segment polarity gene, Tc-wg (red), as a marker. Gene expression is shown for early and 

late stage germbands in wildtype and Tc-odd-/- knockout mutants. Red arrowheads indicate 

poorly resolved Tc-run/Tc-h stripes in the SAZ of Tc-odd-null germbands. (B) activation- and 

repression-based Tc-eve/Tc-odd/Tc-run oscillator networks with the loss of Tc-odd indicated by 

the red cross. In either case, an unknown element (yellow) must be inhibiting Tc-run to create 

the stripes seen in (A). The repression-based oscillator is insufficient to explain over-

expression of Tc-eve in odd-/- embryos. (C-D) Hypothetical models to explain how Tc-run and 

Tc-h stripes are established in the absence of Tc-odd. (C) Repression-based Tc-eve/Tc-odd/Tc-

run oscillator, with partially redundant odd family genes, Tc-bwl and/or Tc-sob, inhibiting Tc-

run. (D) Network proposed by Clark (2017) and tested in silico to pattern segments. Built on 

the repression-based network, Tc-odd and Tc-run take regulatory input from a secondary 

oscillator, in this case an autoinhibitory hairy/Hes gene. The regulatory relationship between 

Tc-odd and Tc-eve here is consistent with over-expression of Tc-eve observed in the SAZ of 

Tc-odd-/- germbands. In situ images provide by Sharma (pers comms) 
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developmental contexts. In mouse embryos, Hes1 oscillations and Notch signalling are 

essential for the proper maintenance of neural progenitors during neurogenesis 

(Shimojo et.al., 2008), while Notch-coupled Hes oscillations also represent a core 

component of the vertebrate segmentation clock (Section 1.5) (Kageyama et.al., 2012). 

As previously discussed, there is evidence of a similar role for Hes genes and Notch 

signalling in the segmentation of some arthropods, although the precise network 

topology is still poorly understood, and roles for Hes and/or Notch signalling in 

segmentation appear to have been lost in several insect lineages (Fig. 1.6). 

In Tribolium, two Hes genes, Tc-h and Tc-dpn, are expressed in dynamic stripes in the 

SAZ, seemingly independent of any core components of the Notch signalling pathway 

(Aranda et.al., 2008). While their knockdowns do not produce any obvious 

segmentation phenotypes, we cannot rule out redundancy with other Hes/Hey or 

segmentation genes (Aranda et.al., 2008). An example of this is seen in the zebrafish 

segmentation clock, where two distinct negative feedback loops, made up of multiple 

Hes/Hes-related (Her) genes, function redundantly with each other to create a robust 

clock network (Schröter et.al., 2012). Single, and even combinations of double, Hes/Her 

knockdowns in this system fail to generate segmentation defects, as one oscillator 

network compensates for the loss of the other. As HES/HEY proteins form dimers with 

either themselves (homodimers) or other bHLH factors (heterodimers) in order to 

repress transcription, the presence/absence of other dimerization partners can also 

significantly affect the dynamics of HES/HEY activity. For example, in the zebrafish clock 

network, some of the HES/HER dimers that form do not bind DNA and therefore do not 

directly repress transcription, however, the formation of these dimers still plays an 

important functional role in sequestering monomers and regulating their repressive 

capacity (Schröter et.al., 2012). In this system, a broad posterior-to-anterior gradient of 

Hes6 expression controls oscillation period across the PSM through this principle. 

Similarly important protein-protein interaction are observed in chick neurogenesis, 

where ID proteins sequester HES1 proteins through the formation of ID/HES1 

heterodimers (Bai et.al., 2007). Due to the lack of a basic DNA binding domain in ID 

proteins, this inhibits the normal autorepressive activity of HES1, and ultimately 

releases it from cyclical expression (Bai et.al., 2007). These detailed studies of Hes/Hey 
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network topologies and protein-protein dynamics in vertebrates, demonstrate the 

potential underlying complexity of oscillator circuits, and highlight the need for an 

exhaustive screen of Hes/Hey gene redundancy in the Tribolium segmentation clock. 

The nature of Hes/Hey genes as autonomous oscillators across multiple developmental 

contexts, along with their functional roles in other sequentially segmented arthropods, 

makes these genes key candidates for a secondary oscillator in Tribolium (Fig. 1.9D). 

 

1.8. odd-skipped family genes: Candidates for partial redundancy with Tc-odd 

The primary pair-rule gene, odd, is related to several genes that encode a family of C2H2 

zinc finger transcription factors. First identified in Drosophila, these include bowel (bwl), 

sister-of-bowel (sob), and drumstick (drm) (Wang and Coulter, 1996; Hart et.al., 1996; 

Green et.al., 2002). In Drosophila, roles for these genes have been described in several 

different developmental contexts, including leg joint patterning and hindgut 

specification (Hao et.al., 2003; Iwaki et.al., 2001). Odd is the only member of this family 

so far shown to be involved in body segmentation, however, sob and drm are also both 

expressed in similar pair-rule stripes during segment patterning in Drosophila (Hart 

et.al., 1996; Green et.al., 2002). In Tribolium, similar functions of odd family genes have 

also been identified in leg joint formation and hindgut specification (Angelini et.al., 

2012; Thümecke and Schröder., 2021). During leg patterning, Tc-sob and Tc-drm are 

both expressed in rings around the borders of each prospective leg segment and are 

thought to share partial or border-specific redundancy that rescues alternate leg 

segments in Tc-drm knockdown embryos (Thümecke and Schröder, 2021). However, this 

has not been explicitly proven experimentally. Striped expression of Tc-sob and Tc-bwl 

in the SAZ during Tribolium segmentation closely resembles that of Tc-odd and 

therefore also hints at possible redundancy in the context of body segmentation 

(Thümecke and Schröder, 2021). 

In Drosophila, the zinc finger (ZF) domains of Odd, Sob, and Bwl proteins exhibit a 

particularly high degree of sequence conservation (Green et.al., 2002). Comparison of 

the Tribolium Odd family amino acid sequences also reveals a high level of sequence 

similarity among the ZF regions of Tc-Odd, Tc-Sob and Tc-Bwl (Fig. 1.10). Each protein 
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has 5 C2H2 ZFs, the first 4 of which share an almost identical amino acid sequence (Fig. 

1.10). Given the functional specificity that the ZF domain is likely to confer, this 

similarity, along with that of Tc-sob, Tc-bwl and Tc-odd expression patterns, makes the 

odd-family genes highly suitable candidates for partial redundancy with Tc-odd in the 

segmentation clock network (Fig. 1.9C). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.10. Highly conserved zinc finger domain among Tribolium Odd family proteins. 

Amino acid sequence alignment of Tc-Odd, Tc-Bwl, Tc-Sob and Tc-Drm, displaying only the 

conserved domain encompassing C2H2 zinc fingers (blue). Dotted red box highlights a near 

identical region of the first 4 zinc fingers of Tc-Odd, Tc-Bwl and Tc-Sob. Only 1 residue (in 

red) is not conserved along this sequence between these 3 proteins.   
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1.9. Aims of this thesis 

In this thesis, I aim to address some of the outstanding questions regarding the 

molecular mechanisms that underpin sequential segmentation, using Tribolium 

castaneum as a model. Largely driven by recent observations in our lab, along with the 

inconsistencies observed among sequentially segmenting arthropods, I set out to 

investigate possible roles of Hes/Hey and odd family genes in the Tribolium 

segmentation clock network. I hypothesised that redundancy between genes within or 

across these families may explain some of the divergences that we see in the Tribolium 

segmentation network. Specifically, I aimed to: 

1. Perform comprehensive phylogenetic analyses of Hes and odd family genes in 

order to better understand their evolutionary history, and to provide additional 

context for subsequent experimental results and cross-species comparisons 

(Chapter 3). 

2. Screen the expression patterns of Hes and odd family genes to confirm 

previously published data, and to identify/rule-out additional candidate genes 

for which expression patterns have not yet been described in Tribolium 

(Chapters 4 and 5). 

3. Use multiplex fluorescent in situ hybridisation to analyse the relative positions 

and overlap of candidate gene domains during segment addition (Chapters 4 

and 5). 

4. Assess gene functions and redundancy with regards to segmentation, using 

combinations of single and double knockdowns in wildtype and Tc-odd-null 

beetles (Chapter 6). 

With these objectives, I hope to better understand the underlying complexity of the 

Tribolium segmentation clock network and how primary segment patterning can be 

partially rescued in the absence of Tc-odd function in the SB strain. A deeper 

understanding of this process in Tribolium can help us to interpret results from studies 

in other sequentially segmenting arthropods and to address how segment patterning 

mechanisms have diverged during arthropod evolution.  
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2. MATERIALS AND METHODS 

 

2.1. Phylogenetics analysis 

Hes/Hey and odd-skipped-family genes were identified for arthropod species using 

NCBI BLASTP searches with known amino acid sequences as queries (Altschul et.al., 

1990). Conserved domains were identified for each sequence using the NCBI conserved 

domain search tool (Lu et.al., 2020). Nucleotide coding sequences for corresponding 

proteins were taken from NCBI genbank and saved to an online workbench, Benchling 

(https://www.benchling.com/). Here, sequences were annotated with their domains 

and other details obtained from the NCBI and Ensembl genome browsers, such as 

intron and exon structures, and genome locations. Multiple sequence alignments 

(MSA) were built in MEGA X (Kumar et.al., 2018) and alignments were made using 

MUSCLE (codon) and MUSCLE for nucleotide and amino acid sequences, respectively 

(Edgar, 2004). 

Bayesian phylogenetic analyses were performed using BEAST 2 and its associated 

packages (Bouckaert et.al., 2014). A model averaging approach was employed using 

bModelTest (Bouckaert and Drummond, 2017) and OBAMA (Bouckaert, 2020) packages 

for nucleotide and amino acid MSAs, respectively. All analyses were performed using 

relaxed clock models and a yule tree prior. For each analysis, 4 parallel Monte-Carlo 

Markov chains (MCMC) were run using different starting seeds in order to check for 

adequate convergence and mixing. MCMC outputs were checked using TRACER 

(Rambaut et.al., 2018), and runs were stopped once combined log scores for each 

parameter reached an effective sample size (ESS) of at least 200. Using BEAST 

associated programmes, LogCombiner and TreeAnnotator, tree files were combined 

and used for generating a consensus maximum clade credibility tree, discarding the first 

10% of trees as burn-in. The final consensus trees were formatted and annotated with 

posterior branch values in FigTree (http://tree.bio.ed.ac.uk/software/figtree/), while 

figures were finalized in the vector graphics editor, Inkscape (https://inkscape.org/).  

 

https://www.benchling.com/
http://tree.bio.ed.ac.uk/software/figtree/
https://inkscape.org/
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2.2. Tribolium husbandry and embryo fixation 

Tribolium stock keeping and fixation protocols closely follow those described in The 

Beetle Book (Bucher, 2009). Tribolium San Bernadino (SB) and Georgia (GA2) strains 

were kept at 30°C on a 500 µm sieved stock keeping mix consisting of: 20 parts organic 

wholemeal flour (Dove Farm Foods), 1 part yeast and 0.1 part diluted fumagillin-B (12 

g fumagillin-B (Medivet Pharmaceuticals; DIN 02231180) with 200 g pre-sieved organic 

white flour). For egg collections, adult beetles were separated from the flour mix using 

a 700 µm metal sieve and moved to 250 µm sieved organic plain white flour (Dove Farm 

Foods) where they were left for 48 hours at 30°C. Eggs were then separated using a 300 

µm sieve and transferred to fresh stock keeping mix where they were left to hatch and 

grow for a period of 30 to 40 days until eclosion. Newly eclosed adult beetles were then 

placed on to fresh stock keeping mix. Adults were left for at least 7 days after eclosion 

until they were used for subsequent egg collections. This was to allow time for the onset 

of female egg production. 

To fix embryos, eggs from 48 hour collections were placed in baskets (0.1 mm mesh in 

50 mm falcon tube lid). For dechorionation, eggs were first rinsed with ddH2O to 

remove flour, before being washed twice with 50% thin bleach (1:1 ddH2O : Morrisons 

thin bleach) for 90 seconds. Eggs were then subjected to 5 successive rinses with ddH20 

to ensure all the bleach was washed away. Using a paintbrush, eggs were then 

transferred to glass vials containing 6 ml heptane, 2 ml PEMS (Bucher, 2009), and 300 

µl formaldehyde solution 37%, where they were fixed for 30 minutes on a mixer at 230 

RPM. Once finished, the aqueous phase of the fixation mix was removed using a 

pipette, and embryos were devitellinized by adding 8 ml methanol and shaking 

vigorously for ~30 seconds. Eggs that were successfully devitellinized fell to the bottom 

of the glass vials and were transferred to separate Eppendorf tubes. In order to 

devitellinize the remaining embryos at the interphase, they were drawn up and rapidly 

forced out through a 0.8 mm (19G) needle attached to a syringe. Fallen embryos were 

transferred from the bottom and the process was repeated multiple times until no more 

embryos could be gathered. Fixed embryos were rinsed 8 times in methanol to remove 

as much debris and egg casings as possible before being stored at -20°C. 
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2.3. Gene fragment amplification and cloning 

Tribolium candidate gene sequences were obtained from the NCBI RefSeq genome 

assembly and annotation (Tcas5.2). Sequences were saved to the online workbench, 

Benchling, which was used for designing primers. Primers were selected to amplify 

fragments for use as in situ probes and non-overlapping double-stranded RNA (dsRNA) 

fragments (Table 2.1). Template cDNA for PCR reactions was generated using the 

SuperScriptTM IV First-Strand Synthesis System (Invitrogen, #18091050) on total RNA 

solutions from multiple stages provided by Rahul Sharma. Separate reactions with 

random hexamers and Oligo(dT) primers were performed and the cDNA from each was 

tested using positive control PCRs. Fragments were amplified by mixing primers with 

Roche PCR nucleotide mix (#11814362001) and Taq DNA polymerase (#11418432001), 

and running through a touchdown PCR programme.  

PCR products were purified using a QIAquick gel extraction kit (QIAGEN, #28706) and 

ligated into the pGEM®-T Easy Vector with the kit provided (Promega, #A1360). 5 µl of 

the ligation reaction product was then incubated with 45 µl competent E. coli cells 

(provided by Rahul Sharma) on ice for 30 minutes. Plasmids were transformed into cells 

by heat shock at 42°C for 45 seconds and returned to ice. Transformed E. coli cells were 

then incubated in LB media at 37°C before being spread on LB Agar plates inoculated 

with ampicillin and coated in X Gal and IPTG. Blue white colony screening was used to 

identify cells transformed with ligated plasmids. Positive colonies were cultured in 100 

ml LB media overnight at 37°C on a shaker (180 RPM). Plasmids were then extracted 

from the liquid cultures using the QIAGEN plasmid midiprep kit (#12145). Final plasmid 

inserts were confirmed with restriction digests using cut sites identified in Benchling. 

The pGEM®-T Easy Vector and gene fragment sequences were used as for in silico 

restriction digests in Benchling, predicting fragment sizes for forward and reverse facing 

inserts. These predictions were subsequently compared to gel bands from the real 

restriction digests to confirm presence and orientation of each fragment. 4 different 

digests were performed with different restriction enzymes to confirm results for each 

plasmid. Tc-hairy, Tc-deadpan, Tc-odd, Tc-wg, and GFP fragments were cloned by 

Andrew Peel and Rahul Sharma (Table 2.1) and were confirmed with DNA sequencing.  
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Table 2.1. Primers used for probe and dsRNA fragments. Tc-hairy, Tc-deadpan, Tc-odd-

skipped, and GFP fragments were cloned by Rahul Sharma (RS) and Andrew Peel (AP). 
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2.4. in situ hybridisation probe synthesis 

DIG and FITC labelled probes were prepared according to Kosman et.al. (2004; 

Supporting material). pGEM®-T Easy plasmids containing probe inserts were first 

linearised using high-fidelity SpeI or NcoI restriction enzymes (New England BioLabs), 

based on the orientation of the fragment. In the case that inserts had SpeI or NcoI cut 

sights, SalI or SacII restriction enzymes were used instead, respectively. After 

incubation, a small sample of the reaction mix was checked on a gel to ensure all 

plasmids were cleanly cut, after which the plasmids were isolated through 

phenol/chloroform extractions. The plasmids were then precipitated using 2x volume 

of ethanol and 0.1x volume 3M sodium acetate (pH 5.2) and left at -20°C overnight. 

Precipitate was spun down and washed with 70% ethanol before being air dried and 

resuspended in nuclease free ddH20. 

RNA probes were synthesised by transcription reactions using Roche T7 

(#10881775001) or SP6 (#11487671001) polymerases and DIG (#11277073910) or FITC 

(#11685619910) labelled NTP mixes. After 2 hours at 37°C, reactions were diluted with 

RNase-free ddH2O and 1 µl was kept for gel analysis. Reactions were stopped using 

carbonate buffer and STOP solution, after which the RNA was precipitated with 0.1x 

volume lithium chloride and stored overnight at -20°C. RNA quality was checked on a 

gel (looking for a strong band of approximately the right size). Precipitated RNA was 

then centrifuged and washed with 70% ethanol, before being resuspended in 200 µl 

Hyb A solution (Bucher, 2009). Aliquots of RNA probes were stored at -20°C until use. 

For genes where expression patterns have not previously been published, sense strand 

RNA probes were also synthesised for use in control experiments.  

 

2.5. Double-stranded RNA synthesis 

Plasmids containing fragments for use as dsRNA were linearised as described in section 

2.5. Antisense and sense single-stranded RNA (ssRNA) was synthesised using T7 and 

SP6 MEGAscrptTM Transcription Kits (Invitrogen, #AM1334 and #AM1330). A small 

sample was kept for gel analysis before stopping the reactions and precipitating the 

RNA with lithium chloride at -20°C. The precipitate was centrifuged, and pellets were 
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washed with 70% ethanol before being air dried and redissolved in RNase-free H2O. 

ssRNA concentrations were measured using a NanodropTM spectrophotometer and 

diluted accordingly. Antisense and sense ssRNA was mixed at a 1:1 molarity ratio in an 

RNase-free Eppendorf. The tube was then placed in 800 ml H2O at 95°C and left to cool, 

allowing the strands to anneal. The final dsRNA product was checked for quality on a 

gel alongside the ssRNA, before being aliquoted and stored at -20°C until use. 

 

2.6. Colorimetric in situ hybridisation 

Double whole-mount in situ hybridisations were performed as described by Schinko 

et.al. (2009). The NBT/BCIP (Roche, #11681451001) colour reaction was used to 

develop staining for the DIG labelled probes, while INT/BCIP (Roche, #11681460001) 

was used for developing the FITC labelled gene (Tc-wg). Staining times varied and the 

amount of probe used was adjusted in any subsequent experiments where staining was 

too weak or strong. After the experiment, embryos were stored in 50% glycerol in PBT 

in the fridge. Before mounting, yolk cells were removed from germbands using an eye 

lash fashioned to the end of a pipette tip. This implement enabled gentle brushing of 

embryos without damaging them. Germbands were then transferred to a new slide and 

mounted under a coverslip in 50% glycerol. Stained embryos were imaged on a Leica 

M165FC Fluorescence Stereo Microscope using a Q Imaging Retiga EXI colour cooled 

fluorescence camera operated in Q Capture Pro 7 software. 

 

2.7. Hybridisation Chain Reaction (HCR) multiplex in situ hybridisation 

Third generation (Choi et.al., 2018) HCRTM probes were ordered from, and designed by, 

Molecular Instruments (https://www.molecularinstruments.com), based off the NCBI 

accession numbers provided (Table 2.2). For Tribolium odd-skipped-family genes, 

instructions were given to avoid the inclusion of the zinc-finger coding domains that 

share high levels of similarity. HCR probes for Tc-wg were provided by the Akam lab 

(University of Cambridge), and were also produced by Molecular Instruments. 

Experiments followed the adapted HCR protocol by Bruce et.al. (2021) with the 

https://www.molecularinstruments.com/
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exception that dextran sulphate concentrations were reduced in the hybridisation and 

amplification buffers from 10% to 5% (volume). This alteration was inspired by 

Tribolium HCR results from Tidswell et.al. (2021) and served to reduce viscosity and 

improve germband retention during washes. Due to imaging limitations, only 3 sets of 

HCRTM amplifiers were used for each experiment. Also ordered from Molecular 

Instruments, these consisted of hairpins labelled with fluorophores, 514, 546, and 647. 

After amplification, embryos were stained for ~40 mins in 1 µg/ml DAPI in order to 

visualise whole embryos. Embryos were stored in DTG (DABCO/Tris/Glycerol; Kosman 

et.al., 2004) mounting solution and kept in the dark at 4°C. 

Prior to mounting in DTG, embryos were cleaned of yolk cells as described in section 

2.6. An effort was made to avoid prolonged exposure to light as to reduce fluorophore 

degradation. Mounted embryos were imaged using the Zeiss LSM880 + Airyscan 

Upright Confocal Microscope in the Leeds University Bio-imaging and flow cytometry 

facility. Argon 514 nm, DPSS 561 nm and He-Ne 633 nm lasers were used to image 

mRNA tagged with 514, 546 and 647 fluorophores, respectively. Images were captured 

using ZEN imaging software at 40x magnification. For larger embryos, tile scans with 

10% overlap were captured to cover the whole embryo, and were stitched together in 

Zen. Z stack images with a 2.5 µm step size were taken through the entire embryo in 

order to capture gene expression across different tissues. Post-image processing was 

performed in the open-source platform, Fiji (image J) (Schindelin, 2012). This was used 

for maximum intensity projections of Z stacks, adjusting contrast/brightness, changing 

lookup tables, and merging channels. 
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2.8. Parental and embryonic RNAi 

Adult parental RNAi (pRNAi) was performed as described in Posnien et.al. (2009). 

Needles were made from borosilicate glass capillaries (Harvard Apparatus, #30-0019) 

using a Narishige needle puller (model PD-5). Pulled needles were then cut and 

sharpened using a Narishige needle grinder (model EG-45). Needles were filled using a 

syringe by drawing up dsRNA solution from a RNase-free Eppendorf lid. For genes 

without published functional data, two separate groups of females were injected with 

non-overlapping 5’ and 3’ dsRNA fragments to control for off target effects. For each 

experiment, a negative control group was also injected with GFP dsRNA. Beetles were 

subdued prior to injections by cooling on ice and were then placed on double sided 

tape ventral side down. Injections were made in the dorsal abdomen beneath the 

elytra, taking care to avoid the ventral nervous system, genitals, or gut. Pressure was 

steadily exerted using a syringe, and stopped once the internal pressure had caused the 

head to extend and the ovipositor to protrude. After injections, female beetles were 

Table 2.2. HCR probes. For each gene, NCBI accession numbers were provided to 

Molecular Instruments as reference. Initiators for each probe are as shown. 5’ and 3’ ends of 

the gene sequences excluded from probe designs are provided. These relate to the highly 

similar odd-family zinc finger coding domains. 
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returned to stock keeping flour mix, where they were left to recover for 48 hours. 

Injected females were then mixed with an equal number of males from the same 

starting population. Egg collections were taken every 2 days, with 1 day recovery on 

stock keeping flour mix between. 

Embryonic RNAi (eRNAi) was performed as described in Clark and Peel (2018). Eggs (1 

to 3 hours after egg lay) were gently washed in 5% thin bleach for 90 seconds. They 

were then rinsed 5 times in ddH2O and lined up along the edge of a microscope slide 

with a fine paintbrush. Eggs were angled with the posterior pole facing towards the 

capillary holder so that injections could be made in this region perpendicular to the egg 

axis. Needles were backfilled with dsRNA using MicroloaderTM microcapillary pipette 

tips (Eppendorf). Injections were carried out on a Zeiss Axiovert 10 inverted microscope 

using a continuous flow set up. Eggs were filled to the point where they became visibly 

clearer, and care was taken to avoid bursting them. After the injections, slides with the 

injected eggs were placed on damp blue roll inside petri dishes. This ensured that there 

was sufficient humidity for eggs to develop. Petri dishes left at 30°C until hatching (~4 

days). 

 

2.9. Cuticle preparation and imaging 

Eggs from RNAi experiments were left to develop at 30°C and as larvae hatched they 

were transferred to a droplet (~40 µl) of 1:1 Hoyer’s medium (Stern and Sucena, 2012) 

: lactic acid mix. Up to 20 larvae were placed in each droplet on a microscope slide, at 

which point a coverslip was placed over the top and they were left overnight at 60°C to 

clear. Unhatched eggs were given 6 days from egg lay to allow time for developmental 

delays. Those from pRNAi experiments were then rinsed and washed in 5% bleach for 

90 seconds. For any eggs containing clearly visible embryos, a fine tip brush was used 

to carefully remove them from the egg casing. Dissected embryos were then treated in 

the same way as the hatched larvae. The remaining unhatched eggs were mounted 

whole, and a small amount of pressure was placed on the coverslip to burst them and 

push out any embryos that may be inside. Cuticles were imaged under GFP light settings 

on a Leica M165FC Fluorescence Stereo Microscope with a Q Imaging Retiga EXI colour 

cooled fluorescence camera and Q Capture Pro 7 software. 
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3. PHYLOGENETIC ANALYSES OF HES/HEY AND ODD 

FAMILY GENES  

 

3.1. INTRODUCTION 

 

3.1.1. The evolution of genes and multigene families 

Understanding the evolutionary history of genes is an important step in learning how 

gene functions and developmental systems have diversified over time. One of the key 

contributors to molecular evolution is the process of gene duplication. There are several 

different mechanisms by which genes can be duplicated, which range from localised 

events that produce tandem copies along the same chromosome, to polyploidization, 

where entire chromosomes and genomes are duplicated (reviewed in Reams and Roth, 

2015). The resulting gene copies from a duplication event are referred to as paralogues 

(Ramos and Ferrier, 2012). 

If an entire gene and its regulatory domain is duplicated, this will often result in two 

daughter genes that are functionally redundant with one another (Birchler and Yang, 

2022), in which case, nullifying mutations in one of the duplicates will often be of no 

consequence to the fitness of the organism, and the new gene is simply lost through 

genetic drift. Alternatively, paralogues can escape deletion if their functions diverge and 

develop important unique roles. This can occur either through subfunctionalisation, 

whereby the ancestral function of the original gene is divided between the two 

daughter genes, or neofunctionalization, in which a completely novel function is 

acquired by one of the paralogues (Stolzfus, 1999; Force et.al., 1999). These processes 

have the capacity to produce diverse multigene families, where functionality can be 

shared, transferred, gained, and lost over the course of evolution. In the context of 

developmental biology, these changes in gene functionality can contribute to the 

divergence of homologous developmental systems in a process termed developmental 

system drift (True and Haag, 2001). 
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3.1.2. Concerted evolution of gene families 

When trying to infer the relationships between genes across species it is important to 

consider the phenomenon of concerted evolution, whereby a lower level of divergence 

between two or more paralogues is observed than would be expected based on the 

molecular clock hypothesis (Teshima and Innan, 2004). This primarily occurs due to a 

process called gene conversion, where lengths of DNA sequence are unilaterally copied 

from one paralogous gene to another, usually as a by-product of recombinational repair 

mechanisms (Fig. 3.1A) (Hastings, 2010). Gene conversion rates tend to be higher when 

the distance between paralogues is shorter (Fawcett and Innan, 2011), therefore 

evidence for this phenomenon is commonly found among closely linked genes and gene 

complexes (Bettencourt and Feder, 2002; Noonan et.al., 2004; Peel et.al., 2006). 

The occurrence of gene conversion events can be problematic when trying to infer the 

evolutionary history of gene paralogues, as this can result in gene trees that 

overestimate the frequency of gene duplications (Teshima and Innan, 2004) (Fig. 3.1B). 

When investigating the relationships between genes, especially those which have 

maintained close physical linkage within the genome, it is therefore important to 

consider the possibility of gene conversion events. 
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Figure 3.1. Gene conversion can lead to inaccurate phylogenetic inferences. (A) Simple 

gene conversion model between two adjacent paralogous genes. A fragment is unilaterally 

copied over from one gene to the other. (B) Different scenarios for two orthologous genes, A 

and B, across two species, and the gene trees that would be generated from the sequences in 

each case. Without gene conversion, the tree accurately reflects the evolutionary history of 

genes A and B, which originated from a single duplication. In a scenario where the genes have 

undergone conversion events in each species the tree overestimates the number of duplications. 

Figure adapted from Fawcett and Innan (2011) 
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3.1.3. Current understanding of Hes/Hey gene family evolution 

Hes/Hey family genes have been identified in species spanning the entire metazoan 

kingdom, while no homologous sequences are known to exist in plant, fungi, microbes, 

or protists (Zhou et.al., 2012). They are likely derived from a bHLH gene that evolved 

sequence encoding the Orange domain in an ancient metazoan ancestor (Zhou et.al., 

2012). The bHLH and Orange domains are characteristic of almost all HES/HEY factors, 

and are essential for selecting dimer partners and binding DNA (Dawson et.al., 2995; 

Kageyama et.al., 2007). Phylogenetic analysis of the Hes/Hey related genes has 

identified several distinct classes with representative homologues from all major 

metazoan lineages, pointing towards an early expansion of these genes during the 

emergence of the Metazoa (Gazave et.al., 2014). The pan-metazoan classes described 

in this analysis include Hey, Helt, and a large clade containing all remaining Hes genes. 

Additional lineage specific classes designated Stich (cwo) and Dec were also identified 

for protostomes and chordates respectively (Gazave et.al., 2014). Various duplication 

events in different metazoan lineages are responsible for further expansions of the Hes 

gene family, creating a complex picture of its evolution (Zhou et.al., 2012).  

Phylogenetic analyses of Hes family genes in arthropods support distinct clades for Hey 

and cwo (Stich) class genes, for which all species assessed have just one or two copies 

of the respective orthologues (Duncan and Dearden, 2010; Dearden, 2015). Most of the 

remaining arthropod Hes genes fit into clades based on Drosophila Hes genes, 

hairy/deadpan, Similar to deadpan (Sidpn), and Enhancer-of-split (E(spl)) (Dearden, 

2015). Note that several articles refer to Similar to deadpan as Side (Bitra et.al., 2009; 

Bitra and Pali, 2010; Duncan and Dearden, 2010; Dearden, 2015), which is instead the 

symbol for an unrelated gene, sidestep. For clarity, I will use Sidpn as shorthand for this 

gene and its orthologues, consistent with online databases such as NCBI and flybase.  

The absence of any clear E(spl) orthologues in chelicerate species, suggests that these 

genes arose in the lineage leading to myriapods, crustaceans and insects. In 

pancrustacea, E(spl) genes have formed a conserved genomically linked complex 

alongside bearded class genes (Duncan and Dearden, 2010; Dearden, 2015). How 

exactly the remaining insect Hes genes, h, dpn, and sidpn, are related to Hes genes in 
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non-insect arthropods is still unclear. As this group includes genes found to be involved 

in segment patterning across arthropods, this knowledge will be of particular value 

when considering the evolution of this developmental system.  

In Tribolium, eight Hes genes have been identified and named based on their inferred 

relationships to Drosophila Hes genes (Bitra et.al., 2009). These include Tc-hairy, Tc-

deadpan, Tc-Sidpn1, Tc-Sidpn2, Tc-Hey1, Tc-Hey2, Tc-E(spl)1 and Tc-E(spl)3. These 

classifications have mostly been corroborated by separate molecular analyses, with the 

one correction that Tc-Hey2 is instead a cwo orthologue (Duncan and Dearden, 2010; 

Kux et.al., 2013). Tc-Sidpn2 also appears to be no more closely related to Sidpn genes, 

as it is to h or dpn genes. While not strictly a Hes gene, due to its lack of an orange 

domain, Tc-extramacrochaete (Tc-emc) forms a sister clade to Hes family members in a 

gene tree of Tribolium and Drosophila bHLH transcription factors (Bitra et.al., 2009). 

 

3.1.4. Current understanding of odd-skipped family evolution 

Odd-skipped (odd) and its paralogues, bowel (bwl), sister-of-bowel (sob), and drumstick 

(drm), were first characterised in Drosophila (Coulter et.al., 1990; Wang and Coulter, 

1996; Hart et.al., 1996; Green et.al., 2002). The amino acid sequences reveal conserved 

C2H2 zinc finger (ZF) regions, with a particularly high level of similarity between Odd, 

Sob and Bwl (Green et.al., 2002). Bwl and Sob contain five of these zinc fingers, while 

Odd has four, and Drm has two. Outside of these ZF domains, the amino acid sequences 

of the Drosophila Odd family proteins share little sequence similarity (Green et.al., 

2002). Direct orthologues of Drosophila odd-family genes in other holometabolous 

insects, Tribolium and Nasonia vitripennis, have been confirmed through small 

phylogenetic analyses presented alongside comparative functional studies (Angelini 

et.al., 2009; Rosenberg et.al., 2014; Thümecke and Schröder, 2021).  

Three odd-related genes have also been identified in the spider, Cupiennius salei, and 

centipede, Strigamia maritima, however their relationship to insect odd family genes 

has yet to be distinguished (Damen et.al., 2005; Green and Akam, 2013 (Fig. S1)). In 

each case, odd-related genes from Cupiennius and Strigamia appear most closely 
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related to those from the same species, suggesting that they are the product of 

independent gene duplications in chelicerate and myriapod lineages. In the case of 

Cupiennius, only partial amino acid sequences, comprised primarily of the ZF domain, 

were used for the phylogenetic analysis (Damen et.al., 2005).  

To date, phylogenetic analyses of arthropod odd family genes have consisted of small 

datasets, primarily concerned with identifying orthologues of Drosophila odd family 

genes as part of candidate gene studies. As such, there is currently a lack of 

comprehensive analyses that can provide us with a good understanding of the 

evolutionary history of this gene family in arthropods.  

 

3.1.5 Aims of the chapter 

In this chapter, I will present arthropod-wide phylogenetic analyses of the Hes/Hey and 

odd family genes using both nucleotide and amino acid datasets. For the Hes/Hey 

analysis, I first aimed to confirm whether my results support the broad classifications 

of Hes/Hey genes that have previously been published, before attempting to resolve 

the relationships between non-E(spl) Hes genes, particularly those with reported roles 

in segmentation. For the odd family genes, I aimed to establish the first comprehensive 

phylogenetic analysis of these genes across arthropods, and to glean insights into their 

evolutionary history.  

For each gene family, I investigate gene structures and genomic organisation to search 

for additional clues regarding their relationships and possible functional ties. Signs of 

gene conversion in odd family genes led me to further evaluate the prevalence of this 

phenomenon in these genes across arthropod evolution.  
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3.2. RESULTS 

 

3.2.1. Phylogenetic analysis of the arthropod Hes/Hey family genes  

Nucleotide and amino acid based phylogenetic analyses support previously published 

relationships between Hes/Hey genes 

To investigate the evolutionary history of the Hes/Hey family gene in arthropods, I first 

selected a range of arthropod species to represent a wide coverage of the phylum, and 

to include several model developmental organisms. Species with high quality genome 

assemblies and annotations were favoured, and Hes/Hey related genes were identified 

by BLASTP searches using known genes from other species. For two species, the spider, 

Cuppiennius, and the cockroach, Periplanneta americana, only one sequence, taken 

from segmentation studies, was included (Stollewerk et.al., 2003; Pueyo et.al., 2008). 

This is due to limited genome annotations being available for these species. 

Initial phylogenetics analyses using both amino acid and nucleotide (codon) sequence 

alignments, show strong support for emc genes as a separate group to the Hes/Hey 

family genes, while Hey, cwo, and the remaining Hes genes form their own well 

supported clades (Fig. 1). This is consistent with metazoan-wide analyses by Gazave 

et.al. (2014) and Zhou et.al. (2012). Most arthropod species used in these analyses have 

single copies of emc, Hey and cwo genes, with a few exceptions such as the spider, 

Parasteatoda tepidariorum, and centipede, Strigamia, both of which have two Hey 

orthologues.  

The remaining Hes genes can be divided into several groups with strong posterior 

support in both trees. This includes a clade containing all myriapod and insect E(spl) 

orthologues, consistent with previously published trees (Duncan and Dearden, 2020; 

Dearden, 2015). Furthermore, the nucleotide analysis replicates the tree topology and 

classifications assigned to the arthropod E(spl) genes by Dearden (2015) (Fig. 3.2B). The 

amino acid analysis gives a similar, but slightly less clear picture of the relationship 

between these genes (Fig. 3.2A). 

 



46 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Amino Acid 

A



47 
 

 

B
Nucleotide 

(codon) 



48 
 

 

Within the Hes superclade, there is a well-supported clade of insect genes related to 

Drosophila Sidpn (Fig. 3.2). All insect species examined have a single gene within this 

clade, except for Bombyx mori, where no orthologues could be identified. While there 

is strong support for this clade from both analyses, its position among the wider Hes 

family genes changes, with the amino acid tree placing it alongside hairy/deadpan 

genes (Fig 3.2A), while the nucleotide-based tree places E(spl) genes as the sister group 

to h/dpn genes instead (Fig. 3.2B).  

There is consensus from both gene trees for a clade that contains insect h and dpn 

orthologues, alongside several chelicerate and myriapod genes (Fig. 3.2). Interestingly, 

no genes from the crustacean, Daphnia magna, are in this group, suggesting that any 

hairy/deadpan related genes in this species have either been lost, or have significantly 

diverged. In both trees, insect hairy orthologues form their own clade with high 

posterior probabilities. However, the relationships between the remaining 

hairy/deadpan genes are less clear. Consensus clades for a number of arthropod Hes 

genes, including Tc-Sidpn2, could also not be established from these trees.  

These trees highlight several inaccuracies in the names assigned to genes. To avoid 

confusion in subsequent analyses, I will rename Strigamia E(spl)L5 to hdpnl5, and 

Daphnia E(spl)m7-like-B to Hes-1 (as originally named by Eriksson et.al. (2013). 

Accession numbers will remain unchanged. 

 

Figure 3.2. Arthropod Hes/Hey family gene trees. Based on amino acid (A) and nucleotide 

(codon)(B) sequence alignments. Phylograms generated by mixed model Bayesian inference. 

Branch labels indicate posterior probabilities. Well supported clades, reproduced in both 

analyses, are highlighted and labelled accordingly. Sequence identifiers include species, 

protein accession number, and gene names (based on NCBI/Ensembl annotations). Species: 

Ptep, Parasteatoda tepidariorum; Csal, Cupiennius salei; Smar, Strigamia maritima; Dmag, 

Daphnia magna; Iele, Ischnura elegans; Scan, Schistocerca cancellata; Pame, Periplaneta 

americana; Apis, Acyrithosiphon pisum; Nvit, Nasonia vitripennis; Amel, Apis mellifera; 

Tcas, Tribolium castaneum; Bmor, Bombyx mori; Dmel, Drosophila melanogaster. 
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Phylogenetic analyses of non-E(spl) Hes genes fails to provide a consensus for the timing 

and number of duplications of hairy/deadpan-related genes in arthropods 

To better understand the evolutionary history of non-E(spl) Hes genes in arthropods, I 

performed a smaller analysis of the same dataset, excluding emc, Hey, cwo, and E(spl) 

orthologues. By removing divergent sequences and reducing the size of the dataset, 

this should result in more accurate sequence alignments (Thompson et.al., 2011), 

which in turn will generate more accurate trees. 

As in the initial analyses, the same group of insect, chelicerate and myriapod h/dpn 

genes form a clade with consensus from both amino acid and nucleotide sequences 

(Fig. 3.3). The exact topology of this clade varies between analyses, however, both 

support a close relationship of chelicerate and myriapod hairy/deadpan-like genes with 

insect deadpan genes, while insect hairy orthologues form their own branch (Fig. 3.3). 

All insects and the spider, Parasteatoda, have 2 h/dpn genes, while Strigamia has 5, 

suggesting there have been several additional rounds of duplication during myriapod 

evolution. Consistent with this, Strigamia hdpnl1, hdpnl2, and hdpnl3 are all found side 

by side in the genome within 10-20kb of each other, indicating that these are most likely 

paralogues. The other 2 genes, hdpnl4 and hdpnl5, are separated, however, due to the 

lack of a chromosome level assembly, we cannot rule out that they are still nearby. The 

h/dpn genes of Parasteatoda and insects are also found along the same chromosome, 

and in some cases (Parasteatoda, Schistocerca, Apis, Nasonia) are within several 

hundred kb of each other (data not shown). While there does not appear to be a 

consensus on the number and timings of h/dpn gene duplications, both analyses place 

insect h orthologues away from the h/dpn-related genes of other arthropods, which 

themselves group more readily with insect dpn orthologues (Fig. 3.3).  This might 

suggest that insect dpn genes are more representative of the ancestral state of h/dpn 

genes retained by chelicerates and myriapods, and that insect h orthologues have since 

diverged early in insect evolution.  

These analyses again confirm a well-supported clade of insect Sidpn orthologues. 

However, a number of arthropod Hes genes still fail to form high confidence clades with 

support from both trees. NCBI conserved domain searches against these sequences 

show that several, are missing orange domains, including Tribolium Tc-Sidpn2 (Fig. 3.3 
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Orange crosses). An alignment of these genes against the orange consensus sequence 

from other Hes genes does, however, reveal that most have retained some conserved 

residues (Fig. 3.4), suggesting that despite having diverged, it is possible that these 

domains may still offer functionality. There is no evidence of any orange-like domain in 

Tc-Sidpn2, suggesting that this region has been lost entirely from the gene. 

 

 

  

A  

Amino-acid 
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Figure 3.3. Arthropod non-E(spl) Hes gene trees. Based on amino acid (A) and nucleotide 

(codon)(B) sequence alignments. Phylograms generated by mixed model Bayesian inference. 

Branch labels indicate posterior probabilities. Well supported clades, reproduced in both 

analyses, are highlighted and labelled accordingly. Sequence identifiers as previously 

described (Fig. 3.2). Note name changes for Smar_E(spl)L5 and Dmag_E(spl)m7-like-B to 

Smar_hdpnl5 and Dmag_Hes-1 respectively. 

B  
Nucleotide 
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3.2.2 Arthropod hairy/deadpan genes exhibit a conserved intron/exon structure 

In addition to sequence-based phylogenetic analyses, gene intron/exon structures can 

also inform us of the relationships between genes, as well as providing insights into 

possible evolutionary constraints affecting intron losses or gains (reviewed in Betts 

et.al., 2001; and Heyn et.al., 2015). Comparison of non-E(spl) Hes genes reveals a 

conserved intron structure across arthropods, with the highest degree of conservation 

visible in hairy and deadpan related genes (Fig. 3.5). By plotting intron positions against 

Figure 3.4. Signs of conserved residues in Hes genes that lack orange domains. Orange 

domain conservation values and consensus residues were obtained from a multiple sequence 

alignment (MSA) of all non-E(spl) Hes genes for which an Orange domain was identified in 

NCBI (Appendix A, Fig. A.1). An additional MSA, which included Hes genes without 

identifiable Orange domains, was performed and the alignments of these genes are shown 

below. Conservation values are a measure of conserved physico-chemical properties for each 

position in the Orange domain MSA, based on Livingstone and Barton (1993). “+” indicates a 

site where all sequences have residues that share the same physico-chemical properties, while 

“*” indicates that all sequences have the same amino acid in this position. These are therefore 

the most highly conserved residues along the Orange domain, and likely functionally important. 

As such, these sites are highlighted red in the alignment below. The consensus orange sequence 

is represented by a logo, where overall stack heights represent sequence conservation and 

individual letter heights reflect the relative frequency of each amino acid. Asterisks mark 

residues that match the most common amino acids from the consensus logo. Letters are greyed 

out at positions of low Orange sequence conservation (<5) 
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the amino acid MSA, I identified several homologous introns that are found at precisely 

the same insert across different genes (Fig. 3.5 Coloured introns). 3 homologous 

introns are found in Hes genes from the spider, Parasteatoda, and the centipede, 

Strigamia (Fig. 3.5C-D. Red, green, orange), while only introns 1 and 2 are also found 

in insects and the crustacean, Daphnia. Given that Parasteatoda and Strigamia both 

have at least 1 hairy/deadpan related gene with homologous introns 1 and 2, and 

another with introns 1, 2 and 3, it could be deduced that those with the same number 

of homologous introns between the two species are orthologues. However, the gene 

trees do not support this, and instead finds the Strigamia genes with 2 introns (hdpnl1-

3) to be more closely related to the Parasteatoda gene with 3 introns (Hes-1-A) (Fig. 

2A). This might instead suggest that the ancestral hairy/deadpan-like gene(s) had all 3 

introns, and the third of these has been independently lost in genes from both lineages. 

If true, this third intron appears to have also been lost from all non-E(spl) Hes genes in 

the crustacean and insect species included in this analysis.  

Introns 1 and 2 (Fig. 3.5 Red, green) are conserved throughout arthropods, and are 

seen in almost all Hes genes. In most insect hairy and deadpan orthologues, these 

comprise the only introns, except for a few independent intron gains in Ischnura 

elegans, Schistocerca cancellate, and Bombyx mori hairy/deadpan (Fig. 3.5A-B). 

Furthermore, the exon between homologous introns 1 and 2 is exactly 96 bp in length 

in all hairy/deadpan genes, including those in Strigamia and Parasteatoda. While this 

is more variable across the remaining Hes genes. This conservation of intron/exon 

structure only goes as far as the positions of introns, and no conserved patterns of 

intron length were found between any of the Hes genes included in this analysis.  In 

contrast to hairy and deadpan, insect Sidpn genes exhibit a large diversity in intron 

numbers and positions, with conserved introns 1 and 2 being lost in orthologues from 

holometabolous insects, Nasonia, Tribolium and Drosophila (Fig. 3.5E). There also 

appears to be multiple independent intron gains in these genes in several lineages.  

Annotations for Acyrithosiphon pisum dpn-like and Ischnura Hes-4-like begin at 

positions that immediately follow conserved introns in other arthropod Hes genes (Fig. 

3.5B,F. Asterisks), suggesting that upstream exons are either missing from their 

annotation/assembly, or that they have been lost during evolution. Manual searches of 
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Figure 3.5. Gene structure comparison of non-E(spl) arthropod Hes genes. Groupings of 

genes are based on previous phylogenetic analyses (Fig. 3.3), broadly split into 

hairy/deadpan genes (A-D) and the remaining non-E(spl) Hes genes (E-F). Introns are 

indicated by gaps. Homologous introns were identified from their positions along the amino 

acid MSA and are colour coded (numbered 1 to 4 in the key). Asterisks mark genes that 

appear to be missing upstream exons. “?” indicates unconfirmed orange domains (Fig. 3.4). 

Species identifiers are the same as those described in Fig. 3.2 legend. 
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the upstream DNA of these genes failed to find any sign of missing exons. Many of the 

unplaced Hes genes also share conserved intron structures with hairy/deadpan genes 

(Fig. 3.5F), however, without support from phylogenetic analysis, this is not sufficient 

evidence to confidently infer their relationships to other Hes genes 

 

3.2.3. Phylogenetic analysis of arthropod odd family genes  

To investigate the evolutionary history of the odd family gene in arthropods, a similar 

range of species were used as in the Hes family analysis, with a few changes to the 

selection of insects. All species chosen, with the exception of Oncopeltus fasciatus (odd 

and sob sequences taken from Auman and Chipman (2018), have well-annotated 

genome assemblies based on sequenced transcriptomes, and in most cases are 

chromosome mapped. Odd family paralogues were identified for each species based 

on protein BLAST queries. Four odd family genes were identified in all insect species 

used, while only three were found in crustacean (Daphnia), myriapod (Strigamia), and 

chelicerate (Parasteatoda) genomes. Accession numbers and gene names are based on 

NCBI genbank records, except for Strigamia, which relates to the Ensembl database. 

 

Gene trees support the radiation of odd-family genes in insects, with independent 

duplications having occurred in myriapods and chelicerates 

Phylogenetic analysis based on amino acid sequences produces several well supported 

clades that group together insect and crustacean genes alongside Drosophila odd, bwl, 

sob, and drm (Fig. 3.6A). Strigamia and Parasteatoda odd-related genes form their own 

branch that appears most closely related to sob genes. Two odd-like genes from the 

aphid, Aphis gossypii, produce a separate clade that is distantly branched from other 

arthropod odd genes. Finally, drm genes appear to have diverged significantly from 

other arthropod odd family genes, and orthologues could only be identified for 

crustacean and insect species. In several cases, odd family genes from the same species 

grouped together (Fig. 3.6A asterisks), such as Oncopeltus odd and sob, Ischnura odd-
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like and bwl-like, and Daphnia bwl-like 1 and 2, as well as Strigamia and Parasteatoda 

odd-related genes.  

Phylogenetic analysis based on nucleotide sequences aligned by codons, produced a 

similar looking tree, but in which Strigamia and Parasteatoda genes are grouped among 

insect sob genes, supporting a closer relationship between these classes. However, 

posterior support for this new clade was relatively low (0.55). In the nucleotide tree, 

there was additional grouping of genes from the same species (Fig. 3.6 asterisks), 

including Chrysoperla carnea odd and sob, and Ischnura sob-like with odd-like and bwl-

like. Furthermore, the nucleotide analysis gave stronger statistical support to these 

branches, with almost all intra-species clades scoring posterior values of 1.  

In both trees, Daphnia odd family genes (excluding drm) are positioned among insect 

bwl genes, while centipede and spider sequences appear more closely related to insect 

sob genes. Based purely on these phylograms, it could be inferred that an ancestral bwl 

or sob like gene has duplicated independently in the lineages leading to chelicerates, 

myriapods, crustaceans, and insects. Indeed, only one odd-related gene could be 

identified in genomes of arthropod sister phyla, Onychophora (Epiperipatus broadwayi) 

and Tardigrada (Ramazzottius varleornatus), supporting the existence of only one odd-

related gene in the shared ancestor of arthropods. A duplication event likely occurred 

in the common ancestor of insects and crustaceans to produce drm, which itself has 

diverged rapidly. A further duplication in crustaceans could explain the two closely 

related bwl-like genes seen in Daphnia, while duplications in the lineage leading to 

insects could be responsible for the radiation of odd, sob and bwl genes.  

This deduction, however, fails to explain why odd family genes for several insects were 

also found to group together by species, rather than by gene class. This is especially 

true for non-basal species such as Oncopeltus and Chrysoperla, which, if we were to 

interpret the gene grouping as the result of recent lineage-specific duplications, would 

create a particularly complex picture of odd family evolution in insects. Furthermore, 

the likelihood of so many independent gene duplications occurring in different 

arthropod taxa seems remote. To better understand the results from these initial 

phylogenetic analyses, I took a closer look at some of the genes from the same species 

that have grouped together.  
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The zinc finger coding region exhibits a high degree of sequence similarity among genes 

from the same species 

Alignments of genes from the same species reveal stretches of ZF coding sequence that 

are highly conserved at the nucleotide level. This varies among species, but in general, 

those that clustered together in the gene trees, have higher sequence similarities. In 

some cases, such as Parasteatoda, Ischnura and Oncopeltus, there are regions between 

270 bp and 340 bp in length that share over 95% sequence similarity to other odd family 

genes in those species (Fig. 3.7). This is despite sharing little similarity outside of the ZF 

encoding region, suggesting that this is unlikely to be the result of recent gene 

duplications. In each case, it appears to be the ZF coding region that bears this unusually 

high level of conservation. One explanation for this observation is that the ZF domains 

of odd family genes are under strong stabilising selection, which while may be true, 

would still allow for a certain number of synonymous substitutions to occur at the 

nucleotide level. Given the apparent shortage of these mutations over what appears to 

be deep evolutionary time (as indicated by the divergence of the surrounding 

sequences), it is plausible that instead this region in the odd family genes has been 

subjected to gene conversion events during arthropod evolution, and that these events 

are resulting in the overestimation of duplication frequencies from the gene tree. 

 

Figure 3.6. Arthropod odd family gene trees. Based on amino acid (A) and nucleotide codon 

(B) alignments. Phylograms generated by mixed model Bayesian inference. Branch labels 

indicate posterior probabilities. Well supported clades, reproduced in both analyses, are 

highlighted and labelled based on grouping with already-distinguished insect odd family 

genes, odd, bwl, sob and drm. Myriapod and Chelicerate species form a separate clade labelled 

as such. Curly brackets and asterisks mark genes from the same species that have grouped 

together. Sequences identifiers include species, protein accession number, and gene names 

(based on existing annotations). Species: Ptep, Parasteatoda tepidariorum; Smar, Strigamia 

maritima; Dmag, Daphnia magna; Iele, Ischnura elegans; Scan, Schistocerca cancellata; 

Agos, Aphis gossypii; Nvit, Nasonia vitripennis; Amel, Apis mellifera; Ccar, Chrysoperla 

carnea; Tcas, Tribolium castaneum; Haxy, Harmonia axyridis; Bmor, Bombyx mori; Pmac, 

Papilio machaon; Aaeg, Aedes aegypti, Dmel, Drosophila melanogaster. 



59 
 

 

Figure 3.7. Nucleotide sequence alignments of conserved ZF coding regions in 

Parasteatoda (A), Ischnura (B) and Oncopeltus (C) odd family genes. Diagrams of genes 

are provided for reference, showing the conserved regions from which the alignments were 

taken (double headed arrows). Blue squares represent sequence encoding C2H2 ZFs, and are 

reflected in the alignments by blue shading. Alignment mismatches are highlighted in red, 

and pairwise sequence similarities are given as % identity (ID). Scale bar refers to all gene 

diagrams.  
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Partitioned analyses indicate that multiple gene conversions have occurred between 

the zinc finger coding regions of odd, sob and bwl genes during insect evolution 

To test whether odd family genes have undergone concerted evolution, I conducted 

side-by-side phylogenetics analyses using different gene regions. As the conserved 

sequence in genes from the same species tends to present itself within the ZF encoding 

domains (Fig. 3.7), I created one alignment using this region alone (from the start of 

the first ZF to the end of the last), and another based on the surrounding sequence. As 

the amino acid sequence of the ZF domain is highly conserved across arthropod odd 

family genes, I have used nucleotide sequences, aligned by codons, as the basis for 

these analyses. 

Comparison of the phylograms generated by the different starting sequences reveals a 

distinct difference in the inferred relationships between arthropod odd family genes. 

When based on the ZF encoding domain, odd, sob and bwl genes commonly group 

together by species or taxa, rather than by gene class (Fig. 3.8A). In contrast, the tree 

based on the surrounding sequence more closely resembles those already described 

(Fig. 3.6), with distinct clades for each gene, albeit with lower statistical support (Fig. 

3.8B). This is except for Schistocerca odd, sob and bwl sequences, which group together 

(Fig. 3.8B), despite not doing so in the original nucleotide gene tree (Fig. 3.8B). In both 

ZF and surrounding sequence-based gene trees, drm orthologues consistently form 

their own clade with strong posterior probabilities (0.94 and 0.83 respectively). 

These results suggest that the ZF encoding region in odd, sob and bwl, has undergone 

concerted evolution in insects. This may also be the case for chelicerate, myriapod, and 

crustacean odd family genes, however, the evidence against lineage specific 

duplications in these groups is still lacking. That said, genes from Parasteatoda, 

Strigamia and Daphnia, do begin to stop segregating by species in the tree generated 

from surrounding sequences (Fig. 3.8B), although the posterior probabilities for these 

newly inferred relationships are relatively small.  

From the ZF phylogram, clades containing sob, odd, and bwl orthologues from the same 

species could be interpreted as evidence for gene conversions having occurred in these 

lineages. This is seen for insect species, Ischnura, Schistocerca, Oncopeltus, Aphis, Apis, 
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Nasonia and Chrysoperla.  There is also strong statistical support for a clade containing 

only coleopteran odd, sob and bwl genes, but in which the genes still segregate 

between the two species, Tribolium and Harmonia. This could be interpreted as gene 

conversions having occurred prior to the split of these two coleopteran lineages. Using 

these inferences, it is possible to map possible gene conversion events to the species 

phylogeny, demonstrating the widespread occurrence of concerted evolution in the 

insect odd family complex (Fig. 3.9).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8. Arthropod odd family gene trees based on nucleotide codon alignments of the 

zinc finger coding region (A) and surrounding sequence (B). Phylograms generated by 

mixed model Bayesian inference. Branch labels indicate posterior probabilities. (A) sequence 

identifiers are colour coded by arthropod subphyla and insect orders listed to the right. (B) 

Genes that have changed position from the initial analyses (Fig. 1) are outlined with dashed 

lines coloured according to their original clade. Curly brackets and asterisks mark genes from 

the same species that have grouped together. Sequence identifiers as described in figure 3.6. 
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3.2.4. Conserved genomic arrangement of arthropod odd family genes 

Genomic maps of arthropod odd family genes reveal tight linkage across the phylum 

As gene conversion rates tend to be higher when the genomic distance between 

paralogues is shorter (Fawcett and Innan, 2011), close genomic organisation can 

provide additional support for the occurrence of this phenomenon. In all arthropod 

species that have chromosome level genome assemblies, at least 2 or more odd family 

genes are found near to each other in the genome (Fig. 3.10), suggesting that there is 

either an evolutionary constraint on the separation of the odd family cluster in each 

case, or that genes have recently duplicated.  

The genome of the spider, Parasteatoda, used in the phylogenetic analyses, only has a 

scaffold level assembly. Furthermore, two of the odd-related genes in this species, odr1 

and odr2 (XP_042907568.1), are located at the ends of separate scaffolds, meaning that 

we cannot rule out genomic linkage between these genes. Instead, a chromosome level 

assembly for another chelicerate, Rhipicephalus microplus, was used for comparison. 

This species, along with other ticks (Dermacentor, Ixodes, Varroa), appears to possess 

only 2 odd-related genes. In Rhipicephalus, these odd-related genes exist relatively 

close to each other, with no other genes between them (Fig. 3.10).  

Similarly to Parasteatoda, Strigamia also only has a scaffold level genome assembly. 

However, at present, there are no annotated, chromosome mapped assemblies for any 

other myriapod species that can provide a better picture of odd complex organisation. 

Two Strigamia odd-related genes, odr2 and odr3, are found nearby on the same 

Figure 3.9. Inferred gene conversions in insect odd family genes. Gene conversions are 

inferred by grouping of odd, sob, or bwl sequences from the ZF phylogram (Fig. 3.8A). If 

two or more genes from the same species form their own clade, this is interpreted as a gene 

convergence in this lineage. Hypothesised gene conversions (black circles) are marked in 

the centre of branches and do not reflect the precise timing of these events. Similar analyses 

with more intermediate species would be required to resolve these timings.  Tree topology 

and timescale based on phylogenomic analyses by Misof et.al. (2014). Insect orders 

highlighted and labelled by colour.  
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scaffold, while odr1 is on a separate scaffold. Given the positions of the Strigamia odr 

genes at the end of their respective scaffolds, we cannot rule out that they may still be 

linked (Fig. 3.10). 

 

The genomic arrangement of insect odd, sob and drm genes is highly conserved 

The organisation of the odd family complex in insects is generally well conserved, with 

the exception of bwl, which appears more susceptible to movement, and has become 

distanced from the rest of the cluster in hemipteran and dipteran species (Fig. 3.10). 

Drm, sob and odd orthologues are consistently found side by side in the same order 

along the chromosome and are relatively evenly spaced. In most cases, drm is also 

transcribed in the opposite direction to sob and odd. While the phylogenetic analysis 

was unable to distinguish Ischnura odd from bwl, the genomic organisation supports 

the initial names assigned from the NCBI refseq annotation, with Iele_odd-like located 

next to Iele_sob-like (Fig. 3.10).   

The two Aphis odd-like genes are extremely close to each other and facing opposite 

directions (Fig. 3.10). Given that in another hemipteran species, Nilaparvata lugens, 

the odd family complex appears to be typical of other insects, it is likely that the two 

odd-like genes in Aphis are the result of an aphid specific duplication, and that they now 

share upstream promoters. Odd-like genes with the same organisation are seen in other 

aphids such as the pea aphid (Acyrthosiphon) and yellow sugarcane aphid (Melanaphis 

sacchari). 
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Figure 3.10. Genomic organisation of the odd family cluster across arthropods. 

Orthologues of bwl, sob, odd and drm genes confirmed by phylogenetic analysis (Fig. 1, Fig. 

3B), except for Ischnura bwl and odd (asterisks), which have not been distinguished, and are 

instead based on NCBI genbank entries and their relative positions in the cluster. 

Transcription direction indicated by arrows above genes. Spacing of genes is not to scale, 

and real distance is given to the nearest kb (k) in each case. Double slashes mark a greater 

separation of two genes, between which unrelated genes may lie. Branches of phylogenetic 

tree not to scale. 
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3.2.5. odd family gene structure consistent with phylogenetics results 

When comparing the gene structures of arthropod odd family genes, a clear distinction 

can immediately be made between drm orthologues, and the remaining odd family 

genes (Fig. 3.11). Drm genes are much shorter in length, and possess sequence 

encoding only 2 ZFs. In Dipteran and neuropteran Drm orthologues, the second ZFs 

have missing histidine residues, although the presence of cysteine residues in their 

place means that they possibly still function as C2HC (Drosophila, Chrysoperla) or C2C2 

(Aedes) ZFs instead. This has already been reported in Drosophila when Drm was first 

characterised (Green et.al., 2002), but the observations in Aedes and Chrysoperla 

confirm a wider prevalence of this variation. 

All bwl and sob orthologues possess sequence encoding 5 C2H2 ZFs, as do Daphnia bwl-

like genes, Parasteatoda odr genes, and Strigamia odr-1 and odr-2 (Fig. 3.11). Most 

insect odd orthologues, on the other hand, have 4 ZF coding domains, except for 

Ischnura and Tribolium which have 5, and Aphis odd-like genes which only have 2 (+ 1 

C2C2-like ZF) (Fig. 3.11C). Taken alongside the fact that chelicerate, myriapod and 

crustacean Odd-related proteins all have five ZFs, it is likely that this represents the 

ancestral state of arthropod Odd family proteins, and that the fifth ZF has subsequently 

been lost from Odd orthologues during insect evolution. The presence of 5 ZFs in the 

most basal branching insect, Ischnura, may represent the ancestral state of Odd with 

the fifth ZF lost in other insect lineages, while in coleoptera, a fifth ZF may have 

subsequently been regained. Supporting this, the fifth ZF of coleopteran Odd 

orthologues exhibit a large degree of difference from an otherwise highly conserved 

consensus sequence in other Odd family proteins (Fig. 3.12), suggesting that this ZF 

may not be homologous. In contrast, the fifth ZF of Ischnura odd closely matches the 

consensus sequence (Fig. 3.12). 
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Figure 3.11. Arthropod odd family gene structures. To scale representations of coding 

sequences for bwl (A), sob (B), odd (C), drm (D), Daphnia bwl-like (E), Parasteatoda (F) and 

Strigamia (G) odd-related genes. Intron positions are indicated by gaps, while C2H2 and 

C2HC/C2C2 ZFs are represented by blue and red boxes respectively. Scale bar: 300 bp   
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Arthropod odd family genes exhibit conserved intron/exon structure both within and 

across gene classes 

Arthropod odd family genes appear to have a highly conserved structural feature, 

where, in almost all cases, an intron exists within the second zinc finger coding region 

(Fig. 3.11). This intron is always inserted precisely 53 bp along sequence encoding the 

second zinc finger. Several exceptions exist, such as Diptera odd orthologues, and 

Drosophila drm. Strigamia odr-3 also lacks this intron, although interestingly the gene 

stops almost exactly where this intron would usually begin, cutting the second zinc 

finger short by 3 amino acids. This suggests that any downstream exons have either 

been missed from the assembly/annotation, or that they have been lost during 

myriapod evolution, and a shortened odd family gene has persisted. A thorough 

Figure 3.12. Comparison of the 5th ZF amino acid sequence in selected insect Odd 

proteins compared to those of other arthropod Odd family proteins. ZF 5 consensus logo 

is based on a multiple sequence alignment of all arthropod Odd family proteins with 5 C2H2 

ZFs, excluding any insect Odd-skipped orthologues (n=32) (Appendix A, Fig. A.2). Overall 

stack heights represent sequence conservation at that position, while letter heights reflect the 

relative frequency of each amino acid. Yellow asterisks indicate residues that are present in 

all ZF 5 sequences used for the consensus. ZF 5 of Ischnura Odd-like, Tribolium Odd, and 

Harmonia Odd are aligned below the consensus logo for comparison. C2H2 Cysteine (C) and 

Histidine (H) residues are highlighted in red. Black asterisks mark amino acids that match the 

consensus sequence.  
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examination of the sequence downstream of Strigamia odr3 failed to find any sign of 

zinc finger coding sequence.  

Several other similarities and differences between the overall structures of arthropod 

odd family genes are also apparent. The insect bwl genes appear to be the largest from 

this family, and the zinc finger domain is relatively central (Fig. 3.11A). In contrast, the 

zinc finger coding domain of sob genes sit close to the 3’ end of the gene (Fig. 3.11B). 

This is more similar to Parasteatoda and Strigamia odd-related genes (Fig. 3.11F,G), 

which is consistent with the inferred relationship from initial phylogenetic analyses (Fig. 

3.6). Based on the relative positions of the zinc finger domains, Daphnia bwl-like-1 

appears more similar to insect bwl genes, while bwl-like-2 more closely resembles 

insect sob genes (Fig. 3.11D). Interestingly, this is also consistent with their genomic 

arrangement (Fig. 3.10), with bwl-like-2 sitting between drm and bwl-like-1, which is 

the order that drm, sob and bwl are found in most insects. However, given the lack of 

support from phylogenetic analysis, this is not sufficient evidence to confidently infer 

relationships between these genes. 
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3.3. DISCUSSION 

 

3.3.1. Arthropod Hes/Hey family evolution overview 

Consistent with previously published phylogenetic analyses, Hes/Hey genes in 

arthropods fall into three broad classes, Hey, cwo, and Hes, that have ancient origins in 

the common ancestor of all major metazoan lineages (Zhou et.al., 2012; Gazave et.al., 

2014). In arthropods, the Hes superclade can be further categorised into the E(spl) 

genes, which arose in the lineage leading to myriapods and pancrustaceans (Dearden, 

2015), insect Sidpn orthologues, and hairy/deadpan related genes. A number of 

arthropod Hes genes could not be confidently placed within any of these clades, and 

are possibly the result of lineage specific gene duplications and/or divergences. The 

Tribolium gene, Tc-Sidpn2, is an example of one of these genes, and despite its name, 

does not appear closely related to Tc-Sidpn1. Furthermore, it is on the same 

chromosome as Tc-h and Tc-dpn (LG9), which would suggest it is more likely to be a 

paralogue of one of these genes, having since diverged and lost its orange domain. 

Further analysis of other ill-defined genes may come to similar conclusions, but these 

would need investigating on a case-by-case basis. 

 

3.3.2. Placing suspected segmentation genes against the consensus Hes gene tree  

In this chapter, I attempted to resolve the relationships between Hes genes that have 

been reported for roles in segmentation across the arthropod phyla. While functional 

evidence varies and is still limited in many cases, almost all the genes from the 

hairy/deadpan clade that have so far been the subject of segmentation research, have 

expression patterns consistent with roles in segment patterning. This is the case for 

Cupiennius hairy, Strigamia hdpnl1-4, as well as a several insect hairy and deadpan 

orthologues (Bier et.al., 1992; Stollewerk et.al., 2003; Aranda et.al., 2008; Pueyo et.al., 

2008; Wilson and Dearden, 2012; Green and Akam, 2013; Rosenberg et.al., 2014). This 

suggests that these genes have an ancient history of involvement in arthropod 
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segmentation, which has remained the case in at least chelicerates, myriapods, and 

insects. 

Interestingly, the crustacean, Daphnia, has no genes within the hairy/deadpan class 

(Fig.1-2), despite a study by Eriksson et.al. (2013) demonstrating the function of Hes 

genes and Notch signalling in Daphnia segmentation. The two segmentally expressed 

Hes genes from this study, Hes2 and Hes3, are in fact E(spl) genes, E(spl)m7-like-A and 

E(spl)mbeta-like respectively. Furthermore, the Daphnia gene that appears most closely 

related to the hairy/deadpan clade, Hes-1, exhibits no striped reiterated expression 

pattern. Consistent with the conclusion that these segmentation genes are indeed 

E(spl) orthologues, an earlier study in Daphnia, found that they regulate neuroblast 

differentiation (Ungerer et.al., 2012) in a manner reminiscent of E(spl) genes in 

Tribolium and Drosophila (Culí and Modolell, 1998; Kux et.al., 2013). The role of E(spl) 

genes in Daphnia segmentation may also explain why it was not possible to identify any 

clear hairy/deadpan related genes in this species. If E(spl) genes were co-opted into 

segmentation during evolution, this may have made any hairy/deadpan-like genes 

redundant, removing selection pressure, and subsequently opening them up to genetic 

drift and the acquisition of divergent roles or deletion. 

The fact that Daphnia E(spl) genes are involved in segmentation demonstrates the 

interchangeability of Hes genes as effectors of Notch signalling across different 

developmental contexts, and highlights the gaps in our current understanding of this 

gene family outside of Drosophila. While most candidate gene approaches have solely 

focused on hairy orthologues, given its status as a Drosophila pair-rule gene, it is clearly 

important to also consider the wider group of Hes family genes when investigating 

potential roles in segmentation.   
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3.3.3. Conserved intron structure of Hes genes: A link to transcription cycle time 

constraints? 

The intron structures of arthropod Hes genes reported here are consistent with those 

reported for other Hes genes across metazoans, with cnidarian, vertebrate and annelid 

Hes genes also possessing homologous introns 1, 2 and 3 (Zhou et.al., 2012; Gazave 

et.al., 2014). There are also annelid and vertebrate Hes genes that only have introns 1 

and 2, suggesting that there may be an ancient origin for Hes genes with both of these 

intron structures. However, if this were true, we would expect phylogenetic analyses to 

produce a clear division between genes with 2 introns from those with 3, which is not 

the case. It is instead likely that intron 3 has been independently lost in multiple 

lineages.  

Regardless, there is clearly a deep conservation of some aspects of intron/exon 

structure across metazoan Hes genes, which has been maintained in the hairy/deadpan 

genes of arthropods. Conserved introns have, however, been lost from some insect 

Sidpn genes and also from E(spl) genes. The E(spl) genes of Daphnia and the basal 

branching insect, Ischnura, have retained intron 1 only, while in holometabolous 

insects, such as Tribolium and Drosophila, all introns have been lost. Unlike Sidpn genes, 

E(spl) genes in these species do not appear to have gained additional introns. However, 

a more comprehensive analysis of E(spl) gene structures would be required to confirm 

if this is true for other species. Whatever the case, there appears to be a varying degree 

of evolutionary constraint on the intron structure of different arthropod Hes genes, 

with the hairy/deadpan class retaining the ancestral form observed across other 

metazoan groups (Zhou et.al., 2012). 

Due to a common functionality of Hes family genes as molecular oscillators (Kageyama 

et.al., 2007), it is feasible that the importance of transcription cycle timing in these 

systems could be responsible for the conservation of intron structure. Indeed, it has 

been shown in mice, that removing introns from Hes7 can accelerate the speed of the 

segmentation clock, and subsequently increase the number of somites that are 

patterned (Harima et.al., 2013). While the number of introns significantly impacts the 

speed of RNA splicing, the length of introns also affects the speed of transcription itself 
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(Heyn et.al., 2015). No obvious similarities in intron length were observed between 

arthropod hairy/deadpan related genes. However, even if these genes are oscillators 

that rely on precise transcriptional timing, the exact timings would still likely vary 

between species via selection and developmental system drift. The increase or 

decrease of transcription speed, caused by gradual changes to intron length, could even 

be a mechanism for morphological evolution, whereas gaining or losing an intron may 

affect timing too drastically to persist. Intron alteration studies of arthropod Hes genes, 

similar to those done in mice, could test this theory. 

 

3.3.4. Arthropod odd family evolution overview 

In this chapter I have presented strong evidence for the concerted evolution of the 

arthropod odd family complex. Using the extensive genomic data now readily available, 

it was possible to infer the timing of multiple conversion events between the ZF coding 

domains of odd, sob, and bwl orthologues during insect evolution. There are signs that 

this phenomenon may also have occurred in chelicerate, myriapod and crustacean odd 

family genes, given high nucleotide sequence similarity of ZF domains among genes 

from the same species. However, a more comprehensive species set from these groups 

would be required to resolve the presence and timing of such events. With the 

occurrence of concerted evolution in this gene family, it is difficult to confidently 

establish the number and timings of odd family gene duplications in arthropods from 

the gene trees generated here.  

 

3.3.5. Co-localisation of arthropod odd family genes may reflect shared regulatory 

inputs 

One conclusion that can be made from this analysis, is that drm orthologues appear to 

have escaped gene conversion in insects and crustaceans, and have significantly 

diverged from the other odd family genes. This is despite maintaining a close physical 

linkage to the cluster, in particular with odd and sob in insects, where a highly conserved 

genomic structure can be observed across the clade. Bwl has switched positions and 
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even become separated from the complex in some lineages, suggesting that the same 

constraint on genomic organisation does not exist for this gene.  

Perhaps the most parsimonious explanation for the conserved arrangement of odd, sob 

and drm, is that these genes share important regulatory elements in their local genomic 

landscape. In many cases, genes that require co-ordinated expression are often co-

localised to prevent them from being differentially regulated by chromosomal factors 

such as DNA methylation and histone modification, and chromosome compaction 

(Zhang et.al., 2019). Published expression patterns for Tribolium and Drosophila odd, 

sob, and drm genes show, that while still variable, they do indeed appear to be similarly 

expressed during certain developmental stages (Hart et.al., 1996; Green et.al., 2002; 

Hao et.al., 2003; Thümecke and Schröder, 2021). Furthermore, in Tribolium, bwl 

expression appears similar to odd, sob, and drm (Thümecke and Schröder, 2021), while 

in Drosophila, it is notably different (Hart et.al., 1996). This is consistent with the 

separation of bwl from the odd family cluster in dipterans. In the hemipteran, 

Oncopeltus, odd and sob are also expressed in almost identical patterns during 

segmentation (Auman and Chipman, 2018; Reding et.al., 2019), further supporting the 

idea that co-localisation is linked to co-expression.   

While we cannot ascertain the exact genomic organisation of Strigamia odd-related 

genes (due to the lack of a chromosome level assembly), all three odr genes in this 

species are expressed in dynamic stripes in the SAZ (Green and Akam, 2013). Each odr 

gene appears to be inactivated at different AP positions, however, all are expressed in 

the same phase relative to eve, suggesting that they are likely co-expressed with each 

other. In the spider, Cupiennius, one odd-related gene is expressed in the SAZ, 

consistent with a role in segment patterning, while two other odd-related genes were 

not observed in this region (Damen et.al., 2005). However, no expression was described 

elsewhere, meaning further expression analyses would be required to establish 

whether these genes are co-expressed at other stages. A chromosome level genome 

assembly would also be required to determine the genomic organisation of these genes 

in the spider and whether they are located close to each other.  
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3.3.6. Context for subsequent chapters 

Overall, the analyses of these two gene families highlights some important aspects of 

gene family evolution, and provides us with important additional context for evo devo 

research around these genes. The story of E(spl) co-option in Daphnia segmentation 

informs us about the capacity of ancient developmental systems to change and co-opt 

new genes for old tasks, and while the emphasis of segmentation research in 

arthropods has always been on hairy orthologues, it is clear that more attention should 

be paid to other members of the Hes/Hey gene family. Meanwhile, the concerted 

evolution of the sequence encoding the ZF domains of odd family genes, along with 

their conserved genomic arrangement, means that they have great potential to share 

redundancy with each other. Indeed, this relationship has already been described for 

odd, sob and drm in the context of leg patterning in Drosophila (Hao et.al., 2003). 

Similar striped expression patterns of odd, sob and bwl in the Tribolium germband point 

towards possible redundancy in the context of segmentation also (Thümecke and 

Schröder, 2021).     
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4. A REVISED UNDERSTANDING OF ODD FAMILY 

GENE EXPRESSION IN TRIBOLIUM 

 

4.1. INTRODUCTION 

 

4.1.1. odd family expression and conserved functions in arthropods 

Odd-skipped was the first odd family gene to be characterised. It was initially described 

for its pair-rule function within the Drosophila “segmentation cascade” (Coulter et.al., 

1990). Other members of the insect odd family genes, sob, drm and bwl were identified 

several years later, when, alongside odd, they were discovered to play important roles 

in Drosophila leg development and hindgut specification (Hart et.al., 1996; Iwaki et.al., 

2001; Green et.al., 2002; Hao et.al., 2003). 

In the context of arthropod leg development, odd family genes appear to have an 

ancestral role as downstream effectors of Notch-mediated limb segmentation and 

growth, with odd-r1 in the spider, Cupiennius, exhibiting similar expression patterns and 

regulatory input from Notch signalling as are observed for odd, sob and drm in 

Drosophila (Hao et.al., 2003; Prpic and Damen, 2009). In Tribolium, odd-family genes 

appear to function in the same capacity alongside Notch signalling in the patterning of 

adult legs and mandibulate mouthparts during metamorphosis (Angelini et.al., 2012 

(a); Angelini et.al., 2012 (b)), while knockdowns of Tc-drm and Tc-bwl expression during 

embryogenesis produce larval phenotypes consistent with embryonic roles for these 

genes in leg segmentation and hindgut specification (Thümecke and Schröder, 2021). 

Consistent with these functions, Tc-sob, Tc-drm and Tc-bwl are all expressed in similar 

patterns in the limb buds, developing head appendages and hindgut anlage of Tribolium 

embryos (Thümecke and Schröder, 2021).  

Like their Drosophila orthologues, Tribolium Tc-odd, Tc-sob and Tc-drm genes are each 

expressed in rings around prospective joints during leg development. In Drosophila, 

these overlapping domains confer functional redundancy in promoting joint formation, 
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wherein single gene knockouts of odd, sob or drm do not produce any detectable 

defects relating to leg segmentation or growth (Hao et.al., 2003). In contrast, single 

knockdowns of Tc-drm in Tribolium are sufficient to produce fused leg segments, 

suggesting that, despite their conserved expression patterns, the same level of 

redundancy is not found in Tribolium as Drosophila (Thümecke and Schröder, 2021). 

That said, 3 of 6 leg joints are still established in the absence of Tc-drm, and the retained 

expression of Tc-sob around these joints suggests that there may still be some partial 

redundancy between odd-family genes, although this was never tested (Thümecke and 

Schröder, 2021). Regardless of the exact molecular mechanisms, observations of odd 

family expression and function in the context of arthropod leg development tells us that 

these genes have the capacity to function redundantly with each other. Whether this 

may also be the case with regards to body segmentation is, as of yet, unknown.  

 

4.1.2. Arthropod odd-family genes are regularly expressed in patterns consistent with 

roles in segmentation 

Due to its importance in Drosophila segmentation, direct orthologues of odd-skipped 

have commonly been the subject of candidate gene approaches for segmentation 

research in other arthropods, while much less attention has been paid to other 

members of the gene family. Despite the lack of any functional roles having yet been 

described for other odd-family genes with regards to segmentation, in cases where 

expression has been investigated, similar expression patterns are often observed during 

segment patterning. 

In Drosophila, Tc-sob and Tc-drm are both expressed in 7 pair-rule stripes at the same 

time as Tc-odd (Hart et.al., 1996; Green et.al., 2002), while in Tribolium, Tc-sob and Tc-

bwl are reported to be expressed in stripes in the SAZ during early GBE that resemble 

those of Tc-odd (Choe et.al., 2006; Thümecke and Schröder, 2021). In the milkweed bug, 

Oncopeltus, Of-sob is reported to be expressed in a seemingly identical pattern to that 

of Of-odd during segment addition (Auman and Chipman, 2018; Reding et.al., 2019). 

And, despite their unclear relationships to insect odd-family genes (section 3.2.3), all 3 
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odd-related genes of the centipede, Strigamia, are also found to be expressed in 

overlapping stripes in the SAZ during segmentation (Green and Akam, 2013). 

As discussed in the previous chapter, these patterns may solely reflect shared 

regulatory inputs as the result of genomic co-localisation. However, functional 

redundancy, in the context of segmentation, has not yet been fully tested as an 

alternative explanation for these observations. Furthermore, there is a need for co-

expression analyses to determine if the expression of these genes truly overlap. 

 

4.1.3. HCR as an effective method for evaluating gene co-expression 

Colorimetric in situ hybridisation, using antigen-labeled nucleotide probes and 

antibody staining, is a well-established technique in Tribolium for visualising patterns of 

gene expression during development (Brown et.al., 2009; Schinko et.al., 2009). This 

remains a useful and cost-effective method for screening expression patterns of 

candidate genes. However, if evaluating co-expression patterns of multiple genes at 

once, these experiments have several limitations. 

In recent years, new multiplex fluorescent in situ hybridisation (FISH) techniques have 

been established and adapted for use in Tribolium. One such technique is hybridisation 

chain reaction (HCR), developed and refined through several iterations (Ikbal et.al., 

2015; Bi et.al., 2017; Choi et.al., 2018). The most recent iteration, HCR 3.0, utilises sets 

of short (~10-20bp) probe pairs that are tagged by complimentary fragments of ssDNA 

(Choi et.al., 2018). When these pairs bind adjacent sequences of mRNA, their 

complimentary ssDNA fragments come together to form an active initiator sequence. 

The advantage this gives is that if just 1 probe without its partner binds non-specifically 

in the sample, this probe will lack the complete initiator sequence and will be inert. This 

reduces background “noise” by ensuring that probes binding off-target sites are less 

likely to generate non-specific signals (Choi et.al., 2018).   

Complete initiator sequences trigger the polymerisation of fluorophore-tagged DNA 

hairpins once added, which amplify a fluorescent signal along the length of the gene 

transcript of interest. 5 different initiator sequences, combined with 5 DNA hairpins 
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labelled with distinct flurophores, enables the potential visualisation of 5 genes in 

parallel within a single embryo (Choi et.al., 2018). Successful examples of 4 gene 

multiplex HCR FISH have previously been carried out in Tribolium (Tidswell et.al., 2021). 

However, the availability of confocal microscope lasers and embryo autofluorescence 

has limited my experiments to just 3 genes at once in this case. Regardless, this still 

proves a greatly useful tool for accurate visualisation and analysis of any potential 

overlap in odd-family gene expression.  

 

4.1.4. Aims of the chapter 

In this chapter, I will aim to corroborate previously published expression patterns for 

odd-skipped-family genes in Tribolium, and to evaluate the extent to which their 

expression domains overlap during segmentation. If there is any functional redundancy 

in the clock network between these genes, we would expect to see them co-expressed 

in the Tribolium SAZ. 

Given the differences in phenotype severity observed between SB and GA2 strains after 

Tc-odd knockdown (section 1.6), I will also compare the expression patterns of odd-

family genes across these two strains. If there has been a genuine intraspecies 

divergence in the level of redundancy conferred by odd-family genes with regards to 

body segmentation, then this may be evident from their expression dynamics. 
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4.2. RESULTS 

 
4.2.1. Staging with Tc-wingless (Tc-wg) as a marker 

For the purpose of staging Tribolium embryos, I selected the segment polarity gene, Tc-

wingless (Tc-wg), as a marker. Tc-wg stripes appear sequentially as new parasegment 

borders are established throughout the course of segment addition. Each stripe marks 

the posterior boundary of a parasegment and corresponds to a future segment identity 

(Fig. 4.1B). In keeping with Tc-wg staging used by Tidswell et.al. (2021), I will refer to 

stages based on the posterior-most Tc-wg stripe and the parasegment it corresponds 

to (Fig. 4.1A). The ectoderm between the final Tc-wg stripe and the posterior Tc-wg 

domain can be considered the segment addition zone (SAZ) (Janssen et.al., 2010), in 

which primary segment patterning occurs.    

 

4.2.2. A revised understanding of odd family gene expression in Tribolium  

 

Tc-drm and Tc-sob are expressed in late pair-rule stripes during segment addition 

In order to investigate possible redundancies between Tribolium odd family genes, I 

used hybridisation chain reaction (HCR) multiplex Fluorescent in situ hybridisation 

(FISH) to see how these genes are expressed relative to each other. Probes were 

designed to avoid the highly similar ZF coding regions of each gene (Table 2.2). Tc-drm 

and Tc-sob show highly similar expression patterns during all stages captured in this 

study up to 48 hours after egg lay. Both are expressed in late pair-rule stripes during 

segment addition in a phase opposite to the pair-rule stripes of Tc-odd expression (Fig. 

4.2. cyan/magenta arrowheads). These domains abutt the posterior edge of their 

corresponding Tc-wg stripe, without overlapping, and their expression shortly precedes 

that of Tc-wg. Tc-drm and Tc-sob pair-rule stripes are transiently expressed in newly 

established segments and turn off as segments mature. However, in the case of head 

and thoracic segments, Tc-drm and Tc-sob become expressed in head appendage and 

limb bud domains immediately after the pair-rule stripes disappear (Fig. 4.2. wg9-
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wg13). In some cases, faint secondary stripes can also be seen in segments where Tc-

odd is expressed, and vice versa, with secondary Tc-odd stripes overlapping primary Tc-

drm and Tc-sob pair-rule stripes (Fig. 4.2. faint arrowheads). Interestingly, in contrast 

to previously published results for Tc-sob (Thümecke and Schröder, 2021), no striped 

expression was observed in the posterior SAZ. In addition, Tc-drm stripes were 

previously only reported in an early germband stage, whereas here I have observed late 

pair-rule stripes of expression throughout segment addition. 

 

 

 

 

 

 

Figure 4.1. Tc-wg staging through GBE. (A) Examples of Tc-wg expression in 3 embryos at 

different stages of segment addition (taken from HCR FISH experiments). Stages defined by 

posterior-most Tc-wg stripe. Segment identities for Tc-wg stripes are given to the right of each 

embryo. h = head domain, Ant = Antennal, Mn = Mandibular, Mx = Maxillary, Lb = Labial, 

T(1-3) = Thoracic, A(1-5) = Abdominal, post = posterior domain. (B) Example schematic 

illustrating relative positions of Tc-wg stripes against parasegment and segment boundaries in 

a wg5 stage embryo. SAZ = Segment Addition Zone. Scale bar: 100 µm 
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Tc-drm and Tc-sob are also both expressed in the head, first in a transverse stripe along 

the anterior head of newly formed germbands, and subsequently along the base of the 

head lobes (Fig. 4.2. white arrowheads). In later stage germbands, Tc-sob and Tc-drm 

are expressed in several distinct domains within eye spots, labrum and antennae anlage 

(Fig. 4.2. wg9-wg13). Both genes also become expressed in the posterior tip of the 

germband, behind the posterior Tc-wg domain, from around stage wg6 (Fig. 4.2. yellow 

arrowheads). While Tc-sob and Tc-drm expression patterns are almost identical, Tc-sob 

appears to exhibit stronger expression in head appendages and limb buds, while Tc-drm 

expression is stronger in the posterior domain. Unlike previously published results 

(Thümecke and Schröder, 2021), no Tc-bwl expression was observed during segment 

addition, and instead, only becomes visible in later stages (see below). 

 

Post GBE expression of odd-family genes is consistent with roles in leg development 

and hindgut specification.   

After segment addition has finished, Tc-odd, Tc-sob and Tc-drm are expressed in almost 

identical overlapping patterns. They continue to be co-expressed in domains within the 

developing head appendages, limb buds and presumptive hindgut. As trunk segments 

mature, Tc-odd, Tc-sob and Tc-drm become expressed in transverse stripes along 

Figure 4.2. Expression of Tc-drm and Tc-sob in relation to Tc-odd during segment 

addition. SB strain Tribolium embryos from HCR FISH experiments showing Tc-odd/Tc-

drm/Tc-wg (left) and Tc-odd/Tc-sob/Tc-wg (right) expression at comparative stages of segment 

addition. For each embryo, individual channel images are shown for all 3 genes alongside a 

merged image, as indicated by labels along the top of the figure. Embryos from each 

experiment were staged based on Tc-wg expression (Fig. 4.1) and are indicated by the labels 

down the left-hand side. The posterior-most Tc-wg stripe is labelled in green to demonstrate 

embryo staging. Cyan (Tc-odd) and magenta (Tc-drm / Tc-sob) arrowheads indicate pair-rule 

stripes, while dimmed arrowheads indicate weaker secondary pair-rule stripes. White 

arrowheads mark the early head domains of Tc-sob and Tc-drm, and yellow arrowheads mark 

the posterior Tc-sob and Tc-drm domains. Abbreviations: Lbr=Labrum, Ant=Antennal, 

Mn=Mandibular, Mx=Maxilla, Lb=Labia, Es=Eyespot, Fg=Foregut, T=Thoracic, 

A=Abdominal. Scale bar: 100 µm 
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segment boundaries. In late stages, all three genes display overlapping striped 

expression in the developing legs, with one ring around the base, and 5 more that 

correspond to each leg joint (Fig. 4.3C’, F’) (Thümecke and Schröder, 2021). 

Tc-bwl expression appears shortly after the completion of GBE and is also found in the 

head appendages, limb buds and presumptive hindgut region (Fig. 4.3G). Expression 

continues in these domains and grows stronger as development proceeds. However, 

the exact domains of Tc-bwl are distinct from those of other odd-family genes. During 

hindgut morphogenesis, this is particularly apparent, as Tc-bwl is expressed in a broad 

domain around the rectum (King and Denholm, 2014), while Tc-sob/Tc-drm/Tc- odd 

expression is restricted to an adjacent anterior region of the hindgut (Fig. 4.3C,F,I). 

When other odd-family genes become expressed in rings in the legs, Tc-bwl is diffusely 

expressed between Tc-odd leg stripe 1 to the tip of the legs (Fig. 4.3I’). While this 

uniform late-stage Tc-bwl expression in the leg is generally consistent with that 

reported by Thümecke and Schröder (2021), no elevated stripes of expression were 

observed in the prospective joints in this instance. 

 

 

 

 

 

Figure 4.3. (overleaf) Post GBE expression of odd family genes in Tribolium. HCR 

multiplex FISH for Tc-odd/Tc-drm (A-C’), Tc-odd/Tc-sob (D-F’) and Tc-odd/Tc-bwl (G-I’). 

Individual channel images are shown for each gene alongside merged channel images to 

indicate co-expression. Three similar embryonic stages are shown for each experiment based 

on morphology and Tc-odd expression. Embryos are arranged in increasing age from top to 

bottom. C’, F’ and I’ are taken from embryos C, F and I respectively to highlight gene 

expression in developing legs. Dotted lines outline legs and rings of Tc-odd/Tc-drm/Tc-sob 

expression, with 0 corresponding to base of the leg, and 1-5  marking each leg join (based on 

inferences by Thümecke and Schröder (2021). T=Thoracic, A=Abdominal. Scale bar: 100 µm 



85 
 

 

4.2.3. odd family gene expression shows no signs of divergence between SB and GA2 

strains  

To test for redundancy and developmental system drift between odd family genes, and 

to corroborate the differences in expression patterns observed here compared to those 

previously published by Thümecke and Schröder (2021), I performed HCR FISH 

experiments on SB and GA2 strain embryos in parallel. While details of the strain used 

by Thümecke and Schröder (2021) were not provided, strain variation was considered 
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one possible explanation for the differences in results. However, there were no obvious 

differences in odd family gene expression between strains at all stages that I captured 

(up to 48 hours after egg lay). Tc-drm and Tc-sob were both expressed in the same late 

pair-rule stripes during segment addition in GA2 and SB embryos (Fig. 4.4), while Tc-

bwl expression was similarly only seen after GBE (data not shown). Importantly, the 

previously reported stripes of Tc-bwl and Tc-sob expression in the posterior SAZ 

(Thümecke and Schröder, 2021) were still not observed in the GA2 strain, ruling out the 

possibility that these contradicting results are down to strain differences. 

 

Figure 4.4. Comparison of Tc-drm and Tc-sob expression in SB and GA2 strains during 

segment addition. Three comparative germband stages of SB and GA2 embryos are shown 

from HCR FISH experiments with Tc-drm (A) and Tc-sob (B) carried out in parallel. Tc-wg 

(green) was included as a marker in each case and is shown alongside single channel images 

of Tc-drm/Tc-sob (magenta) expression to indicate positions of pair-rule stripes. Germband 

stages are labelled down the left-hand side of each panel. Pair-rule stripes are labelled in 

relation to the corresponding Tc-wg stripe that they border. Secondary Tc-sob pair-rule stripes 

are indicated by magenta arrowheads. Scale bar: 100 µm 
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4.3. DISCUSSION 

 

In this chapter, I have described a revised understanding of odd family gene expression 

during segment addition in Tribolium. In contrast to results by Thümecke and Schröder 

(2021), I have found no evidence of Tc-sob or Tc-bwl expression in the posterior SAZ 

during GBE, and instead show that Tc-sob, along with Tc-drm, is transiently expressed 

in late pair-rule stripes in opposite phase to those of Tc-odd, while Tc-bwl expression is 

not observed until after GBE. Consistent with previously described expression patterns, 

Tribolium odd-family genes are also expressed in domains in the developing head 

appendages, legs, and the hindgut (Thümecke and Schröder, 2021). Comparison of odd 

family gene expression between SB and GA2 strains showed no divergence and is 

therefore unable to explain the differences in Tc-odd knockdown severity or odd family 

expression between my results and those previously published. 

 

4.3.1. Previously published Tc-bwl and Tc-sob expression is consistent with cross-

reaction of in situ probes with transcripts of other odd family genes 

RNA in situ probes used in study by Thümecke and Schröder (2021) encompass a region 

of the zinc-finger coding domain with a high degree of sequence similarity between Tc-

sob, Tc-bwl and Tc-odd 

In order to understand why the expression patterns for Tribolium odd family genes 

presented in this study are different to those reported by Thümecke and Schröder 

(2021), I compared the methods, specifically with regards to probe design. As discussed 

in the Chapter 3, arthropod odd family genes share a highly conserved zinc-finger 

coding region, which in the case of insect odd, sob and bwl orthologues, has been the 

subject of gene conversion events during evolution, resulting in an especially high 

degree of sequence similarity between these domains in genes from the same species. 

With this knowledge, I specified probes to be designed using mRNA sequence outside 

of this region (Table 2.2). However, mapping of the forward and reverse primers used 

for Tc-bwl and Tc-sob probe synthesis by Thumecke and Schroder (2021), reveals that 

their probes overlap this region of high nucleotide similarity (Fig. 4.5).  
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Figure 4.5. Previously published Tc-bwl and Tc-sob in situ hybridisations used probes 

overlapping the highly similar zinc finger coding regions. Tc-bwl and Tc-sob CDS 

overviews illustrate the regions selected for probe synthesis by Thümecke and Schröder 

(2021) in relation to ZF coding sequences (blue blocks). A 239 bp region from the Tc-bwl 

probe with high sequence similarity to other odd-family genes was used as a template for 

sequence alignments against Tc-odd and Tc-sob, while the entire Tc-sob probe was used as a 

template for sequence alignments against Tc-odd and Tc-bwl. The first 171 nucelotides (red 

star) of the Tc-bwl probe has a particularly high sequence similarity to Tc-odd and Tc-sob 

sequences. Asterisks mark matching bases between probes and the gene sequences, with the 

top and bottom rows of asterisks corresponding to the middle and bottom sequences 

respectively. Pairwise identities are given as a percentage of matching bases between the 

probe and selected gene sequence. Numbers at the start of each row for gene sequences 

indicate the first base’s position in the CDS. Note that the sense strand was used for alignments 

and measuring similarity. This similarity is directly related to how complementary the 

antisense RNA probes are to the mRNA for each gene, and may confer binding affinity. Probe 

sequences were deduced from primer sequences provided in Thümecke and Schröder, (2021 

(section 4.3.1)). 
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The Tc-bowl probe used in experiments by Thümecke and Schröder (2021) was 799bp 

long, with a 239 bp region that shares 81.22% and 80.66% pairwise identity and almost 

no gaps in the alignment with Tc-odd and Tc-sob respectively (Fig. 4.5A). The first 171 

nucleotides of the Tc-bwl probe have a particularly high similarity with Tc-odd and Tc-

sob, sharing 87.86% and 85.55% sequence identity respectively (Fig. 4.5A red star). For 

reference, the remaining Tc-bwl sequence had a pairwise identity of 49.86% and 52% 

against Tc-odd and Tc-sob respectively and a fragmented alignment (data not shown). 

The Tc-sob probe used by Thümecke and Schröder (2021) was 236 nucleotides in length, 

and was contained entirely within the conserved region encoding the zinc fingers (Fig. 

4.5B). The whole length of probe had a pairwise identity of 87.82% and 85.65% against 

sequences from Tc-odd and Tc-bwl respectively. 

 

Previously reported expression patterns for Tc-bwl and Tc-sob are consistent with cross-

hybridisation against Tc-odd and Tc-sob/Tc-bwl mRNA 

With these levels of sequence similarity, it is possible that the Tc-bwl probe used by 

Thümecke and Schröder (2021) could bind to Tc-odd and/or Tc-sob transcripts, while 

the Tc-sob probe could bind to Tc-odd and/or Tc-bwl transcripts in cells expressing these 

genes. The expression patterns reported for these two genes are consistent with this. 

Thümecke and Schröder (2021) observed dynamic stripes of Tc-bwl and Tc-sob in the 

SAZ during early stages of segment addition, while conversely, this was never detected 

in the HCR results presented here. These stripes are highly reminiscent of Tc-odd 

expression. When anterior stripes are also accounted for, germband expression 

patterns for Tc-sob and Tc-bwl from Thümecke and Schröder (2021, fig. 3C, fig. 4B) 

accurately reflect that of Tc-sob/Tc-odd double FISH embryos of a comparative stage 

(Fig. 4.6). Furthermore, Tc-sob leg expression from Thümecke and Schröder (2021, Fig. 

3H’) includes faint background staining that is reminiscent of Tc-bwl leg expression, 

while their Tc-bwl results, in addition to diffuse staining, show stripes of expression in 

the legs that are reminiscent of Tc-odd/Tc-sob leg joint domains at this stage (Fig. 4.6 

asterisks). 
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Taken together, there is convincing evidence that the Tc-bwl and Tc-sob probes designed 

by Thümecke and Schröder (2021) are both capable of binding to Tc-bwl, Tc-sob and Tc-

odd mRNA. Tc-bwl expression was reported to be weaker, requiring a longer staining 

reaction. This might be explained by a lower binding affinity between the Tc-bwl probe 

Figure 4.6. Comparison of previously published Tc-sob and Tc-bwl expression patterns 

to those from this study. Diagrams were drawn from in situ figure images in Thümecke and 

Schröder (2021) showing Tc-sob expression in an early stage germband ((1) Fig. 3C) and Tc-

bwl expression in the developing legs ((2), Fig. 4I). These patterns are similar to those 

reported for Tc-bwl and Tc-sob, respectively, from the same study. Diagrams are shown 

alongside HCR FISH embryos from my experiments at comparative stages. In both cases, 

published expression patterns more closely resemble those of Tc-sob/Tc-odd and Tc-bwl/Tc-

odd double FISHs. Stripes 1 and 2 in the early germband are akin to Tc-sob stripes, while 3-

5 match those of Tc-odd expression. Asterisks mark elevated stripes of expression in 

previously published Tc-bwl results that resemble those of Tc-odd (or Tc-sob) leg joint 

domains. T=Thoracic, A=Abdominal. Scale bar:100 µm 
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and Tc-odd/Tc-sob mRNA, consistent with a smaller proportion of probe that overlaps 

the conserved zinc finger domain. Regardless, these findings cast doubt over the 

accuracy of Tc-bwl and Tc-sob expression patterns reported by Thümecke and Schröder 

(2021) and highlight the importance of careful probe design. 

While the Tc-drm probe used by Thümecke and Schröder (2021) also overlapped with 

the zinc finger domains, this region shares a much lower sequence similarity to that of 

other odd family genes in Tribolium. Furthermore, there was no evidence from their 

results to suggest any probe cross-hybridisation with non-target mRNA. However, 

Thümecke and Schröder (2021) failed to capture the same pair-rule expression of Tc-

drm observed here, with the exception of one stripe preceding the first Tc-wg stripe 

(wg0). In my experiments, the signal of Tc-drm pair-rule stripes during segment addition 

was relatively low in comparison to other domains such as in the hindgut anlage. As 

Thümecke and Schröder (2021) used colorimetric ISH, it is possible that the staining 

reaction was stopped before these weaker pair-rule stripes became visible. 

Furthermore, HCR has a much higher sensitivity than traditional antibody staining 

techniques to the point that it can detect single molecules within thick tissue samples 

(Shah et.al., 2016). 

 

4.3.2. in situ probes used in odd family expression studies of other arthropods 

commonly include regions with high sequence similarity  

In light of the evidence for cross hybridisation of Tc-sob and Tc-bwl probes used in 

Thümecke and Schröder (2021), I reviewed the probe designs for expression studies of 

odd family genes in other arthropod species. For almost all publications from which 

probe sequences could be inferred, significant regions of these probes overlap the zinc 

finger coding domains, and share significant similarity to the sequences of other odd 

family genes from the same species (Fig. 4.7). Given that a 239bp region of the Tc-bwl 

probe used by Thümecke and Schröder (2021) with ~80% similarity to Tc-odd and Tc-

sob was enough to illicit cross hybridisation, it is feasible that many of these other gene 

expression studies could be reporting expression patterns for more than one odd-family 

gene. 
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For example, two separate papers have published Of-sob expression in the milkweed 

bug, Oncopeltus fasciatus, describing an almost identical expression pattern to that of 

Of-odd (Auman and Chipman, 2018; Reding et.al., 2019). In both cases, probes included 

a highly conserved 338bp region of the zinc finger domain that shares 98.22% sequence 

similarity to the corresponding region of Of-odd (Fig. 4.7). Such a high sequence 

similarity would likely equate to a high binding affinity between the Of-sob probe and 

Of-odd mRNA, and could therefore explain the similarity in expression patterns 

reported for both genes. These papers also used odd probes that overlap this highly 

similar region. However, Reding et.al. (2019) used an additional control probe outside 

of this sequence to confirm that cross hybridisation was not influencing their results for 

Of-odd expression. Published expression patterns for other arthropod odd family genes 

where probes include homologous ZF-coding regions with over 80% sequence similarity 

to paralogues from the same species include: Strigamia odr1 (with odr2), Daphnia odl 

(with bwl-like-2), and Nasonia Nv-odd (with Nv-sob and Nv-bwl) (Fig 4.7B) (Chipman 

et.al., 2004; Eriksson et.al., 2013; Rosenberg et.al., 2014). Several other expression 

studies include probes with regions of 75-80% sequence similarity to paralogues, while 

in some cases probe sequences could not be inferred from the methods provided, 

therefore leaving it unclear what capacity these probes have for off target cross-

hybridisation (Fig 4.7B). 

Whatever the case, these findings highlight the importance of careful probe design, and 

cast a degree of uncertainty over the accuracy of published expression patterns for odd-

family genes in arthropods. If the expression patterns of alternating pair-rule stripes 

observed for Tc-sob and Tc-odd in the segmenting Tribolium germband are conserved 

across other arthropods, cross-hybridisation of probes could theoretically lead to 

incorrect conclusions about single or double segment periodicity. 
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4.3.3. Revised expression patterns do not support redundancy between odd family 

genes in the Tribolium segmentation clock network 

While the late pair-rule stripes of Tc-sob and Tc-drm expression in Tribolium may be 

related to roles in segmentation for these genes, the lack of any expression within the 

posterior SAZ during segment addition means that they are unlikely to be involved in 

primary segment patterning. This role appears to be reserved for Tc-odd alone. If any 

of the other Tribolium odd-family genes were acting redundantly in the oscillatory 

network to drive Tc-run stripe expression in the absence of Tc-odd (Fig. 1.9C), then we 

would expect to see these genes co-expressed in the SAZ, however, it is now clear that 

this is not the case. 

Figure 4.7. Review of odd family in situ probes from published expression studies in 

arthropods. (A) Schematics of arthropod odd-family genes, for which expression patterns 

have been described, aligned with the RNA probes used in each case. Blue squares indicate 

C2H2 ZF coding sequences, while sections of probe overlapping sequence with high similarity 

to other paralogues from the same species are coloured in red. Numbers relate to the papers 

from which the probe sequences have been inferred (see references below). (B)  Table 

detailing probe lengths, overlap of high similarity ZF coding domain, and the size and 

similarity of this region to sequences of paralogues from the same species. In papers where 

primers or probe sequences are provided, NCBI conserved domain searches were made to 

identify the presence/absence of the zinc finger (ZF) domain. If probe sequences overlapped 

the ZF domain, they were aligned against other known odd family genes for that species, 

conserved regions were identified, and pairwise similarities (%ID) were calculated (as in fig. 

4.5). The conserved region alignments from which similarities are provided share 100% 

sequence coverage. References: 1 = Damen et.al., 2005, 2 = Chipman et.al., 2004, 3 = Green 

and Akam, 2013, 4 = Janssen et.al., 2011, 5 = Eriksson et.al., 2013, 6 = Auman and Chipman, 

2018, 7 = Reding et.al., 2019, 8 = Rosenberg et.al., 2014, 9 = Xiang et.al., 2017, 10 = Nakao, 

2015. “?” indicates where probe sequences could not be inferred from the publication due to 

exclusion of primer sequences. Single asterisks denote probe sizes with uncertainty. Double 

asterisks indicate where other odd-family gene sequences are unknown for that species. Also 

note that Of-odd and Of-sob are the only genes identified for Ofas.  
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Despite not being active players in driving primary pair-rule oscillations, Tc-sob and Tc-

drm expression patterns may indicate later roles in segment patterning. Their stripes of 

expression appear immediately before adjacent stripes of the segment polarity gene, 

Tc-wg. It is therefore possible that Tc-drm and Tc-sob function falls somewhere within 

the regulatory network that promotes segment-polarity gene expression. It has been 

shown from Tc-odd knockdowns in Tribolium, that Tc-odd is required for the activation 

of Tc-prd stripes in odd-numbered segments, which in turn are required for the proper 

formation of these segments via activation of the segment polarity gene, Tc-en (Choe 

et.al., 2007; Jeon et.al., 2020). This explains the pair-rule-like phenotype that is 

observed in some Tc-odd knockdowns where cellular oscillations and primary segment 

patterning are still preserved (Jeon et.al., 2020). It is therefore possible, that while Tc-

odd stripes are required for the proper development of odd-numbered segments, Tc-

sob and Tc-drm may be required for the development of even-numbered segments. 

However, the primary stripes of Tc-odd are expressed in even-numbered segments, 

while the primary stripes of Tc-sob and Tc-drm are co-expressed in odd-numbered 

segments meaning that if such roles do exist, they are likely to be indirect and complex. 

To date, single Tc-drm knockdown experiments have not been reported to illicit any 

segmentation defects (Thümecke and Schröder, 2021). However, it would be necessary 

to perform joint knockdowns of Tc-sob and Tc-drm to fully test this given that their 

overlapping expression may confer redundancy.  
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5. EXPRESSION DYNAMICS OF HES/HEY GENES IN 

TRIBOLIUM 

 

5.1. INTRODUCTION 

 

5.1.1. Hes/Hey gene family expression and function in arthropods 

The Hes/Hey family of genes encode a group of bHLH-Orange (bHLH-O) transcription 

factors that have ancient roles in regulating developmental and physiological processes, 

such as neurogenesis and circadian rhythms, across a diverse range of metazoans. In 

Drosophila, the Hes gene, hairy (h), was first identified for its function as a primary pair-

rule gene during segmentation (Holmgren, 1984; Ingham et.al., 1988). Due to its 

classification as a pair-rule gene, candidate gene approaches in other arthropod models 

have often focused on investigating expression and function of h orthologues, leaving 

data scarce for other Hes/Hey family genes outside of Drosophila.  

Hes genes 

As discussed in chapter 3, a group of arthropod Hes genes related to h/deadpan (dpn) 

are commonly found to exhibit expression patterns consistent with roles in 

segmentation, and represent the primary candidates for an alternate oscillator network 

in the arthropod segmentation clock. Expression patterns for h/dpn-related genes in 

the SAZ of spiders, Cupiennius and Parasteatoda, and the centipede, Strigamia, are 

consistent with roles in primary segment patterning in non-insect arthropods, and in 

the case of Cupiennius, appear to be regulated by Notch signalling (Stollewerk et.al., 

2003; Green and Akam, 2013; Paese, 2018). In the cockroach, Periplaneta, Pa-h exhibits 

dynamic expression in the SAZ, and functional evidence suggests that it acts in concert 

with Notch signalling to drive and co-ordinate cellular oscillations during segmentation 

(Stollewerk et.al., 2003; Pueyo et.al., 2008). However, despite having similarly 

conserved expression patterns, there is contrasting functional evidence for roles of h 

orthologues in the segmentation of other sequentially segmented insects, such as 
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Tribolium and Oncopeltus (Aranda et.al., 2008; Reding et.al., 2019). While no 

segmentation function has thus far been described for the insect dpn genes, 

orthologues in Drosophila and Tribolium are both expressed in primary pair-rule stripes 

during segment patterning (Bier et.al., 1992; Aranda et.al., 2008). In Drosophila, dpn is 

also expressed in the neuroectoderm, where it is believed to function as a downstream 

target of the homeodomain transcription factor, Prospero, in regulating neural stem cell 

renewal and differentiation (Southall and Brand, 2009).  

Another sub-group of arthropod Hes genes, the Enhancer-of-split (E(spl)) genes, are 

primarily associated with roles in neurogenesis. In Drosophila and Tribolium, they have 

a conserved function within a Notch-mediated lateral inhibition mechanism that 

controls the patterning of neuroblasts (neural stem cells) (Culí and Modolell, 1998; Kux 

et.al., 2013). As established from phylogenetic analyses in Chapter 3, however, E(spl) 

homologues in the crustacean, Daphnia, are interestingly found to be expressed in 

patterns consistent with roles in primary segment patterning, which in this case appears 

to be co-ordinated by Notch signalling (Eriksson et.al., 2013). A limited availability of 

E(spl) expression data in other arthropods means we cannot confirm if this 

phenomenon is widespread.  

Other Hes genes, such as the insect Similar to deadpan (Sidpn) genes, have not been 

the subject of any significant research to date. In situ data from the Berkeley Drosophila 

Genome Project shows that in Drosophila, Sidpn is expressed in the developing brain 

and ventral nerve cord during neurogenesis (Tomancak et.al., 2007). 

Hey and clockwork orange (cwo) 

Hes-related bHLH-O genes, cwo and Hey, are essential for their roles in controlling 

circadian rhythms and neurogenesis, respectively.  In Drosophila, cwo oscillates via an 

autoinhibitory feedback loop whilst directly regulating other genes in the circadian 

clock network to confer behavioural rhythmicity (Matsumoto et.al., 2007; Kadener 

et.al., 2007). Evidence from several other insect models points to a conserved function 

of cwo in this system (Ingram et.al., 2012; Tomiyama et.al., 2020). With regards to 

development, there is also some evidence from Drosophila for a role of cwo in dendrite 

morphogenesis (Iyer et.al., 2013). Hey is expressed in the developing nervous system 
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and, as a downstream target of Notch, it promotes alternate cell fates in newly born 

neurons (Monastirioti et.al., 2010). Other arthropod Hey orthologues have not yet been 

the subject of expression or functional studies, and while there is little evidence from 

Drosophila to suggest that they may play a role in segmentation, vertebrate 

homologues of Hey are cyclically expressed in the chick PSM, demonstrating their 

potential for co-option into an analogous clock-and-wavefront mechanism (Leimeister 

et.al., 2000). 

Extramacrochaetae (emc) 

While not strictly a member of the Hes/Hey gene family, emc is an important regulator 

of bHLH transcription factor activity. It encodes a bHLH protein that lacks the basic 

domain required for DNA binding, but that has retained the helix-loop-helix domain 

that enables it to dimerize with other bHLH proteins (Campuzano, 2001). This means 

that Emc can repress bHLH transcription factor activity through the formation of 

inactive heterodimers that are unable to bind DNA and regulate transcription. In 

vertebrates, homologues of Emc, Id proteins, behave in this capacity with HES/HEY 

monomers in the context of neurogenesis, releasing the chick Hes1 gene from 

autorepressive oscillations (Bai et.al., 2007). While emc does not appear to function in 

Drosophila segmentation, in the context of eye development there is evidence to 

suggest that Emc antagonizes E(spl) function, indicating that the Emc protein is capable 

of dimerising HES/HEY proteins in arthropods (Bhattacharya et.al., 2009). Given the 

potential of emc to influence HES/HEY protein dynamics, this makes this gene a strong 

candidate for investigating Hes/Hey function in relation to sequential segmentation.     

Published Hes/Hey expression patterns in Tribolium development 

As described in chapter 2, there are 8 known Hes/Hey genes and 1 emc gene in 

Tribolium. To date, embryonic expression patterns have been reported for Tc-h, Tc-dpn, 

Tc-E(spl)1 and Tc-E(spl)3 (Aranda et.al., 2008; Kux et.al., 2013), leaving Tc-Sidpn1, Tc-

Sidpn2, Tc-Hey, Tc-cwo and Tc-emc expression unexplored. Tc-h and Tc-dpn both exhibit 

dynamic stripes of expression emanating from the posterior SAZ, while Tc-E(spl)1 and 

Tc-E(spl)3 are expressed in the neuroectoderm during GBE, consistent with their 

conserved roles in neuroblast patterning (Aanda et.al., 2008; Kux et.al., 2013). 
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5.1.2. Aims of the chapter 

In this chapter, I aim to screen the expression patterns of Tribolium Hes/Hey genes and 

Tc-emc during segmentation, in order to corroborate previous studies and to describe 

novel results in the hope of identifying new candidate genes for segmentation. As an 

ultimate goal of this thesis is to establish whether an alternate Hes/Hey-based oscillator 

network may be operating in the Tribolium segmentation clock, any genes that exhibit 

dynamic expression in the SAZ are of immediate interest. For genes expressed in this 

way, such as Tc-h and Tc-dpn, I will perform multiplex HCR FISH to establish the relative 

order of expression, and the extent (if any) to which domains overlap. To this end, I aim 

to generate a detailed analysis of expression dynamics during segmentation as to 

provide additional context for future research. 
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5.2. RESULTS 

 

5.2.1. Hes/Hey family gene expression screen 

For the purpose of screening gene expression patterns, colorimetric in situ 

hybridisation (ISH) experiments were performed. In each case, the gene of interest was 

stained in blue against a red stained Tc-wg marker. Germband staging follows the same 

logic as described in the previous chapter (section 4.2.1; Fig. 4.1). For genes whose 

expression patterns have not been previously described, sense strand negative controls 

were performed in parallel to confirm novel results (Appendix F; Fig. F.1) 

Tc-h, Tc-dpn, and Tc-emc all display striped expression in the SAZ during GBE.  

Colorimetric in situ hybridisations (ISH) confirm previously published data for Tc-h and 

Tc-dpn expression during segmentation (Aranda et.al, 2008), and provide novel results 

for Tc-emc expression. These three genes all exhibit stripes of gene expression in the 

SAZ throughout almost all of segment addition, up until around wg12 to wg13 (Figures 

5.1, 5.2 and 5.3 (black arrowheads)). In all cases, this expression is transient, and 

stripes are visible only in the SAZ, with the exception of a single Tc-h stripe that persists 

around the future mandibular segment from stages wg0 to wg5 (Fig. 5.1 green 

arrowhead). In addition to this, all three genes are also expressed in other regions 

during Tribolium GBE.  

Tc-h expression is visible in the mesoderm, from the head to the tail, for most of axial 

elongation. Once striped expression of Tc-h ceases, from around stage wg12, a posterior 

Tc-h domain is established that overlaps the posterior Tc-wg domain, and remains in 

place post GBE (Fig. 5.1 red arrowheads). Tc-h also becomes expressed in the limb buds 

in late-stage embryos (Fig. 5.1 blue arrowheads). Strong Tc-dpn expression appears in 

the neuroectoderm from around stage wg6, and spreads as the nervous system 

develops (Fig. 5.2). This expression appears speckled and is reminiscent of neuroblast 

markers such as Tc-asense (Wheeler et.al., 2003). As the posterior Tc-wg domain 

changes shape and moves anteriorly, at around wg6, Tc-dpn also becomes expressed in 
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the posterior tip of the growth zone behind Tc-wg (Fig. 5.2 red arrowheads). Tc-dpn 

expression persists here throughout the rest of GBE and into later developmental 

stages. 

Tc-emc ISH produced rapid ubiquitous staining, suggesting that it is expressed in all cells 

of the Tribolium germband. However, there are clear stripes of elevated Tc-emc 

expression in the SAZ during GBE (Fig. 5.3 black arrowheads). Tc-emc also appears to 

be expressed at higher levels in the posterior mesoderm during the early stages of GBE, 

until around wg2 (Fig. 5.3). Similarly to Tc-dpn, speckles of elevated expression were 

observed in the neuroectoderm in later stage germbands. Strong Tc-emc domains also 

appeared in the centre of the head, the limb buds, and the posterior end of the embryo 

immediately after the completion of GBE (Fig. 5.3).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.1. Tc-h expression in Tribolium. Colorimetric ISH showing Tc-h (blue) and Tc-wg 

(red) expression in Tribolium germbands over the course of segment addition. Arrowheads 

indicate Tc-h stripes in the SAZ (black), a sustained Tc-h mandibular domain (green), Tc-h 

posterior domain (red), and Tc-h expression in the limb buds (blue). Wg9 image from Sharma 

(pers. Comms) using the same RNA probes. Scale bar: 100 µm 
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Figure 5.2. Tc-dpn expression in Tribolium. Colorimetric ISH showing Tc-dpn (blue) and Tc-

wg (red) expression in Tribolium germbands over the course of segment addition. Arrowheads 

indicate Tc-dpn stripes in the SAZ (black) and a posterior domain (red). Scale bar: 100 µm 
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Other Tribolium Hes/Hey genes are expressed in the neuroectoderm and posterior 

domains during segment addition 

Tc-Sidpn1, Tc-Sidpn2, Tc-Hey, Tc-E(spl)1 and Tc-E(spl)3, are all expressed in the 

neuroectoderm at varying stages during GBE (Fig. 5.4). Tc-E(spl)1 and Tc-E(spl)3 

expression patterns reported here corroborate those published by Kux et.al. (2013). Tc-

Sidpn1 and Tc-E(spl)1 follow similar patterns and timing of expression in the 

neuroectoderm, first appearing in the head at stage wg0, with progressively more 

Figure 5.3. Tc-emc expression in Tribolium. Colorimetric ISH showing Tc-emc (blue) and 

Tc-wg (red) expression in Tribolium germbands over the course of segment addition. 

Arrowheads indicate Tc-h stripes in the SAZ (black), and elevated Tc-emc expression in the 

centre of the head (green), limb buds (blue), and posterior tip (red) of a post-GBE embryo. 

Scale bar: 100 µm 
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expression throughout the neuroectoderm as development proceeds (Fig. 5.4). 

Towards the end of GBE, E(spl)1 becomes almost ubiquitously expressed. At around 

stage wg6, Tc-Sidpn1 and Tc-E(spl)1 expression appears behind the posterior Tc-wg 

domain, where it persists through to the end of GBE (Fig. 5.4 red arrowheads). Tc-

E(spl)1 is also transiently expressed in a broad posterior domain in early germband 

stages wg0 and wg1.  

Transient expression of Tc-Sidpn2 appears in the neuroectoderm of newly patterned 

segments throughout segment addition (Fig. 5.4). While neural expression in the trunk 

disappears, some Tc-Sidpn2 expression is retained in the head lobes later into 

development. Tc-E(spl)3 follows a very similar pattern and timing of neuroectodermal 

expression as Tc-dpn, first appearing at around wg5/wg6, and then spreading 

throughout the nervous system in older embryos (Fig. 5.4). Tc-Hey expression also 

appears at the wg6/wg7 stage in the neuroectoderm, however, at first is restricted to 

small dots in the head (Fig. 5.4). Expression of Tc-Hey only becomes visible in the trunk 

in later-stage embryos towards the end of GBE. Faint ubiquitous staining was also visible 

for Tc-Hey throughout the embryonic stages that were collected.  

Tc-cwo produced faint ubiquitous staining, and no signs of any specific expression were 

detected in embryos up to 48 hours old (data not shown). Faint ubiquitous staining was 

also observed with a sense probe control, therefore making it unclear whether this 

reflects real expression or not. 

 

Figure 5.4 (overleaf). Tc-Sidpn1, Tc-Sidpn2, Tc-E(spl)1, Tc-E(spl)3 and Tc-Hey1 

expression during GBE. Colorimetric ISH showing the expression of Hes genes (blue), Tc-

Sidpn1, Tc-Sidpn2, Tc-E(spl)1, Tc-E(spl)3, and Tc-Hey1, against a Tc-wg (red) marker at 

different stages of Tribolium GBE. Images correspond to the stages labelled along the top of 

the figure, and to the genes labelled along the left-hand side. While comparative, in some 

cases, the exact same stage was not captured for all genes. Wg6 stages are given for Tc-Sidpn1, 

Tc-Sidpn2 and Tc-E(spl)1, while wg7 stages are given for Tc-E(spl)3 and Tc-Hey1. Wg10 

stages were used for all genes except Tc-E(spl)1, for which the closest stage captured was 

wg9. Scale bar: 100 µm 
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5.2.2. Co-expression analysis of striped Hes genes: Tc-h, Tc-dpn and Tc-emc 

Tc-h, Tc-dpn and Tc-emc stripes first established in blastoderm stages prior to GBE 

To find out when stripes of Tc-h, Tc-dpn and Tc-emc expression are first established, I 

performed hybridisation chain reaction (HCR) fluorescent in situ hybridisation (FISH) on 

Tribolium blastoderms with different combinations of Tc-h, Tc-dpn, or Tc-emc, using Tc-

wg as a marker. While Tc-wg was included in these experiments, its expression was not 

sufficient to distinguish the earliest stages of development. Instead, I followed 

blastoderm staging described by Benton et.al. (2013), using DAPI stained nuclei to 

evaluate cell arrangements. The number of Tc-h stripes was also informative and 

allowed for direct comparisons between different experiments.   

Hes gene expression is visible from stage 1 of Tribolium embryogenesis, when 

blastoderm cells are still uniformly distributed on the ventral side of the egg (Fig. 5.5A-

B). Tc-h first appears in a transverse stripe in the middle of the blastoderm, while Tc-

dpn is expressed in a broad posterior domain (Fig. 5.5A). At this point, Tc-emc is 

expressed in the anterior pole, and along the midline of the embryo (Fig. 5.5B). This 

midline expression of Tc-emc appears highly similar to that of Tribolium mesoderm 

markers, Tc-twist and Tc-snail, at these stages (Sommer and Tautz, 1994). This, coupled 

with the fact that Tc-emc is expressed in the mesoderm of early germbands (Fig.5.3, 

wg0-wg2), would suggest that this Tc-emc domain is part of the presumptive mesoderm 

(Fig. 5.5C), and unrelated to the later stripes of ectodermal expression. 

In stage 2 blastoderms, cells migrate posteriorly and towards the ventral midline 

(Benton et.al., 2013) (Fig. 5.5B DAPI). At this point, a second Tc-h stripe appears, 

overlapping the posterior Tc-dpn domain (Fig. 5.5A,C). At the same time, Tc-emc 

expression has almost disappeared from the anterior pole but continues to be 

expressed down the midline of the embryo in the presumptive mesoderm (Fig. 5.5B). 
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Stage 3 blastoderms are characterised by the initiation of germband condensation, and 

signs of invagination at the posterior pole as amnion folding begins (Benton et.al., 

2013). At this stage, additional Tc-dpn and Tc-h stripes are resolved (Fig. 5.5A). These 

domains overlap, however, the leading edges of Tc-dpn stripes are slightly anterior to 

those of Tc-h. This relationship between Tc-dpn and Tc-h stripes continues for most of 

segment addition, until striped expression ceases at germband stages wg-12 to wg-13 

(see below). Tc-emc expression was only captured from a lateral view at stage 3 (Fig. 

5.5B). Based on expression immediately before and after this point in development, it 

is likely that Tc-emc is still expressed in the presumptive mesoderm. It also appears that 

Tc-emc is expressed in the ectoderm at this stage, overlapping the 2 anterior stripes of 

Tc-h expression. However, from this lateral view, it is difficult to distinguish the precise 

ectoderm pattern against expression in the presumptive mesoderm. (Fig. 5.5B-C). Note 

that at this stage, a degree of ubiquitous expression was already evident in the embryo 

proper. Laser power and digital gain was set to remove background “noise” and capture 

patterns of elevated expression when imaging Tc-emc from this point onwards. 

At stage 4 of development, the germband begins to take shape, and amnion folding has 

progressed to produce a horse-shoe shaped fold (Benton et.al., 2013). By this point, a 

resolved Tc-emc stripe has been established that almost perfectly overlaps the second 

Figure 5.5. Early blastoderm expression of Tc-h, Tc-dpn and Tc-emc. (A) HCR FISH of Tc-

h, Tc-dpn, and Tc-wg at blastoderm stages 1 to 3. Composites are given for each stage, along 

with individual channels for Tc-h, Tc-dpn, and DAPI nuclei stains. Lines along the edges 

highlight ranges of expression for each Tc-h and Tc-dpn stripe, and how they overlap in merged 

images. (B) HCR FISH of Tc-h, Tc-emc and Tc-wg at blastoderm stages 1 to 4. Composites are 

provided for each stage, along with individual channel images for Tc-h, Tc-emc, and DAPI 

nuclei stains. (C) Simplified schematics to illustrate relative expression of Tc-wg (green), Tc-

h (blue), Tc-dpn (magenta), and Tc-emc (orange) at the first four stages of Tribolium 

development, based on embryos in (A) and (B). Separate panel along the bottom to distinguish 

Tc-emc expression in the presumptive mesoderm, from the presumptive ectoderm. Question 

marks indicates where Tc-emc expression could not be distinguished between the presumptive 

mesoderm and presumptive ectoderm at stage 3. Green “h” and “wg0” in (A-C) refer to the 

Tc-wg head and wg0 (PS0) stripes respectively. Embryos and schematics are all orientated 

with anterior to the left. Scale bar: 100 µm 
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Tc-h stripe (Fig. 5.5B-C). Tc-emc is still expressed in the developing mesoderm, but no 

other expression can be seen overlapping the posterior Tc-h stripe. Tc-dpn and Tc-h 

stripes retain their relative overlapping positions as described for stage 3. 

 

While expression is dynamic, the relative positions of Tc-h, Tc-dpn, and Tc-emc stripes 

in the SAZ are consistent throughout segment addition 

The striped expression of Hes genes in the Tribolium SAZ appears to be highly dynamic 

in nature. HCR FISH of these genes with Tc-odd, a known oscillatory gene (Sarrazin et.al., 

2012), confirms this to be true. The relative positioning of Tc-h stripes to Tc-odd stripes 

in the SAZ remains consistent throughout segmentation (Appendix B, Fig. B.1), 

indicating that oscillations of Hes gene expression are synchronised with those of Tc-

odd, Tc-run, and Tc-eve in the SAZ. By combining results from combinations of multiplex 

HCR FISH experiments, I was able to infer the relative positions of Hes gene stripes, 

against Tc-odd stripes in the Tribolium SAZ (Fig. 5.6). Results from varying stages of GBE 

indicate that the dynamics of gene expression remain consistent up until the point that 

striped Tc-h, Tc-dpn, and Tc-emc expression ceases at around wg12-wg13 (Fig. 5.6A-B). 

Both Tc-h and Tc-dpn stripes begin as broad posterior domains that then resolve into 

narrow stripes as they propagate anteriorly through the SAZ (Fig. 5.6A). With each new 

cycle, Tc-dpn expression precedes that of Tc-h, and Tc-dpn stripes remain slightly 

anterior to those of Tc-h at all times (Fig. 5.6A,D). Due to their broader size, Tc-dpn and 

Tc-h stripes in the posterior SAZ appear to share a larger degree of overlap compared 

to those more anterior (Fig. 5.6A). Once Tc-dpn and Tc-h stripes become more refined 

towards the anterior SAZ, the extent to which they overlap each other becomes roughly 

50%. Elevated stripes of Tc-emc expression in the SAZ were found to always be co-

expressed with Tc-h stripes (Fig. 5.6B). The posterior Tc-emc stripe often appears 

narrower than the initial broad Tc-h domain, however, resolved stripes of Tc-h and Tc-

emc towards the anterior SAZ are almost perfectly overlapping (Fig. 5.6B,D). HCR FISH 

with Tc-emc and Tc-dpn confirmed a similar relationship to Tc-h and Tc-dpn stripes, 

consistent with the co-expression of Tc-emc and Tc-h (data not shown). 
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Figure 5.6. Co-expression analysis of striped Hes genes and Tc-odd during GBE. (A) HCR 

FISH of Tc-h (cyan), Tc-dpn (magenta) and Tc-wg (green) in germband stages wg1, wg5 and 

wg11. (B) HCR FISH of Tc-h (cyan), Tc-emc (magenta) and Tc-wg (green) in germband stages 

wg1, wg5 and wg12. (C) HCR FISH of Tc-h (cyan), Tc-dpn (magenta) and Tc-odd (green) in 

early germband. For each embryo in panels (A-C), whole embryo composite images are shown 

alongside individual channels for each gene. In later stage embryos, individual channel images 

are cropped to provide a closer look at posterior expression. The outline of each embryo, based 

on DAPI nuclei stains, is indicated by the dashed white line, while the mesoderm is highlighted 

by a dotted white line. Boundaries are drawn around the ectoderm expression domains for each 

gene and overlaid in a separate image. Simple schematics are given for each embryo to further 

indicate relative patterns of expression in the SAZ. Asterisks in (A) mark posterior Tc-dpn 

domain previously identified from colorimetry ISH. Posterior Tc-wg stripes are labelled in (A) 

and (B). Scale bars: 100 µm. (D) Hypothetical schematic of relative gene expression in the 

Tribolium SAZ. The relative positions are deduced from combinations of embryos in (A-C). 

Example stage given is wg5, however, this pattern is representative of the SAZ from any 

germband stage up to wg12/13. 
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5.3. DISCUSSION 

 

In this chapter I have confirmed previously published expression patterns for the 

Tribolium Hes genes, Tc-h, Tc-dpn, Tc-E(spl)1 and Tc-E(spl)3 (Aranda et.al., 2008; Kux 

et.al., 2013), as well as describing for the first time, expression patterns of Tc-emc, Tc-

Sidpn1, Tc-Sidpn2, and Tc-Hey during GBE. Dynamic stripes of Tc-emc expression in the 

Tribolium SAZ provide us with a new candidate gene for arthropod segment patterning. 

By performing multiplex HCR FISH experiments, I have shown that striped Hes genes, 

Tc-h, Tc-dpn and Tc-emc, are expressed dynamically, yet maintain consistent relative 

positioning to one another for almost all of segment addition. Furthermore, these 

stripes are coordinated with Tc-odd stripes in the SAZ, suggesting that the oscillations 

of these genes are tightly linked. In addition to segmental stripes, Tribolium Hes genes 

are found to be expressed in several different tissues at varying stages of development, 

pointing to conserved roles in neurogenesis, as well as potential functions relating to 

mesoderm patterning, germ band elongation, leg and gut development.  

 

5.3.1. Blastoderm expression points to a separate mechanism for mandibular 

segment patterning in Tribolium 

Tc-h is first expressed in a transverse stripe across the middle of the blastoderm. This 

stripe corresponds to the mandibular Tc-h domain that is observed throughout the 

early germband stages of Tribolium. Unlike subsequent dynamic stripes, the 

mandibular domain does not originate from the posterior, an observation that is 

consistent with previously reported blastoderm expression for Tc-h (Sommer and Tautz, 

1993; Eckert et.al., 2004). This, along with its sustained expression, suggests that the 

Tc-h mandibular stripe may be differentially regulated to posterior stripes. Indeed, lacz 

reporter assays using different genomic regions upstream of Tc-h has shown that this 

first mandibular Tc-h stripe is activated by separate enhancer elements to those of 

posterior stripes (Eckert et.al., 2004). The unique behaviour of this Tc-h stripe likely 

relates to an important role for Tc-h in the development of the mandibular segment, 
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something that is evident from phenotypes of previously published Tc-h knockdowns 

(Aranda et.al., 2008). 

Unlike Tc-h, initial stripes of Tc-dpn and Tc-emc both appear in the posterior end of the 

blastoderm and do not appear to be involved in the patterning of the mandibular 

segment. If Tc-h, Tc-dpn and/or Tc-emc function in any capacity as oscillators in the 

Tribolium segmentation clock, this role is therefore limited to segments posterior to the 

mandibular segment. The termination of dynamic SAZ stripes for these genes after 

stages wg13/wg14 also suggests that they are unlikely to be involved in the primary 

segmentation of the posterior-most trunk segments. Consistent with this, there is 

evidence from expression of the segment-polarity gene, Tc-H15, that these posterior 

segments are activated by a separate mechanism to other segments (Janssen, 2014). 

The exact nature of these different patterning mechanisms is yet to be investigated.  

 

5.3.2. Expression dynamics in the SAZ indicate that Tc-h, Tc-dpn and Tc-emc 

oscillations are linked to the Tc-eve/Tc-odd/Tc-run circuit 

For the dynamically expressed Hes genes, Tc-h and Tc-dpn, and the bHLH gene, Tc-emc, 

stripes emanating from the posterior SAZ are at first broad, with larger degrees of 

overlap when compared to the resolved stripes towards the anterior SAZ. This likely 

reflects a process of refinement by cross-regulation with each other and/or other 

cyclically expressed genes. Indeed, it is this cross-regulation between Tc-eve, Tc-odd and 

Tc-run that has so far been attributed to periodic oscillations and the establishment of 

resolved pair-rule stripes during primary segment patterning in Tribolium (Choe et.al., 

2006). This process largely occurs across a spatiotemporal framework as dynamic 

stripes move anteriorly, however, it can be considered analogous to the temporal 

refinement of pair-rule stripes in the Drosophila “segmentation cascade”, which are 

also patterned by cross-regulation (Schroeder et.al., 2011). Furthermore, this process 

in Drosophila is now considered to involve (subtle) dynamic anterior shifts of pair-rule 

gene expression also, reconciling this mechanism between sequential and 

simultaneous modes of segmentation (Clark, 2017). 
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In this study, I have identified the consistent arrangement of resolved stripes of Tc-h, 

Tc-dpn and Tc-emc expression against those of Tc-odd in the Tribolium SAZ. Using 

previously published expression patterns for Tc-eve, Tc-run and Tc-odd (Choe et.al., 

2006 (supporting information)), I have inferred the relative positions of Tc-dpn, Tc-h, Tc-

emc and Tc-odd stripes with those of Tc-run and Tc-eve stripes in the mid-SAZ, once 

stripes are more refined (Fig. 5.7A). Comparison of these expression patterns to those 

of orthologues in Drosophila blastoderms at mid-cellularisation (Clark, 2017), reveal a 

generally conserved arrangement between species at comparative stages of patterning 

(Fig. 5.7A-B). In both cases, the anterior edges of h stripes slightly overlap the posterior 

edges of odd stripes. In Drosophila, under the dynamic model proposed by Clark (2017), 

this relative pattern can be explained by the repression of odd expression by Hairy 

(Schroeder et.al., 2011). In this model, as h stripes shift anteriorly, odd expression is 

turned off from the posterior overlapping region. The slight overlap observed in mRNA 

expression likely reflects a time lag between translation of h mRNA and repression of 

odd by the h protein product. Given that the expression of Tc-odd is known to be 

dynamic in the Tribolium SAZ (Sarrazin et.al., 2012), the same may also be true for the 

relationship between Tc-h and Tc-odd in Tribolium. This would be consistent with the 

previously discussed sequential segmentation network by Clark (2017) (Fig. 5.7C). 

However, in this model, h is also proposed to repress run expression, which is 

inconsistent with the inferred relative expression patterns for these two genes in 

Tribolium (Fig. 5.7A). From this, it would appear that Tc-run stripes have a larger degree 

of overlap and that Tc-run expression turns on in cells that are already expressing Tc-h.  

The phase of Tc-dpn stripes against Tc-run stripes would instead make Tc-dpn a more 

plausible candidate for this role (Fig. 5.7D-E).  

These hypotheses are currently based on a mixture of inferred relative expression 

patterns, computational models, and limited functional data. In addition, published 

knockdown experiments for Tc-h and Tc-dpn have so far shown no signs of important 

roles in relation to Tribolium segmentation (Aranda et.al., 2008). More multiplex FISH 

experiments are required to confirm the relative expression patterns of Tc-h/Tc-dpn 

stripes with those of Tc-run and Tc-eve in the SAZ, while a comprehensive analysis of 

Tc-h/Tc-dpn function would be necessary to rule out any potential redundancy between 
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these genes or between these genes and those of the Tc-eve/Tc-odd/Tc-run circuit. As 

Tc-Emc is incapable of binding DNA, it is unlikely to directly regulate other segmentation 

genes. However, it has the potential to affect protein dynamics and function of bHLH 

transcription factors such as Tc-h and/or Tc-dpn, and is therefore also still a key 

candidate in the Tribolium clock network. 

 

Figure 5.7. Expression dynamics of cyclical genes in the Tribolium SAZ compared with 

orthologues in Drosophila. (A) Graphical summary of pair-rule stripes in Drosophila mid-

cellularisation (from Clark, 2017).  (B) A simplified graphical summary of the relative 

expression patterns of Tc-h/Tc-dpn/Tc-emc and primary pair-rule genes in the mid-SAZ of 

Tribolium. This represents a point where stripes of expression are resolved, but where the 

regulatory logic should still reflect the primary segmentation network. Arrangement of Tc-

dpn, Tc-emc, Tc-h and Tc-odd stripes are from this study, while Tc-run and Tc-eve patterns are 

inferred from double ISH with Tc-odd by Choe et.al. (2006, supplementary information). 

Vertical lines represent the start and end of a repeated pattern, aligned with the anterior 

boundary of Dm-h / Tc-h in each case. Anterior is to the left.  
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Figure 5.8. Hypothetical regulatory logic of Tribolium Hes genes in the SAZ. (A) Schematic 

of h, odd and run expression in Drosophila during mid-cellularisation. Relative positioning of 

stripes are, in part, explained by a dynamic model with negative regulation of odd and run 

expression by Hairy Clark (2017). Lighter and darker coloured stripes reflect transcript and 

protein domains, respectively. Offset transcript and protein patterns are due to translation lags, 

and are observed between eve and Eve, supporting the subtle dynamic nature of Drosophila 

pair-rule genes (Clark, 2017). (B) Part of a hypothetical model by Clark (2017) that replicates 

sequential segmentation in silico. (C) Modified network from (B) that fits the expression 

dynamics observed in Tribolium. (D) Graphical summary of mid-SAZ expression patterns of 

Tc-dpn, Tc-h, Tc-run and Tc-odd in Tribolium as inferred in Fig. 5.7. With posteriorly offset 

proteins domains, as would be expected in a dynamic system such as this, relative positioning 

of Tc-dpn, Tc-h, Tc-run and Tc-odd stripes are shown to fit the hypothetical regulatory 

relationships proposed in (C). Note that, this is based on inferred relative expression patterns 

only, and further experiments would be required to confirm these. Furthermore, the translation 

lags assigned here are arbitrary, and comparisons between transcript and protein expressions 

would be necessary to deduce these. Anterior is to the left. 
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5.3.3. Other Hes/Hey expression patterns are consistent with roles in neurogenesis 

and posterior signalling  

Tribolium Hes/Hey expression in relation to neurogenesis 

All Tribolium Hes/Hey genes, with the exception of Tc-h and possibly Tc-cwo (unverified 

ISH), are expressed within the neuroectoderm at varying stages of GBE. These findings 

are consistent with the expression of various Hes/Hey genes in the neuroectoderm of 

Drosophila (Southall et.al., 2009 (dpn); Monastirioti et.al., 2010 (Hey); Berkeley 

Drosophila Genome Project; Hammonds et.al., 2013), and the spider, Parasteatoda 

tepidariorum (Paese, 2018), suggesting that this gene family has a conserved role in 

neurogenesis across arthropods. As previously discussed, this likely reflects an ancient 

function of the Hes/Hey gene family in neurogenesis that was established at the dawn 

of metazoan evolution (Gazave et.al., 2014; Layden and Martindale, 2014). 

Early nervous system development in insects involves the establishment of neural stem 

cells, known as neuroblasts, from proneural cell clusters in the neuroectoderm (Biffar, 

2013). Neuroblasts then delaminate and divide asymmetrically, renewing themselves 

while producing differentiated neurons or intermediate progenitor cells. The 

expression of neuroblast markers in Tribolium, Tc-asense (Tc-ase), Tc-achaete-scute-

homolog (Tc-ash), and Tc-snail indicate the timing of this process (Wheeler et.al., 2003; 

Kux et.al., 2013). 

The expression patterns I obtained for Tc-E(spl)1 and Tc-E(spl)3 are consistent with 

previously published results for these genes in Triboliium (Kux et.al., 2013). Co-

expression analysis with the early neuroblast marker, Tc-ash, as well as loss of function 

experiments, strongly suggests that Tc-E(spl) genes are involved in a conserved Notch-

mediated lateral inhibition mechanism that controls neuroblast specification in 

Tribolium (Kux et.al., 2013). Neuroectodermal expression of Tc-dpn and Tc-Sidpn1 

appears at a similar time point to Tc-E(spl) genes, suggesting that these Hes genes may 

also play important roles in the specification of neuroblasts in Tribolium. However, 

without co-expression data against neuroblast markers, it is hard to infer the precise 

nature of Tc-dpn and Tc-Sidpn1 expression and function. While there are no functional 

studies regarding Tc-Sidpn1 or any orthologues in other insects, Drosophila Sidpn 
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expression does not appear in the neuroectoderm until after neuroblast specification 

(Berkeley Drosophila Genome Project; Hammonds et.al., 2013). The difference in timing 

suggests that there may be some divergence in the precise function of insect Sidpn 

genes. In contrast, Drosophila dpn expression follows a similar pattern in the 

neuroectoderm to its Tribolium counterpart. In Drosophila, dpn is co-expressed with 

neuroblast genes asense and snail in the Drosophila neuroectoderm (Southall and 

Brand, 2009), and analysis of Dpn binding sites suggests that it regulates genes involved 

in neuroblast renewal and differentiation (Southall and Brand, 2009), however, 

functional data is still lacking. 

Interestingly, Tc-Sidpn2 is expressed in the neuroectoderm before any other Hes/Hey 

gene and appears to precede neuroblast specification. This early expression points 

toward a possible role in nerve cord patterning, and/or as an upstream promoter of 

neural precursors alongside genes such as ventral nerve cord defective (Tc-vnd) and 

intermediate nerve cord defective (Tc-ind), which are similarly expressed at this stage in 

Tribolium (Wheeler et.al., 2005; Biffar and Stollewerk, 2015). Phylogenetic analysis 

failed to identify any clear orthologues of Tc-Sidpn2 in other arthropods (Chapter 3), 

and there are therefore currently no comparable studies. In contrast to Tc-Sidpn2, Tc-

Hey and Tc-emc are both expressed in the neuroectoderm at later stages than the other 

Hes/Hey genes, indicating that these genes do not contribute to neuroblast 

specification. This later neuroectodermal expression is consistent with that observed in 

Drosophila orthologues, Hey and emc, where they are responsible for regulating later 

cycles of neuronal differentiation (Monastirioti et.al., 2010; Cubas et.al., 1994).  

Expression patterns of several Hes/Hey gene orthologues display a large degree of 

conservation between Tribolium and Drosophila in the context of neurogenesis, and 

functional data from Drosophila allows us to make reasonable predictions about their 

roles in Tribolium. However, co-expression analyses with neuroblast markers and 

functional studies are still necessary to test these. 
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Posterior Hes/Hey expression: Roles in hindgut specification and/or germband 

elongation? 

In this study, I observed posterior expression domains for several Hes/Hey genes at 

various points during development. Tc-dpn, Tc-Sidpn1, and Tc-E(spl)1 were all expressed 

at the posterior end of the Tribolium germband, behind the posterior Tc-wg domain, 

from around stage wg6 through to the end of GBE. The exact nature of these domains 

are varied, with Tc-dpn appearing in a small cluster of cells, while Tc-Sidpn1 and Tc-E-

(spl)1 have slightly broader domains. Tc-h expression also becomes fixed in this region, 

overlapping the posterior Tc-wg domain once striped expression has ceased, while a 

posterior Tc-emc domain is only visible towards the end of GBE.  

Posterior expression of Tc-dpn, Tc-Sidpn1, and Tc-E(spl)1 appears at a time when the 

posterior Tc-wg domain changes shape and moves anteriorly. The timing of this 

coincides with several important developmental processes such as the onset of hindgut 

patterning, and the transition from thoracic to abdominal segment patterning. It is at 

this point that several key genes involved in specification of the hindgut, such as Tc-drm 

and Tc-forkhead (Tc-fkh), first become expressed in this region (Schröder et.al., 2000; 

Thümecke and Schröder, 2021). Meanwhile, a dramatic increase in the rate of segment 

addition, alongside a shift in the relative contribution of extensive cell rearrangements 

to GBE, occurs immediately after the establishment of the wg6 stripe (Nakamoto et.al., 

2015). Previous studies in which posterior Wnt signalling has been perturbed, through 

knockdowns of Wnt ligands or targets of the canonical Wnt pathway, consistently 

produce Tribolium embryos in which head and thoracic segments have developed, but 

that lack abdominal segments (Bolognesi et.al., 2008; Bolognesi et.al., 2009), 

suggesting there is a shift in the regulatory control of GBE and/or segmentation during 

the transition from thoracic to abdominal segment patterning. The appearance of 

posterior Tc-dpn, Tc-Sidpn1, and Tc-E(spl)1 expression domains at this stage are 

therefore consistent either with roles in hindgut specification, or as elements of the 

posterior signalling centre that directs the “growth” and patterning of abdominal 

segments. However, functional studies of Tc-dpn and Tc-E(spl)1 have not reported 

phenotypes relating to either of these processes (Aranda et.al., 2008; Kux et.al., 2013), 
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and further investigation is required to confirm which, if any, are true for the posterior 

expression of Tc-Sidpn1. 

The posterior domains of Tc-h and Tc-emc only appear later in development once 

segment patterning and GBE are nearly complete, suggesting that they are unlikely to 

be involved in the regulation of these processes. Analysis of post-GBE Tribolium 

embryos shows that Tc-h, Tc-emc and Tc-dpn are expressed in patterns consistent with 

roles in hindgut and malpighian tubule morphogenesis (Appendix C; Fig. C1). The same 

stages were not captured for other posteriorly expressed Hes genes in this study. 
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6. INVESTIGATING FUNCTION OF CANDIDATE HES 

GENES AND TC-EMC 

 

6.1. INTRODUCTION 

 

I have shown in chapter 5 that the dynamic stripes of expression for the Hes genes, Tc-

h and Tc-dpn, and the bHLH gene, Tc-emc, in the Tribolium SAZ are co-ordinated with 

those of the primary pair-rule genes, Tc-odd, Tc-eve and Tc-run, indicating the potential 

for a degree of cross-regulation between them. The exact relationships among these 

genes, and their functional significance in the oscillatory network governing primary 

segment patterning, is still unclear. However, this finding, along with the pair-rule like 

phenotype and resolution of Tc-h and Tc-run stripes observed in Tc-odd knockout 

embryos (Sharma pers comms), make Tribolium Hes genes and Tc-emc primary 

candidates for partially rescuing primary segment patterning in the absence of Tc-odd. 

The revised expression patterns described for Tribolium odd-skipped-family genes in 

chapter 4 makes it very unlikely that they act redundantly with Tc-odd in the 

segmentation clock network. For this reason, this chapter will solely focus on 

investigating the functions of Hes family candidate genes and Tc-emc for possible roles 

and redundancy in the Tribolium segmentation network. 

 

6.1.1. An ancestral role for arthropod Hes genes in Notch-mediated segmentation 

In sequentially segmented arthropods where patterning appears to be mediated by 

Notch signalling, there is multiple evidence that Hes oscillations in the SAZ are tied to 

the Notch signalling pathway. This has been demonstrated in the spider, Cupiennius, 

the crustacean, Daphnia, and the cockroach, Periplaneta, by experimentally inhibiting 

Notch signalling (Stollewerk et.al., 2003; Pueyo et.al., 2008; Eriksson et.al., 2013), while 

expression patterns in the SAZ of the centipede, Strigamia, support a similar story 

(Chipman and Akam, 2008; Green and Akam, 2013). In addition, knockdowns targeting 

a Hes gene, Pa-h, in Periplaneta, replicate the phenotypes produced by Notch 
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inhibition, indicating linked functional roles in the segmentation clock of this species 

(Pueyo et.al., 2008). The prevalence of Notch-mediated segmentation and associated 

Hes oscillations across basally branching arthropod taxa (Fig. 1.6), suggests that this 

mechanism is ancestral. In each case, genes from the Notch signalling pathway, Notch 

and Delta, are expressed in dynamic stripes in the SAZ, consistent with their 

relationship with Hes oscillations. 

In contrast, members of the Tribolium Notch signalling pathway, Tc-Notch, Tc-Delta, Tc-

Serrate and Tc-Fringe, do not exhibit signs of dynamic SAZ expression during segment 

addition (Aranda et.al., 2008), suggesting that Notch-mediated segmentation has been 

lost in this species. This is also true for Notch and/or Delta expression in several other 

sequentially segmented insects, such as Gryllus and Oncopeltus (Mito et.al., 2011; Kainz 

et.al., 2011; Auman et.al., 2017). In Oncopeltus, Of-h expression is only observed in the 

anterior SAZ alongside Of-Delta, indicating that, while still linked to Notch signalling, 

any ancestral role for this gene in primary segment patterning has been lost (Auman 

et.al., 2017). Furthermore, Of-dpn does not exhibit any striped expression, and the 

knockdown of Of-h fails to produce any segment patterning defects (Reding et.al., 

2019). While evidence in Oncopeltus points towards a complete loss of Hes oscillations 

and Notch-mediated synchrony in the segmentation clock of this species, an exhaustive 

screen of Hes/Hey family genes or other members of the Notch signalling pathway 

would be required to rule out redundancy and developmental system drift. In Tribolium, 

despite the apparent lack of cyclically expressed genes from the Notch signalling 

pathway, the Hes genes, Tc-h and Tc-dpn are still both expressed in dynamic stripes in 

the SAZ, suggesting that they may be acting independently of the Notch pathway in this 

instance. In addition, Tc-emc, whose orthologue is commonly associated with Notch 

signalling in Drosophila (Campuzano, 2001; Bhattacharya and Baker, 2009), has also 

now been found to exhibit oscillatory expression in the Tribolium SAZ (Chapter 5). 

 

6.1.2. Existing functional data for Hes genes and Notch signalling in Tribolium  

While expression patterns for members of the Tribolium Notch signalling pathway are 

inconsistent with a role in synchronising cellular oscillations across the SAZ, knockdown 
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of the ubiquitously expressed receptor, Tc-Notch, generates abdominal segmentation 

defects that suggest Notch signalling may still be required for segmentation in some 

capacity (Kux et.al., 2013). Meanwhile, published knockdowns for the SAZ expressed 

Hes genes, Tc-h and T-dpn, have found no evidence to suggest that either gene is 

required for segmentation (Aranda et.al., 2008). However, for reasons already 

discussed in this thesis, there is a need to revisit this and to test for functional 

redundancy with other segmentation genes. As a repressor of bHLH function, the co-

expressed Tc-emc gene is also of interest for any potential regulatory relationship it may 

have with these genes. Tc-emc has previously been included in a parental RNAi screen 

of bHLH genes where it was found to be essential for oogenesis, resulting in females 

that were unable to lay eggs after injection (Bitra and Pali, 2010). As such, any possible 

roles in embryonic development have not yet been tested. 

Expression patterns for the Hes gene, Tc-Sidpn1, are inconsistent with a role in segment 

patterning, however, its function during development has not yet been described in 

Tribolium, or for orthologues in any other arthropods. Furthermore, it is possible that 

the posterior expression domain observed in chapter 5 could be linked to a signalling 

centre upstream of segment patterning. Like Tc-emc, Tc-Sidpn1 also appears to play an 

essential role in reproduction (Bitra and Pali, 2010), meaning that embryonic functions 

have yet to be investigated. 

 

6.1.3. Aims of the chapter 

In this chapter, I aim to use combinations of parental and embryonic RNAi to 

corroborate published functional data for candidate Hes genes, while screening for 

developmental roles of Tc-emc and Tc-Sidpn1. Using various combinations of double 

RNAi knockdowns in wildtype and Tc-odd-null mutants, I aim to test for functional 

redundancy among Tc-h, Tc-dpn and Tc-emc in the Tribolium clock network, and to 

investigate redundancy of these genes with Tc-odd in the SB strain.  
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6.2. RESULTS 

 

6.2.1. Use of non-overlapping dsRNA fragments for RNAi knockdowns 

Canonical RNA interference (RNAi) relies on the introduction of sequence-specific 

double-stranded RNA (dsRNA) into the cellular environment during development 

(reviewed by Svoboda, 2020). For all RNAi experiments performed here, where dsRNA 

was synthesised or used for the first time, two non-overlapping fragments of dsRNA 

were used to test reproducibility and to control for possible off-target effects. One 

fragment would be designed from the 5’ region of the gene’s mRNA sequence, while 

the other would be based on the 3’ end. For simplicity in this chapter, I will use 5’ or 3’ 

to distinguish between groups that have been injected with the corresponding non-

overlapping dsRNA fragments for each gene. In addition, a negative control group 

injected with GFP dsRNA was included alongside each experiment. 

  

6.2.2. Single knockdowns of Tc-h and Tc-dpn corroborate previously published data 

Tc-hairy 3’ dsRNA, but not 5’, generates head defects consistent with published 

phenotypes 

Female beetles injected with Tc-h 3’ dsRNA produced a high percentage of offspring 

with abnormalities, compared to those from the GFP dsRNA control injections 

(Fig.6.1A). Of the 317 cuticles analysed from the 3’ group, 71.6% exhibited some degree 

of head abnormality. In contrast, only 0.5% of the 435 cuticles analysed from Tc-h 5’ 

injected females displayed any such defects (Fig.6.1B), suggesting that either the 5’ 

dsRNA was unsuccessful in generating an efficient knockdown, or that the 3’ dsRNA is 

generating off-target effects. A BLAST search of the 3’ dsRNA sequence against the 

Tribolium genome assembly found no other sequence with significant similarity, 

suggesting that the former is most likely to be true. Furthermore, results from the 3’ 

group closely resemble those previously reported in RNAi experiments by Aranda et.al. 
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(2008). Due to its confirmed effectiveness in knocking down Tc-h, the 3’ dsRNA is used 

for all subsequent experiments in which Tc-h is targeted.  

Figure 6.1 parental RNAi with Tc-hairy 3’ dsRNA confirms published head phenotype. 

(A) Summary results for Tc-h pRNAi compared with GFP dsRNA injected control. (B) 

Frequencies of weak, intermediate, and strong head phenotypes as described in main text. 

(C,D) Wildtype cuticles. (E-J) cuticles representing phenotypic series from Tc-h 3’ 

injections. Cyan circles highlight T2 spiracles. Injections were performed using 2 µg/µL 

dsRNA. Heads labelled to highlight missing appendages: Lbr = Labrum; Ant = Antenna; 

Mn = mandible; Mx = Maxilla; Lb = Labia. Scale bar: 100 µm.  
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The abnormalities observed in the Tc-h 3’ group follow a phenotypic series consistent 

with those described by Aranda et.al. (2008). Weak Tc-h knockdown results in the loss 

of the mandibular segment (Fig.1E). Many of the larvae that display this phenotype had 

hatched successfully. In intermediate cuticles, additional head appendages were lost or 

deformed. However, the loss of these did not appear to follow any obvious order 

(Appendix D; Table D.1). The entire anterior head could be lost (Fig.1F), or just the 

gnathal segments (Fig.1G), and in many cases, parts of both (Fig.1H). Despite this 

variation, the loss of mandibles was always observed. This is consistent with the 

mandibular stripe of Tc-h expression that persists throughout the early stages of GBE 

(Fig. 5.1 green arrowheads) In embryos that experienced the most severe effect of Tc-

h knockdown, the entire head failed to develop, and in some cases, anterior thoracic 

segments were also missing (Fig.1 I-J). 

 

Tc-dpn RNAi produces no clear developmental abnormalities 

Of the eggs collected from females injected with Tc-dpn dsRNA, no significant 

deviations were observed in the frequencies of wild-type cuticles, abnormal cuticles, 

and empty eggs, when compared with those from GFP injected controls (Table 6.1). 

Both 5’ and 3’ non-overlapping fragments produced similar results. Female survival was 

low in these experiments, however, a similar proportion of the GFP dsRNA injected 

females also died, suggesting that the starting population may have been unhealthy, 

readily succumbing to injection related injuries. From the eggs collected from surviving 

females, results are consistent with previously published Tc-dpn pRNAi results for 

Tribolium, which similarly reported a high hatch rate (Aranda et.al., 2008; Bitra & Palli, 

2010). 
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6.2.3. Tc-emc RNAi produces a high penetrance of abnormalities relating to 

abdominal segmentation, dorsal closure, head, leg, and hindgut development.  

I first attempted to assess Tc-emc function by performing parental RNAi (pRNAi). 

However, consistent with results from Bitra and Pali (2010), this had a severe impact on 

egg laying for injected females. Over a 2-week period, in which 4 egg collections were 

made, females injected with Tc-emc 5’ dsRNA and Tc-emc 3’ dsRNA, laid on average 2.2 

and 0 eggs per female respectively, compared to 46.1 eggs per female in the GFP dsRNA 

injected control (Appendix D; Table D.2). An additional egg collection one month after 

injections found that egg laying had still not recovered, with 3’ injected females failing 

to lay a single egg. Of the eggs that were laid by Tc-emc 5’ injected females, the majority 

hatched, and no consistent developmental abnormalities were observed. In order to 

identify any roles for Tc-emc in Tribolium development, it was necessary to circumvent 

its effect on female reproduction through the use of embryonic RNAi (eRNAi). 

Eggs injected with Tc-emc 5’ and 3’ dsRNA yielded a high penetrance of phenotypes 

related to the head, abdominal segments, legs, hindgut, and dorsal closure, when 

compared with GFP dsRNA injected controls (Table 6.2). In addition, Tc-emc 5’ 

injections produced a notably higher rate of abnormalities in all contexts except the 

hindgut 

Table 6.1. Results overview for Tc-dpn parental RNAi. Females were injected with 2 µg/µl 

dsRNA and eggs were collected on 4 separate occasions over a 2 week period. Experiments 

were carried out alongside a GFP dsRNA injected control group.  

Treatment 
females 

injected 

females 

survived 

eggs 

analysed 

% wild- 

type 

% abnormal % empty 

eggs 

GFP (ctrl) 37 7 277 72.6 6.5 20.9 

dpn 5’  42 11 478 79.5 5.4 15.1 

dpn 3’ 42 10 275 73.5 5.5 21.1 
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Tc-emc knockdown results in the fusion and loss of abdominal segments 

A broad phenotypic series of abdominal segment abnormalities was obtained from Tc-

emc eRNAi injections and these were classified into weak, intermediate, and strong 

phenotypes. Weak effects of Tc-emc knockdown on Tribolium segmentation include 

localised segment merges and/or irregular bristle patterns (Fig. 6.2D, D’). Of these weak 

phenotypes, the majority of localised abnormalities occurred between segments in the 

posterior half of the embryo (A4-A8) (Fig. 6.2B; Appendix E; Fig. E.1). Intermediate 

phenotypes were defined as having widespread fusions and/or missing between 2 and 

4 segments (Fig. 6.2E-F’). In many cases, embryos also exhibited dorsal closure defects 

(Fig. 6.2F’), which made close analysis of abdominal bristle patterns difficult. However, 

of those that could be analysed, multiple abdominal segments appear to be fusing 

Treatment N 
No.  

cuticles 

Abnormalities / % cuticles 

head segmentation leg hindgut 
dorsal 

closure 

GFP dsRNA 227 150 4.0 8.0 2.7 0.7 3.3 

Tc-emc 5' + 

GFP dsRNA 
229 147 81.6 83.0 72.8 72.8 54.4 

Tc-emc 3' + 

GFP dsRNA 
218 130 56.9 70.8 59.2 78.4 48.5 

 

Table 6.2. Overview of Tc-emc eRNAi. Tc-emc and GFP dsRNA were mixed and injected 

together as these experiments were performed alongside double knockdowns (see 6.2.5). This 

served as a control for keeping dsRNA concentrations the same between groups. 2 µg/µl Tc-

emc dsRNA was mixed with an equal volume of 2 µg/µl GFP dsRNA to produce a final 

solution with 2 µg/µl total dsRNA but 1 µg/µl individual concentrations for both Tc-emc and 

GFP dsRNA. The GFP dsRNA treated control group were injected with 2 µg/µl GFP dsRNA. 

N = number of eggs injected. No. cuticles = total number of injected eggs that formed a cuticle 

(incl. hatched larvae). The percentage of cuticles exhibiting head, segmentation, leg, hindgut, 

or dorsal closure phenotypes is listed in the subsequent columns. 
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together, producing an increasingly disorganised trunk (Fig. 6.2E, E’). As more segments 

fuse with each other from both sides of the embryo, this results in the loss of abdominal 

segments and shortening of the trunk. In cuticles with dorsal openings, spiracle counts 

were used to identify the number of missing and/or merged segments (Fig. 6.2F-F’). In 

the strongest phenotypic class, four or more abdominal segments were missing, 

resulting in severely truncated embryos (Fig. 6.2G-H). In most cases, the patterning of 

thoracic segments did not appear to be affected. This is despite the observation that 

Tc-emc is expressed in stripes in the SAZ throughout segment addition, including the 

period in which thoracic segments are being established (Fig. 5.3). 

Penetrance of segment abnormalities was high in both the Tc-emc 5’ and 3’ injected 

groups, at 83% and 70.8% respectively (Table 6.2). However, more strong phenotypes 

were observed in the 5’ group, with 27.2% of cuticles missing 4 or more abdominal 

segments, as opposed to just 4.6% of embryos injected with 3’ dsRNA (Fig. 6.2A) 

 

 

 

 

Figure 6.2 (overleaf). Impact of Tc-emc eRNAi on abdominal segmentation. (A) 

Phenotype penetrance from Tc-emc eRNAi compared to GFP dsRNA injected control. (B) 

Spread of localised A segment merges and/or abnormalities, expressed as a % of weak 

segmentation phenotypes (excluding indistinguishable cuticles; 5’ n=23, 3’ n=47). (C, C’) 

wildtype cuticle. (D, D’) Weak phenotype displaying A4/A5 and A5/A6 merges. (E-F’) 

Intermediate (Inter) phenotypes with multiple segment merges and missing segments. (G, H) 

Strong segmentation phenotypes. Cuticles severely truncated. Cyan (thoracic) and red 

(abdominal) circles highlight homologous bristles, while thoracic and abdominal spiracles are 

indicated by cyan and red arrowheads respectively. DC in F’ highlights dorsal closure defect. 

Asterisks mark indistinguishable segments. Scale bar: 100 µm. See Appendix E for more 

examples of localised abnormalities.  
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Tc-emc knockdown results in consistent head defects, with the labrum and antennae 

exhibiting the highest degree of sensitivity 

Tc-emc knockdown resulted in a range of head phenotypes. The mildest of these was a 

reduced or missing labrum (Fig. 6.3C, C’), which was recorded in 27.9% and 36.2% of 

cuticles in the 5’ and 3’ groups respectively. In cuticles exhibiting stronger head 

phenotypes, additional head appendages were deformed or missing (Fig. 6.3D-E’). In 

most cases, this included, but was not limited to, the antennae. In the most severely 

affected embryos, the head was greatly reduced or even missing entirely (Fig. 6.3F, F’). 

While there was a degree of variation across the phenotypes, one thing that remained 

consistent was a reduced or missing Lbr. The Lbr was affected in 99.2% and 94.6% of 

the head phenotypes observed in the Tc-emc 5’ and 3’ groups respectively. 

 

Additional functional roles identified for Tc-emc in leg and hindgut development 

Tc-emc RNAi induced a high penetrance of leg abnormalities (Fig. 6.4) consistent with 

elevated expression of Tc-emc in the limb buds post-GBE (Fig. 5.3 blue arrowheads). In 

mild cases, leg segments were visibly shortened and squashed (Fig. 6.4D, D’). Stronger 

phenotypes appear to have fused or missing leg segments (Fig. 6.4E, E’), and in the 

most severe cases, legs were reduced to indistinguishable nubs (Fig. 6.4F, F’). 

Another consistent abnormality observed in Tc-emc injected embryos, is a deformed 

posterior, in which urogomphi are missing, and the hindgut is protruding (Fig. 6.4H, H’). 

In strong phenotypes, a large featureless piece of tissue extends from the posterior end 

of the embryo (Fig. 6.4I, I’). As this protrusion was sometimes observed in cuticles with 

all eight abdominal segments, it appears to be unrelated to the segmentation 

phenotype. Furthermore, it is always observed in the absence of any visible internal 

hindgut structures, suggesting it is most likely represents a deformed hindgut. A 

function of Tc-emc in hindgut development would be consistent with the strong 

posterior Tc-emc observed in chapter 5 (Fig. 5.3 red arrowhead) While the total 

penetrance of hindgut phenotypes is slightly higher in the 3’ injected group, Tc-emc 5’ 

injected embryos exhibit higher proportion of strong hindgut phenotypes (Fig. 6.4B), 

consistent with the higher rate of severity for other phenotypes in this group. 
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Figure 6.3. eRNAi reveals role of Tc-emc in Tribolium head development. (A) chart overview 

of head phenotypes from Tc-emc 5’ and 3’ injections, alongside GFP control. (B, B’) Wildtype 

cuticle for reference. (C-F’) Tc-emcRNAi cuticles. (C-D’) Examples of weak head phenotypes 

where 1 or 2 head appendages are missing/deformed. (E-F’) Examples of strong head 

phenotypes where 3 or more head appendages are missing/deformed. Asterisks mark 

indistinguishable buds, which are either head appendages (e.g. Mx) or T1 legs. Head parts are 

labelled to highlight missing appendages (see Fig. 6.1 for abbreviations). Scale bar: 100 µm 
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Figure 6.4. Tc-emc leg and hindgut phenotypes. (A, B) Overview of leg and hindgut 

abnormalities from Tc-emc eRNAi compared with GFP dsRNA injected control. (C, C’) 

Wildtype cuticle with example leg. (D-F’) Tc-emc RNAi induced leg phenotypes in increasing 

severity. (G, G’) Wildtype cuticle with example hindgut outlined in magenta. (H, H’) weak 

protruding hindgut phenotype. (I, I’) Strong ballooned hindgut phenotype. Co = coxa; Tr = 

tronchanter; Fe = femur; Tt = tibiotarsus; Cl = pretarsal claw; Ug = urogomphi, Hg = hindgut. 

Asterisks mark indistinguishable leg segments. Scale bar: 100 µm 
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6.2.4. Tc-Sidpn1 RNAi induces abdominal truncation and anterior head defects 

Consistent with previously published results (Bitra and Pali, 2010), parental RNAi of Tc-

Sidpn1 resulted in females producing a higher proportion of empty eggs than the 

control group injected with GFP dsRNA. This effect was particularly evident from the 3’ 

injections, in which 96.5% of eggs collected had no visible signs of embryonic 

development, compared to just 11% in the control group (Fig. 6.5A). Tc-Sidpn1 5’ 

injected females also produced more empty eggs than the GFP injected controls, 

although the difference was smaller.  

The proportion of abnormal embryos obtained from the experimental and control 

groups did not differ significantly, and of the cuticles that were analysed, no consistent 

phenotypes were observed. A final collection 1 month after injections revealed that the 

percentage of empty eggs had dropped close to normal levels again in both the 5’ and 

3’ groups (Appendix D; Table D.3). However, the proportion of wildtype and abnormal 

cuticles remained relatively constant as the effect of the knockdown diminished. Due 

to the severity of the empty egg phenotype, and the lack of intermediate phenotypes 

from pRNAi, it was necessary to use eRNAi to identify potential roles that Tc-Sidpn1 may 

have in development.  

Similarly to pRNAi, embryonic injections with Tc-Sidpn1 5’ and 3’ also resulted in a 

higher proportion of empty eggs, when compared with GFP dsRNA injected controls 

(Fig. 6.5B). As was the case in pRNAi, this effect was more pronounced in the 3’ group, 

with 66.1% of injected eggs appearing to be empty, compared to 45.3% and 33.9% in 

the 5’ and control groups respectively. In this case, of the 74 cuticles that developed 

from the Tc-Sidpn1 3’ injected eggs, several phenotypes with high penetrance were 

observed. Most notably, 41.9% of the cuticles exhibited a truncated abdomen (Fig. 5D, 

F-J). In many of these cuticles, a crumpled section of indistinguishable ectoderm can 

also be seen at the posterior of the embryo (Fig. 6.5F-H, J (white asterisks)). While the 

occurrence of this phenotype was not limited to a specific point along the abdomen, 

over half of the truncations occurred around the A2 or A3 segments (Fig. 6.5G-J; 

Appendix D; Table D.5). Interestingly, the posterior expression domain of Tc-Sidpn1 

reported in chapter 5 (Fig. 5.4 red arrowhead), first appears at around the time that 
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the A2/A3 Tc-wg stripes are being specified, which, taken alongside the truncation 

phenotype observed here, is consistent with a role in posterior patterning from this 

stage in development. 
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In addition to a truncated abdomen, 37.8% of cuticles from the Tc-Sidpn1 3’ injected 

eggs had some degree of head deformity, compared to just 4% from the GFP control 

(Fig. 5C). 26 out of the 28 head phenotypes recorded from the 3’ injections, involved 

deformed or missing antennae, and in stronger head phenotypes, the labrum and 

mandibles were most commonly affected (Fig. 6.5I, J; Appendix D; Table D.4). 

Consistent with this observation, Tc-Sidpn1 exhibits strong expression in several distinct 

regions of the head towards the end of GBE, including the antennal lobes (Fig. 5.4). 

20.3% of cuticles from eggs injected with Tc-Sidpn1 3’ dsRNA also exhibited some 

degree of leg deformity (Appendix D; Table D.4) in which legs were malformed and/or 

shortened (Fig. 6.5G,J). While Tc-Sidpn1 does not appear to be expressed in the limb 

buds during, or immediately after GBE (Fig. 5.4), these leg phenotypes could be 

explained by later stage expression that was not captured in this instance. Additional in 

situ hybridisations would be necessary to confirm if this is the case or not. 

While the penetrance of head, truncation, and leg phenotypes were relatively high in 

the 3’ injected group, the same phenotypes were not observed in cuticles from eggs 

injected with Tc-Sidpn1 5’ dsRNA. Of the few head abnormalities scored from the 5’ 

group (Fig. 6.5C), there was no qualitative consistency as was the case for Tc-Sidpn1 3’ 

cuticles.  

Figure 6.5. Tc-Sidpn1 RNAi results. Summary results for pRNAi (A) and eRNAi (B), 

compared with GFP dsRNA injected controls. (C) Proportion of cuticles from eRNAi 

experiments with head abnormalities, split into weak (1-2 deformed/missing head 

appendages), and strong (3+ deformed/missing head appendages) phenotypes. (D) Proportion 

of cuticles from eRNAi experiments exhibiting a truncated abdomen. (E) Wildtype cuticle. 

(F-J) Cuticles from Tc-Sidpn1 3’ eRNAi experiment displaying truncated phenotypes. 

Examples of weak and strong head abnormalities can be seen in (G, H) and (I, J) respectively. 

Thoracic (T1-T3) and abdominal (A1-A8) segments are labelled where possible. Arrowheads 

highlight thoracic (cyan) and abdominal (red) spiracles. Heads are labelled to highlight 

missing/reduced parts, and the number specified in instances where 1 of 2 head appendages 

is missing. White asterisks indicate indistinguishable parts of the cuticle. Hindgut (HG) is 

highlighted by magenta outline where visible. Scale bar: 100 µm 
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6.2.5. Double knockdowns fail to reveal additive effects or redundancy between Tc-h, 

Tc-dpn and Tc-emc 

To test for redundancy between co-expressed Hes genes and Tc-emc, dsRNA fragments 

from multiple genes were combined and injected together. Tc-h/Tc-dpn double pRNAi 

knockdowns resulted in a similar spread of head phenotypes as previously observed in 

Tc-h single knockdowns, although with a slightly lower penetrance, likely due to lower 

individual dsRNA concentrations (Appendix D; Table D.7). Furthermore, no additional 

abnormalities were recorded as the result of joint Tc-h and Tc-dpn knockdown.  

Due to an essential role of Tc-emc in female reproduction, Tc-emc/Tc-h and Tc-emc/Tc-

dpn double knockdowns were performed by eRNAi. Tc-emc/Tc-h and Tc-emc/Tc-dpn 

doubles produced very similar results to the Tc-emc single eRNAi experiments, and the 

severity and quality of segmentation phenotypes did not differ significantly (Fig. 6.6A). 

Consistent with the known role of Tc-h in head development, there was a slightly higher 

proportion of cuticles with deformed/missing mandibles, and/or missing heads in Tc-

emc/Tc-h doubles, than in Tc-emc single and Tc-emc/Tc-dpn double knockdowns (Fig. 

6.6C, Appendix D; Table D.6). Overall, however, there was no evidence to suggest 

redundancy between Tc-emc, Tc-h or Tc-dpn, in any developmental context. 
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Figure 6.6. eRNAi results for Tc-emc/Tc-h, Tc-emc/Tc-dpn double knockdowns, compared 

to GFP control and Tc-emc single knockdowns. (A) Penetrance of segmentation phenotypes, 

as classified in Fig. 6.2. (B) Penetrance of head phenotypes as classified in Fig. 6.3. (C) 

Proportion of cuticles with missing/deformed Mn or missing entire head. Note that, Tc-emc 

dsRNA was mixed with GFP dsRNA at a 1:1 ratio to create an equal individual and total 

dsRNA concentration to double knockdown dsRNA mixes. This is to control for differences 

in penetrance that may be the result of dsRNA concentration.   
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6.2.6. Testing for redundancy between Hes genes and Tc-odd 

Knocking down Tc-h with Tc-odd results in the loss of additional legs and/or thoracic 

segments 

To test if Tc-hairy and/or Tc-deadpan are acting redundantly with the already 

established Tc-odd/Tc-run/Tc-eve oscillator, I performed double pRNAi knockdowns of 

Tc-odd with Tc-h and Tc-dpn in parallel with single Tc-odd knockdowns for comparison. 

Measures were taken to keep individual and total dsRNA concentrations the same in 

each case. To this end, I mixed Tc-odd dsRNA with GFP dsRNA (for singles) or Tc-h/Tc-

dpn dsRNA (for doubles) at a 1:1 ratio so that each dsRNA fragment was being injected 

at a concentration of 1µg/µl, with a combined total concentration of 2µg/µl. Note that, 

as non-overlapping Tc-odd dsRNA fragments had already been confirmed to induce 

efficient knockdowns (Sharma pers comms), only one dsRNA fragment (5’) was used in 

these experiments. 

The Tc-odd single knockdowns yielded a consistent progression of segmentation 

phenotypes. In weak Tc-odd knockdowns, the labial, T2 and A1 segments are the first 

to exhibit signs of malformation, fusion, or loss (Fig. 6.7D). In intermediate cuticles, 

additional abdominal segments become fused or lost in a pair-rule-like fashion from 

anterior to posterior (Fig. 6.7E-F). Strong Tc-odd knockdown results in a classic pair-

rule-like phenotype, in which every other body segment is missing (Fig. 6.7G). This was 

observed in 27% of the cuticles collected from the Tc-odd/GFP injected females. A 

further 14.2% of cuticles from this control were missing additional thoracic and/or 

abdominal segments in the most severe examples of Tc-odd knockdowns (Fig. 6.7H).  

When Tc-h and Tc-dpn were knocked down alongside Tc-odd, there were no drastic 

impacts on segmentation, and in fact, the proportion of strong segmentation 

phenotypes were slightly lower in these groups compared with the Tc-odd/GFP group 

(Fig. 6.7A). Evidence of Tc-h related head defects were seen in the Tc-h/Tc-odd double, 

but with lower penetrance than previous experiments. Just 14.3% of cuticles displayed 

mandibular defects/loss, and only 4% were missing their entire head, still comparatively 

higher than the 4.9% and 0.5%, respectively, recorded from the Tc-odd/GFP injections 

(Appendix D; Table D.8). 
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The most notable effect of Tc-h knockdown with Tc-odd, was a higher incidence of 

missing legs, in addition to those lost from the missing T2 segment (Fig. 6.7B). Cuticles 

showed evidence of leg specific defects, as well as missing legs due to thoracic segment 

fusions (Fig. 6.7I,J). In many cases, it was not possible to tell apart missing legs as the 

result of severe leg defects, or from the loss of thoracic segments. This is because, 

without the presence of legs, thoracic and abdominal segments are almost 

indistinguishable, making it difficult to interpret which segments are missing from 

cuticle preps alone (Fig. 6.7K-M). Furthermore, no clear qualitative differences could 

be seen between leg phenotypes in Tc-odd single and Tc-odd/Tc-h doubles, with 

thoracic segment merges and deformed legs seen at similar frequencies in both 

(Appendix D; Table D.8). However, in the Tc-odd pRNAi single, leg phenotypes were 

more strongly associated with severe segmentation phenotypes, suggesting that 

missing additional legs or thoracic segments reflects a stronger Tc-odd knockdown. 

From this group, 89.8% of cuticles with only 1 or 2 legs also had a strong segmentation 

phenotype. In contrast, only 46.1% of cuticles with 1 or 2 legs from the Tc-odd/Tc-h 

double also had a strong segmentation phenotype. The higher number of cuticles with 

2 or fewer legs, in light of a lower proportion of strong segmentation phenotypes, 

suggests that this is the result of a real additive effect from Tc-h knockdown with Tc-

odd. 

Figure 6.7. Tc-odd/Tc-h and Tc-odd/Tc-dpn double knockdown results. (A) Proportion of 

cuticles with weak (segment fusions and/or 1 missing segment), intermediate (2-4 missing 

segments), and strong segmentation phenotypes (5 or more missing segments). (B) proportion 

of cuticles with no legs, 1 to 2 legs, and 3 legs / leg deformities. (C) Wildtype cuticle. (D-H) 

Example cuticles from Tc-odd single knockdowns, showing segmentation phenotypes in order 

of increasing severity. W=Weak, I=Intermediate, S=Strong. (I-M) Example cuticles from Tc-

odd/Tc-h double knockdown, displaying thoracic/leg phenotypes in addition to missing T2. (I) 

Deformed T3 legs. (J) Missing T3 leg due to T3/A1 merge.  (K) 2 legs. (L) 1 leg. (M) 0 legs. 

Head appendages are labelled in panels C to E to highlight loss of Labia (Lb). Thoracic (T1-

T3) and abdominal (A1-A8) segments labelled where relevant. Arrowheads highlight thoracic 

(cyan), and abdominal (red) spiracles, and in cases where this distinction can’t be made, white 

arrowheads with an asterisk are used. Scale bar: 100 µm 
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While there were no clear effects on development from knocking down Tc-dpn with Tc-

odd, the rate of egg lay was reduced slightly, with the number of eggs laid per female 

being 26.4% and 23.2% lower in the Tc-odd 5’/Tc-dpn 5’ and Tc-odd 5’/Tc-dpn 3’ 

respectively, when compared with the Tc-odd 5’/GFP control (Table S10). This reduction 

in egg lay is consistent with previously published results for Tc-dpn RNAi (Bitra and Pali, 

2010) 

 

Tc-h, but not Tc-dpn, knockdowns impact leg and spiracle counts in Tc-odd-null embryos 

The penetrance of Tc-odd and Tc-h induced phenotypes are weaker in double 

knockdowns, compared with singles, either due to lower dsRNA concentrations, or 

from a limited capacity of RNAi machinery in the developing embryo. To ensure the 

strongest possible knockdowns of Tc-h and Tc-dpn in parallel with Tc-odd, I carried out 

Tc-h and Tc-dpn singles, and Tc-h/Tc-dpn double knockdowns in a Tc-odd knockout 

strain.  

Hemizygote females were injected and then bred with hemizygote males. Based on 

mendelian inheritance, this on average should result in 25% of the offspring containing 

both copies of the Tc-odd mutant allele, and therefore exhibiting a complete knockout 

of Tc-odd expression during development. Tc-odd-null mutants were easily 

distinguishable from other abnormalities and were identified by their similarity to the 

most severe phenotypes from the Tc-odd pRNAi (Fig. 6.7G-H). Due to the severity of 

the Tc-odd-/- phenotype, accurately scoring segmentation based on bristle patterns was 

not possible, therefore spiracles were chosen as a proxy measure for the number of 

body segments that had successfully developed. The final counts were taken from 

whichever side of the embryo had the most spiracles visible (Fig. 6.9). In addition to a 

spiracle count, I also noted the number of legs and absence of head appendages in each 

cuticle (Fig. 6.9). 

The percentage of cuticles that were identified as Tc-odd-null did not differ greatly 

between the experimental and control groups, and in most cases, was slightly below 

the 25% predicted (Appendix D; Table D.9).   There was a large degree of variation in 

the severity of the Tc-odd-/- phenotype, even among embryos from GFP dsRNA 
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injections (Fig. 6.8C; Fig. 6.9A-J). A range of cuticles with spiracle counts between 0 and 

5 were recorded in the GFP injected group, and a range of 0 to 4 spiracles was observed 

in all other groups. There was also variation in the number of legs counted in odd-null 

cuticles from each group.   

In Tc-dpn single knockdowns, there were no consistent differences in Tc-odd-/- cuticle 

scores across 5’ and 3’ injected groups, when compared with the control (Table S10). 

All groups that were treated with Tc-h dsRNA, however, displayed a trend towards fewer 

legs and spiracles, when compared with the control. Tc-h single and Tc-h/Tc-dpn double 

knockdowns produced a higher proportion of Tc-odd-/- cuticles with 0 visible legs (Fig. 

6.8B). This effect was most drastic in the Tc-h and Tc-h/Tc-dpn 3’ groups, in which 68.2% 

and 71.2% of Tc-odd-/- cuticles respectively were missing legs, compared to just 24.2% 

in the control. Tc-odd-/- cuticle spiracle counts were distributed across a range of 0 to 5 

in the control, and 0 to 4 in the Tc-h single and Tch/Tc-dpn double knockdowns. 

However, this distribution is skewed towards a lower average number of spiracles in the 

Tc-h single and Tc-h/Tc-dpn double knockdowns, compared with the control (Fig. 6.8C). 

There was also a smaller proportion of Tc-odd-/- cuticles with 0 or 1 spiracles from the 

control group (18.5%), than from Tc-h (44.3%), Tc-h/Tc-dpn 5’ (41,3%), and Tc-h/Tc-dpn 

3’ (56.2%) injected females (Appendix D; Table D.9). Consequently, there were also 

fewer Tc-odd-/- cuticles with 3 or more spiracles from the Tc-h (19.3%), Tc-h/Tc-dpn 5’ 

(25%), and Tc-h/Tc-dpn 3’ (17.8%) knockdowns compared with the control (52.4%).  

Apart from these trends, and known Tc-h related head phenotypes (deformed/missing 

Mn, Appendix D; Table D.9), there were no discernible differences between the cuticles 

from the control and experimental groups (Fig. 6.9). There was also no evidence to 

suggest the knockdown of Tc-dpn with Tc-h in the Tc-odd mutant had any additional 

effect from what was seen in the Tc-h single knockdowns. Any other subtle, additive 

effects that may exist could be clouded by the large degree of variation and severity of 

Tc-odd-/- development. 
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Figure 6.8. Tc-h single and Tc-h/Tc-dpn double knockdowns in Tc-odd-null mutant. (A) 

Proportions of cuticles that are Wildtype, odd-null, and have other abnormalities. (B) 

Proportions of odd-null cuticles with 0 legs, 1-2 legs, and 3-4 legs. (C) Distributions of 

spiracle counts for odd-null cuticles from experimental groups versus GFP control. The 

control group were injected with GFP dsRNA. See Table D.9 (Appendix D) for more details. 

Tc-odd-/- pRNAi overview A Tc-odd
-/-

 leg count 
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Figure 6.9. Tc-odd
-/- 

cuticle scoring. Example cuticles from GFP injected controls (A-J), and 

from Tc-h single and Tc-h/Tc-dpn double knockdowns (K-T). Spiracle counts were used as a 

proxy for measuring the severity of the segmentation phenotype. Cuticles are arranged in rows 

corresponding to these counts: 0 (A,B,K,L), 1 (C,D,M,N), 2 (E,F,O,P), 3 (G,H,Q,R), and 4 

(I,S,T) / 5 (J). Spiracles are indicated by green arrowheads. In each case, all visible legs, 

including those deformed, are labelled to show how these were also counted. Head 

appendages are also labelled where easily identified. Scale bar: 100 µm 
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6.3. DISCUSSION 

 

In this chapter, I have identified novel functions for Tc-emc in the patterning of 

abdominal segments, as well as additional roles in head, leg, hindgut, and dorsal closure 

development. Embryonic RNAi has also revealed a possible role for Tc-Sidpn1 in 

germband extension. Finally, a combination of Tc-odd/Tc-h double knockdown and Tc-

h single knockdowns in a Tc-odd knockout mutant, has exposed a degree of redundancy 

between these two genes in relation to leg development and/or thoracic segmentation.  

 

6.3.1. Phenotypes are consistent with a role for Tc-emc as a mediator of Notch 

signalling in Tribolium 

To date, the only published Tc-emc knockdowns in Tribolium have been done using 

pRNAi, which causes a severe reduction in female egg laying (Bitra and Pali, 2010). As 

such, its role in Tribolium development has not been characterised until now. Using 

eRNAi, I have been able to bypass Tc-emc’s essential role in oogenesis and knockdown 

the gene during embryogenesis.  

Several of the phenotypes I observed are consistent with phenotypes described in 

Drosophila crosses containing an emc-null allele (Saito et.al., 2002). In these Drosophila 

mutants, the dorsal head fails to migrate anteriorly, leaving gnathal segments exposed. 

This is consistent with the missing labrum (and often antennae) phenotype that was 

seen in a high proportion of Tribolium embryos after Tc-emc dsRNA injections. 

Drosophila embryos carrying the emc-null allele also exhibit problems with dorsal 

closure and emc is found to regulate cell chirality and left-right asymmetry in the 

Drosophila hindgut (Ishibashi et.al., 2018). These results demonstrate that emc 

orthologues have conserved pleiotropic roles in head, gut, and dorsal closure 

patterning across Tribolium and Drosophila. In addition to functions already described 

in Drosophila, Tc-emc knockdowns in Tribolium have also been found to generate 

segmentation and leg phenotypes. In both cases, segments, either abdominal or of the 
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leg, become fused or are missing entirely. Regarding body segmentation, this often 

resulted in cuticles with short and disorganised abdomens. 

While the regulatory relationships of Tc-emc have not been studied in Tribolium, the 

Drosophila emc orthologue is known to act downstream of the Notch signalling 

pathway during eye development (Bhattacharya and Baker, 2009). In this context, emc 

expression is elevated in cells surrounding ectopically expressed Notch ligands, Delta 

(Dl), and Serrate (Ser), regardless of location in the eye imaginal discs. Similar regulatory 

control of emc by Notch signalling is also observed during wing vein morphogenesis in 

Drosophila (Baonza et.al., 2000). Furthermore, there is evidence to suggest that 

vertebrate homologues, Id genes, are in some cases also downstream targets of Notch 

signalling (Reynaud-Deonauth et.al., 2002), and the interplay of ID proteins with Hes 

factors is an essential part of downstream Notch function in the context of vertebrate 

neurogenesis (Boareto et.al., 2017), demonstrating an ancient association between 

these genes and Notch signalling in metazoans. It is therefore interesting that in 

Tribolium, Tc-emc knockdown produces several phenotypes that closely resemble those 

from experiments in which the Notch signalling pathway is perturbed.  

Tc-Notch eRNAi by Kuz et.al., (2013) has been reported to result in shortened and 

twisted abdomens. Importantly, it is the abdominal segments that are most effected, 

as is also the case in Tc-emcRNAi embryos. In the strongest Tc-Notch knockdowns, the 

normal striped expression of the segment polarity gene, Tc-engrailed (Tc-en), is barely 

detectable or interrupted, while in weaker knockdowns, the posterior-most stripes are 

bunched closer together (Kux et.al., 2013). These results closely reflect the range of 

segmentation defects that were seen in cuticles after Tc-emc knockdown, especially as 

weak phenotypes most often present themselves in the posterior segments (Fig. 6.2B). 

Taken together with what we know about the interaction between Notch signalling and 

emc in Drosophila, it is plausible that in Tribolium, Tc-emc functions as a downstream 

effector of Notch signalling in the context of segmentation. However, genes from the 

Notch signalling pathway, Tc-Notch, Tc-Delta, Tc-Serrate and Tc-fringe, are not 

dynamically expressed in the SAZ, as is true for Tc-emc (Aranda et.al., 2008).  

Tc-Notch is expressed ubiquitously during GBE, while Tc-Delta expression is observed in 

the mesoderm and a posterior domain (Aranda et.al., 2008). Given that Tc-emc also 
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appears to be ubiquitously expressed and elevated in the mesoderm early in 

development, it is possible that these patterns reflect regulation by Notch signalling. 

However, this is insufficient to explain the elevated stripes of Tc-emc expression in the 

SAZ. A closer examination of Tc-Notch expression or of other members of the pathway 

would be required to confirm if indeed Tc-emc might be a downstream target of Notch 

signalling in the SAZ.  

Knockdown of Tc-emc in Tribolium embryos also affects leg development, resulting in 

legs with shortened segments and fusions, and in severe cases legs that are reduced to 

indistinguishable nubs (Fig. 6.4D’-F’). Notch signalling has been proposed to maintain 

a highly conserved role in the mediation of appendage segmentation across arthropods 

(Prpic and Damen, 2009). Disrupting the pathway results in leg segments that are 

shortened and fused in several different insect species, including Drosophila, Gryllus 

bimaculatus, and Tribolium itself (Rauskolb and Irvine, 1999; Angelini et.al., 2012 (a); 

Mito et.al., 2011). These phenotypes closely resemble the legs of Tc-emcRNAi cuticles, 

and further support the connection between Notch signalling and Tc-emc in Tribolium. 

Finally, knockdowns of two Tribolium Notch signalling genes, Tc-Serrate and Tc-mind 

bomb1 (Tc-mib1), have been reported to result in a high penetrance of cuticles with 

missing labrums (Siemanowski et.al., 2015). Further investigation deduced that Notch 

signalling is an important upstream regulator of cell proliferation in the developing 

Tribolium labrum. Interestingly, Tc-emc exhibits strong expression in the labrum anlage 

similar to that of Tc-ser post-GBE (Aranda et.al., 2008). Taken together with the missing 

labrum phenotype observed in a high proportion of Tc-emcRNAi cuticles, this is yet more 

evidence to suggest that Tc-emc is an essential effector of Notch signalling in Tribolium. 

 

6.3.2. Tc-emc phenotypes: A reflection of bHLH function in abdominal segmentation? 

While there is multiple evidence to suggest that Tc-emc and Notch are closely linked in 

Tribolium development, the precise mechanism of how Tc-emc itself controls segment 

patterning has not been identified in this instance. As discussed in chapter 5, emc 

encodes a bHLH protein that lacks the basic domain necessary for binding DNA, and is 
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therefore able to inhibit other bHLH protein activity through the formation of inactive 

heterodimers (Campuzano, 2001). In Drosophila, Emc is known to dimerize with 

proneural genes from the aechaete-scute-complex (AS-C) as well as daughterless, 

inhibiting their roles as promoters and subsequently repressing their target genes (Fig. 

6.10A) (Van Doren et.al., 1991; Cabrera et.al., 1994). Through the same mechanism, it 

is also possible that Emc can promote gene expression by inhibiting transcriptional 

repressors (Fig. 6.10B), making Emc function highly versatile. There is evidence from 

Drosophila eye development, that emc mediates Notch function by activating E(spl) 

expression (Battycharya and Baker, 2009), demonstrating its potential as a passive 

activator as well as a repressor, although the precise molecular mechanism in this case 

is unknown.  

Figure 6.10. Emc gene regulation. (A) The presence of Emc indirectly inhibits the 

activation of Daughterless(Da)/Scute(Sc) target genes by forming heterodimers that are 

unable to bind to the promoter region. This is a known example of passive repression by Emc 

in Drosophila (Cabrera et.al, 1994). (B) Emc also has the potential to indirectly activate 

transcription of a target gene by forming heterodimers with bHLH transcription factors that 

normally inhibit expression.  
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It is possible that the segmentation phenotype induced by Tc-emc knockdown is related 

to a bHLH gene with a segmentation function that relies on regulation by Tc-Emc 

dimerization. Currently, the only bHLH genes known to be co-expressed with Tc-emc in 

the SAZ during segment addition are Tc-h and Tc-dpn. However, the results from 

knockdowns of these genes once again failed to capture any evidence for roles relating 

to segmentation, as previously reported by Aranda et.al. (2008). That said, if a Hes-

based oscillator is active in the Tribolium SAZ, it may be the case that perturbing Tc-emc 

expression is more effective in disrupting the network than targeting the Hes genes 

themselves. This is especially true for Tc-dpn, which has been shown to have a 

particularly low knockdown efficiency from RNAi (~50% reduction in mRNA levels), even 

with high dsRNA concentrations (5µg/µl) (Bitra et.al., 2009). Indeed, in a scenario 

where the Tc-Emc protein dimerizes with Tc-H and Tc-Dpn proteins, Tc-emc knockdown 

would have the effect of increasing Tc-H and Tc-Dpn availability, and consequently 

increasing their regulatory activity. This would be more akin to overexpressing Tc-h or 

Tc-dpn, rather than knocking them down, and therefore could explain the differences 

between the phenotypes or lack thereof.  

Alternatively, Tc-emc is interacting with other bHLH genes in the SAZ that are, as of yet, 

unidentified. Of the 53 known bHLH genes in Tribolium (Bitra et.al., 2009), there are no 

other published examples of striped expression in the SAZ. However, the vast majority 

have not been investigated. Tribolium only has two AS-C genes, achaete-scute-homolog 

(Tc-ASH), and asense (Tc-ase), both of which are expressed exclusively in the 

neuroectoderm during development (Wheeler et.al., 2003). Tc-da expression has not 

yet been described in Tribolium, although in Drosophila, da is expressed ubiquitously 

throughout development (Cronmiller and Cummings, 1993; Berkley Drosophila 

Genome Project). Single cell transcriptomics across the SAZ during GBE could be used 

to identify other bHLH genes co-expressed with Tc-emc in order to establish any new 

segmentation candidates. 
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6.3.3. A possible role for Tc-Sidpn1 in posterior signalling during GBE 

Consistent with previously published pRNAi results for Tc-Sidpn1, injected females laid 

a high proportion of eggs that contained no visible cuticles (Bitra and Pali, 2010). As a 

result, eRNAi was chosen to elucidate any roles of Tc-Sidpn1 in embryogenesis. While 

this also resulted in a higher number of empty eggs than control injections, a high 

penetrance of head and truncation phenotypes were observed for eggs injected with 

Tc-Sidpn1 3’ dsRNA. The failure to replicate these results with the non-overlapping 5’ 

dsRNA casts doubts over the legitimacy of these findings. However, the lower 

proportion of empty egg phenotypes from the 5’ pRNAi group suggests that the 5’ 

fragment elicits a weaker response. It is therefore possible that the knockdown 

achieved from 5’ embryonic injections did not meet the threshold required to induce 

the same phenotypes observed in the 3’ injections. For publications that use non-

overlapping dsRNA controls for RNAi in Tribolium, there can sometime be a quantitative 

degree of variation in the results observed for each fragment (when such data is 

included) (Clark and Peel, 2018; Garcia-Perez et.al., 2021). These highlight the 

variability in RNAi efficiency that can exist between different sequences from the same 

gene. 5’ and 3’ fragments were both confirmed by sequencing, and BLAST of the 3’ 

fragment against the Tribolium genome returned no other significant hits, ruling out 

the likelihood of these phenotypes being caused by off target effects. 

To date, there have been no studies on the expression pattern or function of Tc-Sidpn1 

orthologues in any other arthropods. As reported in chapter 5, Tc-Sidpn1 is 

predominantly expressed in the developing nervous system, with expression first 

appearing in the head at the start of GBE. However, a posterior domain also appears at 

around the point that the Tc-wg stripe corresponding to A1 (PS6) is established (Fig. 

5.4). The timing of this posterior Tc-Sidpn1 expression correlates to the truncation 

phenotype observed, in that development is arrested at segments A2 or A3 in the 

majority of cases (Fig. 6.5G-J; Appendix D; Table D.5). This suggests that this posterior 

Tc-Sidpn1 domain is directly involved in promoting GBE and/or segmentation. 

As a Hes gene, it is possible that Tc-Sidpn1 is also regulated by the Notch signalling 

pathway, which is known to play an important role in the posterior growth zone of 
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species from across the arthropod phylum (reviewed in Williams and Nagy, 2017). 

Consistent with this idea, eRNAi knockdown of the Notch ligand, Tc-dl, produces a 

truncated phenotype in Tribolium (Aranda, 2006). In severe cases, these cuticles lack all 

abdominal segments posterior of A2/A3, as is seen in Tc-Sidpn1 knockdowns. 

Interestingly, it is also expressed in a posterior domain during GBE (Aranda, 2006). 

These observations, along with those made for Tc-Sipdn1 here, are consistent with a 

functional relationship between Tc-Sidpn1 and the Notch signalling pathway in the 

context of posterior patterning. However, more evidence would be required to confirm 

if this is true. 

 

6.3.4. Joint knockdown of Tc-h with Tc-odd exposes redundancy in thoracic segment 

patterning and/or leg development 

Knocking down Tc-h or Tc-dpn with Tc-odd did not result in the complete collapse of 

segmentation, as might have been expected if these genes were part of a redundant 

oscillator controlling segmentation alongside the Tc-odd/Tc-run/Tc-eve circuit. 

However, Tc-h/Tc-odd double knockdowns did appear to produce an additive effect in 

which the number of legs that successfully developed was reduced in cuticles from 

these injections compared to those from single Tc-odd knockdowns. These results were 

further backed up when Tc-h knockdowns were performed in a Tc-odd knockout 

mutant. Again, there was a higher proportion of Tc-odd-null cuticles with fewer legs 

from females injected with Tc-h dsRNA when compared to the GFP dsRNA injected 

group. In addition to this, the average spiracle count was also lower in Tc-odd-/- cuticles 

in which Tc-h was knocked down, suggesting fewer segments were successfully 

established. However, a large degree of variation was seen for both the GFP control and 

Tc-h knockdown groups, and the severity of the Tc-odd-/- phenotype made it difficult to 

closely examine these differences. There are two possible explanations for why the 

knockdown of Tc-h with Tc-odd resulted in additional missing legs in these experiments. 
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Explanation 1: Redundancy between Tc-h and Tc-odd in leg development 

The first possible explanation for a reduced number of legs, is that Tc-h has a redundant 

relationship with Tc-odd in the context of leg development. Deformed legs were 

observed in both the Tc-h/Tc-odd double knockdowns, and the Tc-h single knockdowns 

in Tc-odd-/- embryos. It is possible that these represent mild knockdowns in a 

phenotypic series that leads to arrested leg development in more severe cases. In 

Drosophila, odd and drm act redundantly to mediate Notch function in leg 

segmentation (Hao et.al., 2003), and in Tribolium, members of the odd gene family are 

essential for normal leg segmentation in embryogenesis and metamorphosis (Angelini 

et.al., 2012 (a); Thümecke and Schröder, 2021). The expression pattern of Tc-odd in the 

leg anlagen is also consistent with a conserved role in leg development in Tribolium (Fig. 

4.3). Furthermore, Tc-hairy is co-expressed with Tc-odd in the limb buds prior to 

morphogenesis (Fig. 5.1). This, coupled with the relationships that both Tc-odd and Tc-

h may have with Notch signalling, makes redundancy between these two genes 

plausible in the context of leg development.   

While there is certainly an argument to be made here, there are several factors that 

suggest this is unlikely to be the case. Firstly, if there was redundancy relating to leg 

development, then we might expect to see a higher proportion of cuticles with 

intermediate leg phenotypes in Tc-h/Tc-odd doubles, than Tc-odd singles. However, in 

both cases, only a small percentage of cuticles had deformed legs (Appendix D; Table 

D.9). Furthermore, if the joint knockdown causes a missing leg phenotype, then it 

would most likely impact all the legs, rather than leaving one or two normal legs, as is 

often observed. Finally, redundant roles in leg development do not explain the lower 

average spiracle counts observed in Tc-odd null mutants where Tc-h is knocked down.  

 

Explanation 2: Tc-h and Tc-odd redundancy in thoracic segmentation 

Perhaps a better explanation for why fewer legs are observed in embryos when Tc-h 

and Tc-odd are knocked down together, is that thoracic segmentation is being 

disrupted. This would explain the low penetrance of intermediate leg phenotypes in Tc-
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h/Tc-odd double knockdowns, and the lower average spiracle count in odd null mutants 

with Tc-h knocked down. 

Tc-odd itself already has a clear role in thoracic segmentation. The T2 segment is usually 

the first to be lost in weak Tc-odd single knockdowns (Fig. 6.7). In stronger Tc-odd 

knockdowns, there are often signs of additional thoracic segment merges and losses. 

In Tc-odd-/- embryos from GFP dsRNA control injection experiments, there is also a 

range of phenotypes that includes cuticles with no visible spiracles or legs (Fig. 6.9A). 

Despite this, the majority of Tc-odd-/- cuticles from this control group still have some 

legs, even if those legs are deformed, suggesting that thoracic segments can still be 

established in the complete absence of Tc-odd expression. In contrast, most of the Tc-

odd-/- cuticles from Tc-h single, and Tc-h/Tc-dpn double knockdowns had no visible legs 

(Fig. 6.8B), perhaps indicating the loss of all thoracic segments. If this is the case, then 

the thoracic spiracle might also be lost, which would explain why fewer spiracles were 

observed on average in these groups, compared to the control.  

Tc-odd and Tc-h are expressed in the SAZ in nearly opposite phase throughout Tribolium 

segmentation, including the period in which thoracic parasegment boundaries are 

being established (Fig. S). While striped expression of Tc-eve is completely lost in Tc-

odd-/- embryos, and Tc-run stripes are poorly resolved, Tc-h continues to be expressed 

in clear stripes in the SAZ (Fig. 1.9), suggesting that Tc-h oscillations are independent 

on those of Tc-odd or Tc-eve (Sharma, pers comms). This, along with the results 

presented here, suggest that sustained oscillations of Tc-h in Tc-odd-/- embryos may 

partially rescues thoracic segment patterning. However, given that some spiracles are 

often still visible when Tc-h is knocked down, this would suggest that abdominal 

segments are being partially rescued by a separate mechanism. The lack of any clear 

additive effects on abdominal segmentation in Tc-h/Tc-odd double knockdowns also 

supports the notion that redundancy between these genes is limited to thoracic 

segment patterning only, or that there is another redundant element controlling 

abdominal segmentation. Given that the Tc-emc segmentation phenotype is limited to 

the abdomen, this would be a prime candidate for such a function. 
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6.3.5. Caveats and future experiments 

While RNAi is often a robust and effective way of achieving knockdowns in Tribolium 

(Bucher et.al., 2002), knockdown efficiency can vary significantly between different 

genes (Bitra et.al., 2009), and as demonstrated in this chapter, between different dsRNA 

sequences targeting the same gene. Competitive inhibition can also occur when 

multiple dsRNA are injected together, which in the case of double or triple knockdowns 

can further reduce knockdown efficiencies (Miller et.al., 2012). 

Of all the bHLH genes screened by Bitra et.al. (2009), Tc-dpn had one of the lowest 

knockdown efficiencies of around 50% in larval injections, despite using a high dsRNA 

concentration (5 µg/µL). The exact reason for this is unknown, however, Tc-cwo RNAi 

produced a similar result, and as a highly conserved clock gene that is known to inhibit 

its own expression in Drosophila (Matsumoto et.al., 2007), it could be proposed that 

knocking down such a gene could inadvertently increase transcription by breaking its 

autoregulatory feedback loop. If a similar autoregulatory network controls Tc-dpn 

oscillations, then this may also explain the low knockdown efficiency for this gene. 

Regardless of the reason, a low knockdown efficiency of Tc-dpn, along with competitive 

inhibition in double knockdowns, might explain why no additive effects were detected 

in any Tc-dpn RNAi experiments. Furthermore, consistent with previously published 

data (Bitra and Pali, 2010), egg laying was marginally lower for Tc-dpn injected females 

compared to controls, which may also have masked any potential function of Tc-dpn in 

embryogenesis. Taken together, RNAi may not be the most suitable method for 

investigating Tc-dpn function in Tribolium development, and a transgenic knockout, 

such as that created for Tc-odd, might provide a clearer picture. 

While my results from this chapter have identified redundancy between Tc-h and Tc-

odd, the exact nature of this relationship has been hard to establish through cuticle 

analysis alone. The severity and variation of Tc-odd-null mutants makes it difficult to 

interpret subtle additive effects in RNAi experiments. There are also limitations to using 

spiracle counts as a proxy measure for segmentation, namely the fact that spiracle 

development itself could be affected by the knockdown of additional genes. 

Nevertheless, this was the only segmental feature that could be identified and counted 
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in severely affected cuticles, and there were no previous signs of spiracle abnormalities 

in cuticles from Tc-h and Tc-dpn knockdowns. 

To investigate further the impact of Tc-h knockdown in Tc-odd-/- embryos, in situ 

analyses of other segmentally expressed genes should be compared across controls and 

Tc-h pRNAi germbands. As an important pair-rule gene that still forms poorly resolved 

stripes in the absence of Tc-odd, Tc-run will be a primary candidate to investigate. A 

complete loss of Tc-run stripes in Tc-h knockdown odd-/- germbands would confirm if 

there is redundancy between Tc-h and Tc-odd in driving gene oscillations in the 

Tribolium segmentation clock. 
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7. GENERAL DISCUSSION 

 

In this thesis, I have investigated the evolution of the Hes/Hey- and odd-skipped-family 

genes and used Tribolium castaneum as a model for researching their potential roles in 

the arthropod segmentation clock. Through phylogenetic analyses, I have made several 

important observations with implications for the functional evolution of each family. I 

have presented a revised understanding of odd-family gene expression in Tribolium, 

which while greatly reducing the likelihood of redundancy between odd family genes 

in the segmentation clock gene network, does raise additional questions regarding the 

roles of Tc-sob and Tc-drm in the late segmentation network. This left Hes/Hey genes as 

the primary candidates for partially rescuing primary segment patterning in an odd-null 

knockout SB strain. While the expression of Hes genes, Tc-h and Tc-dpn, are consistent 

with a regulatory relationship with the Tc-eve/Tc-odd/Tc-run oscillator, functional 

knockdowns have once again failed to identify any important roles for these genes in 

the clock network. However, the expression and knockdown of another bHLH gene, Tc-

emc, has demonstrated an importance in abdominal segment patterning, and renews 

the discussion around Notch signalling as a mediator of Tribolium segmentation. 

In this chapter, I will try to contextualise some of the key findings from this thesis in a 

broader evolutionary framework while addressing some of the elements of arthropod 

segmentation that remain poorly understood. Many of the results presented here raise 

more questions than they answer, and so much of this discussion will revolve around 

informed hypotheses which need to be tested further. 

 

7.1. Odd family evolution and expression: Candidates for the transition to pair-rule 

patterning in insects? 

In this thesis I have explored the evolution of an often-overlooked family of genes and 

their expression during Tribolium development. The arthropod odd-skipped-family 

genes provide us with insights into some of the dynamics that influence gene evolution, 

and studies of their expression and function demonstrate examples of redundancy, 
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subfunctionalisation and neofunctionalization across different developmental contexts. 

Due to the occurrence of regular gene conversion events, it has not been possible to 

infer accurate relationships between odd-skipped family genes between distantly 

related arthropod species. Therefore, the exact number and timing of odd-family gene 

duplications during arthropod evolution is still unclear. However, in Onychophora, the 

sister group to arthropods, only one odd-skipped homologue could be identified from 

the transcriptome of Euperipatoides kanangrensis (Janssen and Budd, 2013), while the 

tardigrade, Ramazzottius varieornatus, also only possesses one homologue 

(GAV04140.1), suggesting that the radiation of odd-skipped family genes does not 

predate arthropod evolution. Whether or not this radiation occurred before the 

divergence of lineages leading to chelicerates, myriapods and pancrustacea, remains 

unknown. 

One thing that is clear from conserved developmental expression patterns in species 

across the phyla, is that odd-family genes have ancestral roles in body segmentation 

and leg development (Damen et.al., 2005; Prpic and Damen, 2009; Green and Akam, 

2013; Eriksson et.al., 2013; Bruce, 2021). This may also be true for other domains of 

odd-family gene expression observed in Tribolium, such as in the hindgut anlage or 

head appendages. However, there is limited expression data outside of insect models 

for these stages. In keeping with the theme of this thesis, I will discuss what is currently 

known about odd-family expression and function in the context of arthropod 

segmentation, and along with findings presented in chapters 2 and 3, will propose 

several scenarios for the involvement of these genes in the evolution and diversification 

of segment patterning mechanisms.  

 

The recruitment of odd-family genes into arthropod segmentation 

While expression patterns for odd-family genes in arthropods point towards an 

ancestral role in segment patterning, the exact nature of this ancestral role is unknown. 

Despite conserved stripes of segment-polarity gene expression, the lack of any 

segmentation-related expression for the single odd-related gene in the onychophoran, 

Euperipatoides, suggests that odd-family genes were co-opted into the segmentation 
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network at the dawn of arthropod evolution (Fig. 7.1C) (Eriksson et.al., 2009; Janssen 

et.al., 2013). In the spider, Cupiennius, only 1 odd-family gene, odd-r1, is expressed in 

the SAZ during segmentation, while two others, odd-r2 and odd-r3 do not exhibit any 

SAZ expression (Damen et.al., 2005). Interestingly, this expression of odd-r1 is limited 

to stripes in the anterior SAZ and segmented germband only, suggesting that it is not 

involved in primary segment patterning (Fig. 7.1C). In contrast, dynamic stripes of 

posterior SAZ expression are observed for odd-family genes in other sequentially 

segmented species spanning myriapods, crustaceans and insects (Fig. 7.1C) (Janssen 

et.al., 2011; Green and Akam, 2013; Eriksson et.al., 2013; Sarrazin et.al., 2012; Nakao, 

2015). In addition, functional studies in insects, such as Tribolium, have shown that Tc-

odd is an essential component of the clock network governing primary segment 

patterning, while also maintaining a function in the late segmentation network as an 

upstream regulator of segment polarity genes (Fig. 7.1A-B) (Choe et.al., 2006; Choe 

et.al. 2007; Jeon et.al., 2020). While it has been proposed that Tc-odd is ultimately 

required for positive regulation of Tc-en stripes, via Tc-prd stripes in odd-numbered 

parasegments, exactly how this mechanism occurs is unclear (Jeon et.al., 2020). Given 

that Tc-odd itself is strongly expressed in alternate segments to those lost in Tc-oddRNAi 

induced PR-like phenotypes (Fig. 4.2; Fig. 6.7), this is contradictory to a direct activator 

role, and is more consistent with inhibition of genes upstream of odd-numbered Tc-prd 

stripes. Indeed, intermediate knockdowns of Tc-odd result in resolved primary stripes 

of Tc-eve expression but unresolved secondary Tc-eve stripes, indicating that it is, at 

least in part, related to its negative regulation of Tc-eve in the late segmentation 

network (Jeon et.al., 2020). 

Based on existing data, much of which is limited to expression patterns alone, it could 

be proposed that, in the common ancestor of arthropods, an odd-family gene was at 

first recruited into a role in the late segmentation network responsible for regulating 

segment polarity gene expression (Fig. 7.1). In the lineage leading to myriapods and 

Pancrustacea, this odd-family gene was then co-opted into the primary segmentation 

network, where it has subsequently become an integral component of cellular 

oscillations. This would explain the widespread occurrence of posterior SAZ expression 

for odd-family genes in all lineages except for chelicerates (Fig. 1.6). However, 
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expression patterns for odd-related genes in other chelicerates would be necessary to 

confirm whether Cupiennius is truly representative of the clade. 
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Evolution of pair-rule patterning 

As previously discussed in chapter 1, pair-rule patterning, the initial expression of 

segmentation genes in a double-segment periodicity (i.e. 1 stripe per 2 segments), is a 

feature that appears to have evolved independently in myriapods and insects. In 

myriapods, this behaviour has only been described for the centipede, Strigamia, in 

relation to odr1 expression in the posterior SAZ, that seemingly switches from a double- 

to a single-segment periodicity as it reaches the anterior SAZ (Fig. 7.1C) (Chipman et.al., 

2004). In the millipede, Glomeris, and another centipede species, Lithobius atkinsoni, 

expression patterns for pair-rule gene orthologues display no obvious signs of a double-

segment periodicity (Hughes and Kaufman, 2002; Janssen et.al., 2011), suggesting that 

Strigamia pair-rule patterning is independently derived.  

The timing of the evolution of pair-rule patterning in insects is not entirely clear. 

Transitions from single- to double- segment periodicity have been observed for multiple 

holometabolan models, and the orthopteran, Gryllus (Mito et.al., 2007; Nakao, 2010; 

Rosenberg et.al., 2014). In contrast, expression of pair-rule orthologues in the 

cockroach, Periplaneta, and the milkweed bug, Oncopeltus, do not show signs of pair-

rule patterning (Chesebro, 2012; Auman and Chipman, 2017; Reding et.al., 2019), 

Figure 7.1. The evolution of odd-family gene expression in arthropods. (A) Secondary 

segment patterning: The activation of segment-polarity gene expression at the anterior SAZ. 

In Tribolium, Tc-odd stripes are responsible for activating stripes of Tc-en via the secondary 

pair-rule gene, Tc-prd. Dashed line indicates indirect activation. Based on results from Jeon 

et.al. (2020). (B) Primary segment patterning: Generation of periodicity from the posterior 

SAZ. In Tribolium, Tc-odd is part of a 3 gene feedback loop driving cellular oscillations within 

a clock-and-wavefront mechanism (Choe et.al., 2006). (C) Simplified schematics of odd-

family gene expression across the posterior SAZ, anterior SAZ, and segmented germband of 

model species from across panarthropods. Stars indicate hypothesised timings of odd-family 

gene(s) being recruited into segment patterning roles, based on expression patterns alone. Note 

that the number of odl stripes in the posterior SAZ of Daphnia is to illustrate single-segment 

periodicity (SP) in contrast to the double-SP of Strigamia and Tribolium, and does not 

accurately reflect real observations. Expression patterns based on Fig. 4.2 and data from 

Janssen et.al., 2013; Damen et.al., 2005; Chipman and Akam, 2004; Green and Akam, 2013; 

Eriksson et.al., 2013  
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suggesting that there are multiple origins in insects. However, in the case of Oncopeltus, 

the nuclear receptor E75A, does exhibit pair-rule expression and function, making the 

exact nature of pair-rule patterning unclear in this species (Erezyilmaz et.al., 2009). 

Regardless of when these transitions occurred, the relative expression patterns of Tc-

odd, Tc-sob and Tc-drm observed for Tribolium (Fig. 4.2), may offer an insight into one 

of the possible mechanisms that enabled segment periodicity to be doubled in 

holometabolous insects. 

In more basal branching (with respect to insects) arthropod species, such as the spider, 

Cupiennius, the millipede, Glomeris, and the crustacean, Daphnia, odd-family 

orthologues are expressed in a single-segment periodicity in the anterior SAZ (Damen 

et.al., 2005; Janssen et.al., 2011; Eriksson et.al., 2013). As previously discussed, this 

expression may reflect an ancestral role for an odd-family gene(s) in the late 

segmentation network regulating segment-polarity stripes, although functional studies 

are lacking in these species (Fig. 7.1A). Given that Tc-odd is expressed in opposite phase 

to its paralogues, Tc-drm and Tc-sob, the evolution of double segment periodicity 

observed in Tribolium may initially have been made possible by subfunctionalisation of 

the odd-family genes in the anterior SAZ, with Tc-sob and Tc-drm adopting part of Tc-

odd’s role in regulating segment-polarity gene expression in alternate segments to 

those regulated by Tc-odd. Consistent with this, anterior SAZ stripes for both Tc-sob and 

Tc-drm precede those of Tc-wg stripes, suggesting that their activation is upstream of 

segment-polarity gene expression. 

Given that Tc-odd, Tc-sob and Tc-drm are co-expressed in many other areas during 

Tribolium development, they likely share many of the same regulatory inputs, perhaps 

explained by their conserved genomic arrangement (Fig. 3.10). It is therefore possible 

that at some point during insect evolution, these genes were also co-expressed in the 

context of segmentation. Indeed, the faint secondary stripes of Tc-odd and Tc-sob/Tc-

drm expression in alternate segments (Fig. 4.2) may reflect an ancestral single-segment 

periodicity that these genes once shared. While expression data is limited for odd-

family orthologues in other insects, Of-sob in Oncopeltus is reported to overlap Of-odd 

expression across the SAZ as well as the segmented germband, where they are both 

expressed in a single-segment periodicity (Auman and Chipman, 2017; Reding et.al., 
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2019). Given the phylogenetic position of Oncopeltus, this may represent the ancestral 

pattern of insect odd-family gene expression prior to the evolution of pair-rule 

patterning. However, as previously discussed, it is possible that published Of-sob 

expression is inaccurate, and instead reflects cross-hybridisation with Of-odd mRNA, 

due to the inclusion of a highly similar zinc-finger coding sequence in the in situ probes 

(Fig. 4.7). Experiments would need repeating with probes designed from gene-specific 

sequence to confirm if Of-odd and Of-sob are indeed co-expressed during 

segmentation. 

More odd-family expression data from other insects is also necessary to establish 

whether there is a connection between the expression of these genes and the evolution 

of pair-rule patterning. As with Oncopeltus, any such study should take careful 

consideration over their probe designs in order to minimise the chances of cross 

hybridisation between odd-family ZF coding sequences. In Drosophila, odd, sob and 

drm all exhibit pair-rule stripes (Hart et.al., 1996; Green et.al., 2002). However, their co-

expression has not been assessed to see if they are overlapping or, like Tribolium, are 

expressed in opposite phase to each other.  

The subfunctionalisation of odd-family genes only explains how, in the case of odd-

skipped, a transition of the clock cycle from a single- to double-segment periodicity 

could still produce the same frequency of segment-polarity stripes, provided anterior 

SAZ expression of other odd-family paralogues and their downstream target genes 

remain unchanged. This model still leaves many question marks over the exact 

mechanisms by which pair-rule patterning evolved and assumes that the transition 

occurred as a result of an altered clock cycle, rather than by a change to the “readout” 

of the clock (Discussed by Clark et.al., 2019). Furthermore, it does not explain how 

anterior SAZ stripes of drm and sob are activated independently of odd, which is itself 

an important consideration. Additional functional studies of Tc-drm and Tc-sob are 

necessary to confirm what, if any, roles they play in the late segmentation network in 

Tribolium. Due to their overlapping expression, double knockdowns would be required 

to rule out any functional redundancy that Tc-sob and Tc-drm may share.  
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7.2. Tc-emc segmentation phenotype renews the discussion of Hes and Notch 

signalling involvement in the Tribolium segmentation clock 

One of the most significant changes to the clock and wavefront mechanism underlying 

sequential segment patterning in arthropods, is the apparent loss of Notch signalling in 

some insects (Fig. 1.6). In arthropods where there is clear functional evidence for 

Notch-mediated segmentation, such as the spider, Cupiennius, the crustacean, 

Daphnia, and the cockroach, Periplaneta, oscillatory expression in the SAZ is observed 

for both Delta and Notch, genes which encode the ligands and receptors necessary for 

sending and receiving signals, respectively, between cells (Stollewerk et.al., 2003; 

Pueyo et.al., 2008; Eriksson et.al., 2013). This expression, along with the loss of 

synchronised Hes expression in the SAZ of embryos where Notch signalling has been 

inhibited, is consistent with feedback between intracellular Hes oscillations and the 

intercellular Notch signalling pathway. Expression and functional studies of Notch 

signalling and/or Hes genes in several sequentially segmented insects indicates that 

these roles have been lost in the segmentation clocks of some species, with evidence 

to suggest this has occurred multiple times during insect evolution (Fig. 1.6) (Mito et.al., 

2007; Kainz et.al., 2011; Auman et.al., 2017; Reding et.al., 2019). 

In Tribolium, Tc-Delta and Tc-Notch, as well as another ligand coding gene, Tc-Serrate, 

and a modulator of receptor-ligand interactions, Tc-Fringe, do not exhibit striped 

expression in the SAZ during segmentation (Aranda et.al., 2008). For this reason, 

previously described abdominal deformities described by Kux et.al. (2013), as a result 

of embryonic Tc-Notch knockdowns, were not taken as definite evidence for a role of 

Notch signalling in Tribolium segmentation. In this thesis, I have closely replicated these 

Tc-NotchRNAi phenotypes via knockdown of a common effector of Notch signalling, Tc-

emc (Fig. 6.2), providing supporting evidence for Notch-mediated segmentation in 

Tribolium. In addition, Tc-emc RNAi-induced labrum (Fig. 6.3) and leg deformities (Fig. 

6.4) also closely resemble those reported from experiments where Notch signalling has 

been disrupted (Angelini et.al., 2012; Siemanowski et.al., 2015), consistent with Tc-

emc’s role as a mediator of Notch signalling. Importantly, unlike Tc-Notch, Tc-emc is 

expressed in dynamic stripes in the posterior SAZ (Fig. 5.3; Fig. 5.6), providing a clear 
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link between the phenotype and a direct role in segment patterning. However, how the 

oscillatory SAZ expression and apparent Notch-mediated function of Tc-emc occurs in 

the context of abdominal segmentation is unclear, especially given the lack of similarly 

expressed members of the Notch signalling pathway. 

 

Linking Tc-emc expression and function to Notch signalling in Tribolium 

Tc-Notch is ubiquitously expressed during Tribolium segmentation (Aranda et.al., 2008), 

indicating that all cells, including those in the SAZ where Tc-emc is expressed, are 

primed for activation of the Notch signalling cascade. In the case of canonical Notch 

signalling, this reaction relies on the Notch receptor making contact with a ligand from 

a neighbouring cell. This then triggers cleavage and translocation of the Notch 

intracellular domain (NICD) to the nucleus where it upregulates Notch target genes (Fig. 

7.3A) (Kovall et.al., 2017). If Tc-emc is a downstream target of this process, we would 

expect to see Notch ligands expressed in similar patterns to Tc-emc. This is partly true 

for Tc-Delta, whose mesodermal expression closely resembles that of Tc-emc at similar 

stages (Fig. 7.3C), with both genes first appearing in a longitudinal stripe along the 

blastoderm (Fig. 5.5; Aranda, 2006). However, neither Tc-Delta nor Tc-Serrate are 

expressed in the SAZ during Tribolium development, suggesting that another pathway 

is regulating Tc-emc stripes here (Aranda et.al., 2008). Expression for a third, lesser-

known Notch ligand-coding gene, Tc-weary (Tc-wry), has not yet been investigated. The 

Drosophila orthologue, wry, was first identified as a ligand of the Notch signalling 

pathway in the context of adult heart function (Kim et.al., 2010), although roles in 

development have not been studied. Tc-wry would be a primary candidate for further 

investigating the possible link between ligand-dependent Notch signalling and Tc-emc 

function with regards to the Tribolium segmentation clock. At this point in time, no 

other ligands of the Notch signalling pathway are known in arthropods, and Tribolium 

does not appear to possess any duplicates of those previously described. 

An alternative explanation for the link between Tc-Notch and Tc-emc, is that Tc-emc is 

activated by the noncanonical Notch signalling pathway which does not require 

activation by ligands (Fig. 7.3B) (reviewed by Zhou et.al., 2022). Given that Tc-emc, 
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along with Tc-Notch, appear to be ubiquitously expressed in the Tribolium germband 

(Fig. 5.3; Aranda et.al., 2008), it is possible that ligand-independent activation of Notch 

signalling could be required to maintain a background level of Tc-emc expression in all 

cells during development (Fig. 7.3C). This would be consistent with the similarities 

observed between Tc-Notch and Tc-emc RNAi phenotypes (Kux et.al., 2013; Fig. 6.2). 

Even the loss of base level Tc-emc expression as the result of Tc-Notch knockdown could 

be sufficient to induce a segmentation phenotype. In this scenario, another regulatory 

input would still be required to explain the elevated stripes of Tc-emc expression 

observed in the Tribolium SAZ. Furthermore, this would still leave the question of how 

cellular oscillations are co-ordinated across cells in the absence of ligand-dependent 

Notch signalling.  

In any case, these hypotheses are solely based upon phenotype comparisons and 

known regulatory interactions from Drosophila. Analysis of Tc-emc expression in Tc-

Delta/Tc-Notch knockdowns would first be necessary to confirm if Tc-emc is indeed a 

downstream target of Notch signalling in Tribolium. Regardless of if, and how, Tc-emc is 

connected to Notch signalling, it is still clear that it has an important role in abdominal 

segment patterning. With what we know about the mechanisms by which emc 

regulates bHLH factor activity in Drosophila, it is plausible that bHLH genes are also 

active in abdominal segment patterning. This leaves open the possibility of the co-

expressed Hes genes, Tc-h and Tc-dpn, as candidates for this role, despite the lack of 

functional data to support this. As previously discussed, RNAi efficiency for these genes 

may not reach the necessary threshold to induce clear segmentation phenotypes, 

especially when attempting to perform joint knockdowns testing for redundancy. In 

contrast, Tc-emc knockdowns have the potential to severely impact the protein 

dynamics of both Tc-H and Tc-Dpn and thus produce a different output. Other 

techniques, such as the generation of gene knockout strains, may be required to rule 

out possible functions of these genes in the Tribolium segmentation clock. Beyond this, 

other bHLH genes that are identified for expression in the SAZ may also provide good 

candidates for further investigations into the mechanism of Tc-emc function in 

Tribolium segmentation. 
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Figure 7.2. Linking Notch signalling to Tc-emc expression and function. (A-B) Schematics of 

ligand-dependent (canonical) Notch signalling and ligand-independent (non-canonical) Notch 

signalling. (A) relies on signalling from a ligand in a neighbouring cell, which once bound to the 

Notch receptor, triggers the cleavage and transportation of the Notch intracellular domain (NICD) 

to the nucleus where it binds to a co-activator (CoA) to promote target gene expression. (B) 

ubiquitin ligases (ub) help transport some Notch receptors back into the cell where they are either 

recycled back to the cell membrane, sent for lysomal degradation, or cleaved. In the latter case, 

the cleaved NICD can activate target Notch genes as in (A). (C) Expression patterns for Tc-Notch 

(Aranda et.al., 2008), Tc-Delta (Aranda, 2006) and Tc-emc (Fig. 5.3) in an early Tribolium 

germband. Ubiquitous Tc-Notch expression could maintain background levels of Tc-emc 

expression through ligand-independent signalling (B), while mesodermal Tc-Delta expression 

could explain elevated Tc-emc expression through a ligand-dependent mechanism (A). Regulation 

of Tc-emc stripes in the SAZ is unclear without expression patterns for a remaining Notch ligand, 

Tc-Weary. Tc-emc expression may also be activated independently of Notch signalling entirely. 

Notch signalling pathways adapted from figure by Zhou et.al. (2022) 
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7.3. Shifts in patterning mechanisms over the course of Tribolium segment addition 

As previously mentioned, pre-gnathal segments in arthropods are differentially 

patterned to the remaining posterior segments which have been the focus of this thesis 

(Chipman and Edgecombe, 2019). In addition to this, further regional changes to 

patterning mechanisms are observed over the course of segment addition in many 

species. For example, prosomal and opisthosomal segmentation in the spider, 

Parasteatoda, appears to be regulated by two distinct processes (Schönauer et.al., 

2016), while in some insects, such as the milkweed bug, Oncopeltus, mixed modes of 

simultaneous and sequential segment patterning are observed for anterior and 

posterior trunk segments respectively (Auman and Chipman, 2018). Indeed, an 

incremental anterior-to-posterior adoption of simultaneous segmentation, through the 

evolution of stripe specific enhancers, is believed to be how complete simultaneous 

segmentation may have evolved (Clark et.al., 2019). While all Tribolium trunk segments 

are patterned sequentially during GBE, I have identified gene expression patterns and 

phenotypes that highlight dynamic shifts in the regulatory landscape of Tribolium 

across different stages of segmentation (Fig. 7.3). 

 

Gnathal and thoracic segmentation 

The early establishment of a static mandibular stripe of Tc-h expression in early 

blastoderm stages (Fig. 5.5), along with the consistent loss of mandibles from cuticles 

in which Tc-h has been knocked down, confirm previous studies linking Tc-h to a unique 

mechanism patterning the mandibular segment in Tribolium (Aranda et.al., 2008). A 

similar stripe of Tc-Delta expression at this stage also indicates that this may occur 

downstream of Notch signalling, especially given the common association with Hes 

genes as Notch effectors (Aranda, 2006). Consistent with this, Tc-Delta knockdowns 

were also reported to result in malformed or absent gnathal appendages (Aranda, 

2006). The more severe head phenotypes induced by Tc-h RNAi experiments, along 

with expression patterns for the segment-polarity gene, Tc-gooseberry (Tc-gsb), in Tc-

hRNAi embryos, indicate that Tc-h function extends to a pair-rule-like role in the gnathal 

region, with mandibular and labial segments being most sensitive (Aranda et.al., 2008). 



169 
 

Results obtained from this thesis suggest that Tc-h has a redundant function in 

patterning thoracic segments also, something that is apparent from joint knockdowns 

with Tc-odd (Fig. 6.7), and that was confirmed through Tc-h knockdowns in Tc-odd-null 

mutants (Fig. 6.9). The complete loss of visible legs and reduced spiracle counts induced 

by Tc-h RNAi in a high proportion of Tc-odd-null cuticles, suggests that there is often a 

complete failure to pattern thoracic segments in the absence of both Tc-h and Tc-odd. 

Without knowledge of gene expression patterns in these embryos, it is not clear exactly 

how this occurs, whether from a breakdown of cellular oscillations in the SAZ, 

disruption to the late segmentation network, or from roles of Tc-h further downstream 

in development. While it does appear that additive effects of Tc-h loss of function in the 

absence of Tc-odd are limited to thoracic segmentation only, asegmental phenotypes, 

in which segmentation has failed completely, were also observed. It is therefore 

possible that these severe phenotypes could reflect a complete collapse of primary 

segment patterning, as would be expected if Tc-h was responsible for rescuing this 

process in Tc-odd-null embryos. However, the prevalence of these phenotypes was not 

significantly different to the GFP dsRNA injected group, meaning we cannot confidently 

attribute this to Tc-h loss of function. Further investigation would be necessary to 

confirm the mechanism by which Tc-h knockdown leads to the loss of thoracic segments 

in Tc-odd-/- embryos, as well as to conclude whether thoracic and abdominal segment 

patterning is indeed differentially regulated by Tc-h. 

 

Abdominal segmentation 

One of the primary findings of this thesis is that of Tc-emc expression and function in 

relation to Tribolium segmentation. While the dynamic expression of Tc-emc in the SAZ 

begins at the onset of segment addition, its knockdown appears only to affect 

abdominal segmentation. The reason why the role of Tc-emc in segmentation is limited 

to abdominal segment patterning is unclear. One possibility is that this is related to 

changes in posterior signalling that are observed around the wg6-wg7 stage of GBE. 

This stage corresponds to the transition from thoracic to abdominal segmentation and 

the appearance of new posterior domains are observed for a number of different genes. 

Experiments from this thesis confirmed posterior expression previously reported at this 
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stage for Tc-E(spl)1 and Tc-drm (Kux et.al., 2013; Thümecke and Schröder, 2021), while 

also providing similar novel descriptions for Tc-dpn, Tc-Sidpn1 and Tc-sob expression 

(Fig.5.2; Fig. 5.4; Fig. 4.2). In the case of Tc-drm, functional evidence suggests that this 

posterior domain is related to a role in hindgut development (Thümecke and Schröder, 

2021), while knockdowns of Tc-E(spl)1 do not reveal any functions related to posterior 

expression (Kux et.al., 2013). Tc-dpn RNAi from this thesis has failed to identify any 

function for this gene also, and Tc-sob knockdowns have not yet been performed in 

Tribolium. We have, however, found evidence to suggest that the posterior domain of 

Tc-Sidpn1 is related to a function in germband elongation. 

Tc-Sidpn1RNAi induced truncation phenotypes from around the A2/A3 segment closely 

correlate to the timing of Tc-Sidpn1 expression behind the posterior Tc-wg domain at 

stage wg6/wg7. Interestingly, posterior expression of Tc-Delta also switches on in this 

region at a similar time during GBE and embryonic knockdowns produce similar 

truncation phenotypes (Aranda, 2006), suggesting that Tc-Sidpn1 may be acting 

downstream of Notch signalling. This differential regulation of posterior development 

by Notch signalling in later stages of development is a phenomenon observed in other 

arthropods from across the phyla. The exact point that this switch occurs varies 

between species, but Notch/Delta RNAi and/or DAPT inhibition of Notch signalling 

commonly result in truncation phenotypes consistent with posterior signalling in 

sequentially segmented arthropods (Reviewed by Williams and Nagy, 2017). 

In the cockroach, Periplaneta, as well as mediating primary segment patterning, the 

Notch signalling pathway is also responsible for SAZ maintenance via the regulation of 

posterior Pa-Wnt1 and Pa-cad expression (Chesebro et.al., 2013). As appears to be the 

case in Tribolium, this role is limited to later stages of GBE. Similar dynamics between 

posterior Notch signalling with the Wnt pathway and Pt-cad are observed during 

opisthosomal segmentation in the spider, Parasteatoda, suggesting this is an ancestral 

mechanism of posterior patterning in arthropods (Schönauer et.al., 2016). In 

Parasteatoda, this posterior signalling network is necessary for the proper activation of 

pair-rule gene expression in the SAZ. While similar mechanisms of posterior 

Notch/Delta signalling have been identified in distantly related arthropods, it does not 

appear to be conserved among all species. In particular, it has been lost from insects 
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that employ simultaneous modes of segmentation, such as Drosophila and the 

honeybee, Apis (Wilson et.al., 2010; Williams and Nagy, 2017). This is perhaps 

unsurprising given that there is no requirement for SAZ maintenance and that 

elongation occurs after segment patterning. In the milkweed bug, which employs a 

mixed mode of segment patterning, Of-Delta knockdowns also cause truncations, 

however, given that the expression of segmentation genes are unaffected in the 

blastoderm, the authors attribute this to a late acting role of Of-Delta in segment 

development rather than in early patterning (Stahi and Chipman, 2016). Furthermore, 

Of-Delta does not display a posterior expression domain in Oncopeltus during its 

sequential phase of segmentation, suggesting the Notch/Delta pathway is not required 

for posterior signalling in this species (Auman and Chipman, 2018). To test if Tc-Delta 

and Tc-Sidpn1 RNAi mediated phenotypes in Tribolium are the result of a similar 

interactions to those observed in Parasteatoda and Periplaneta, it would be interesting 

to assess Tc-cad and Tc-wg expression in knockdown embryos. Tc-cad and SAZ 

expressed genes, Tc-eve, Tc-odd and Tc-h, have already been shown to be downstream 

targets of posterior Wnt signalling (Oberhofer et.al., 2014), therefore any connection 

between this pathway and Tc-Delta/Tc-Sidpn1 would demonstrate roles for these genes 

in posterior signalling and explain the truncation phenotypes induced by their loss of 

function.   

Regardless, it is possible that the abdominal-specific segmentation phenotypes 

captured by Tc-emc loss of function experiments are somehow related to this switch in 

posterior signalling. As previously mentioned, Tc-emc is likely to function via 

interactions with a bHLH factor (Campuzano, 2001), therefore any bHLH genes that are 

switched on during this stage are likely to be key candidates. Alternatively, the lack of 

anterior segmentation phenotypes observed for Tc-emc RNAi cuticles could be the 

result of low knockdown efficiency from embryonic injections. The phenotypic series 

from weak to strong severity generally follows a posterior-to-anterior progression, 

respectively, in relation to where abnormalities manifest. By following this logic, 

thoracic segments would be the last to be affected by Tc-emc loss of function, and might 

therefore require a stronger knockdown. Unfortunately, as Tc-emc is essential for 

oogenesis (Bitra and Pali, 2010), it is not possible to generate a knockout strain to test 
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this. Further investigation of expression patterns for segmentation genes in Tc-emc loss 

of function embryos should be carried out to elucidate its exact role in segment 

patterning.   

In addition to the differential regulation of gnathal, thoracic, and abdominal segment 

patterning, there are several indications that the posterior-most abdominal segments 

(A8-A10) are also patterned by a separate mechanism. The segmental stripes of a 

segment-polarity gene, Tc-H15, appear sequentially in pairs throughout segment 

addition, except for those corresponding to segments A8, A9 and A10, which appear 

one at a time (Janssen, 2014). This suggests that these posterior-most stripes are 

patterned by a separate mechanism to earlier stripes. Interestingly, the timing of this 

change corresponds to the disappearance of Tc-h, Tc-dpn and Tc-emc expression from 

the SAZ in later stage germbands (Fig. 5.1; Fig. 5.2; Fig. 5.3). While previously published 

expression patterns for Tc-eve and Tc-run have not been described at this late stage in 

Tribolium, HCR FISH for Tc-odd shows that stripes of SAZ expression persist until the 

completion of segment addition (Fig. S?). The paired activation of Tc-H15 in segments 

anterior to A8 could be explained by parallel inputs from the primary oscillator circuit 

(Tc-odd/Tc-eve/Tc-run) alongside Hes genes (Tc-h/Tc-dpn), while the single-segmental 

activation of A8, A9 and A10 stripes are consistent with the loss of input from Hes genes 

at this stage. However, the mechanisms by which stripes of Tc-H15 are regulated in 

Tribolium is currently unknown. Tc-H15 is also the only segment polarity gene reported 

to appear in a double segmental fashion during segmentation, with Tc-Hedgehog (Tc-

Hh), Tc-wg and Tc-en stripes all appearing one at a time throughout the entire course 

of segmentation (Nagy and Carroll, 1994; Brown et.al., 1994; Farzana and Brown, 2008). 

Exactly how anterior and posterior stripes of Tc-H15 are differentially regulated, and 

what, if any, significance it has for the wider segmentation network, remains unclear. 

However, it further highlights the regional variation in segment patterning mechanisms 

throughout Tribolium segmentation. 
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7.4. General remarks and future directions 

The primary aims for this thesis were to investigate the underlying complexity of the 

Tribolium segmentation clock, driven largely by recent observations from our lab of 

primary segment patterning and striped expression of Tc-run still being established in a 

Tc-odd knockout strain. This challenged previously published data and models built 

around the Tc-eve/Tc-odd/Tc-run circuit as the sole network driving cellular oscillations. 

While the results presented and discussed here have not explicitly uncovered the 

molecular interactions that govern primary segment patterning in Tribolium, they have 

opened up several new lines of research for future investigations. 

Figure 7.3. Differential patterning across Tribolium segmentation. Diagram of a Tribolium 

embryo at the end of segment addition with Tc-wg stripes in green and labelled with their 

corresponding prospective segment. The different patterning mechanisms discussed in the 

main text are summarised for each region. References: 1, Aranda et.al., 2008; 2, Janssen, 2014 
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Analysis of arthropod odd-family genes have revealed characteristics that make them 

prime candidates for redundancy and developmental system drift. However, in the case 

of insects, these genes are often overlooked, with most segmentation studies in insects 

solely focusing on direct orthologues of odd-skipped. It is important that any future 

research investigating roles for these genes carefully considers the exclusion of the ZF 

coding region from probe and dsRNA design, in order to avoid cross-hybridisation and 

off-target effects, respectively. Revised expression patterns for Tc-sob, Tc-bwl and Tc-

drm described for Tribolium in this thesis have significantly reduced the likelihood of 

redundancy between these genes with regards to primary segment patterning. 

However, anterior SAZ and segmented germband expression of Tc-sob and Tc-drm 

stripes prompts the need for investigating potential roles for these genes in the late 

segmentation network and the regulation of segment polarity genes. It is possible that 

such studies in Tribolium and other insects may offer novel insights into the evolution 

of pair-rule patterning. 

Phylogenetic analyses of arthropod Hes/Hey genes have characterised previously 

identified segmentation genes from Daphnia (Eriksson et.al., 2013) as E(spl) genes, 

rather than orthologues of the hairy/deadpan-related genes that are commonly 

associated with Notch-mediated segmentation in other species (Stollewerk et.al., 2005; 

Pueyo et.al., 2008; Green and Akam, 2013). This highlights the interchangeability of Hes 

genes in evolution, and future studies investigating their expression and function in 

relation to segmentation should therefore consider the wider gene family in their 

analyses. While this approach has failed to identify additional Hes/Hey genes expressed 

in patterns consistent with primary segmentation in Tribolium, expression and 

functional data for a related bHLH gene, Tc-emc, reveal a new candidate for arthropod 

segmentation. The precise mechanism by which Tc-emc regulates segment patterning 

has not been identified in this case. In order to better understand its general function, 

expression patterns for segmentation genes should be analysed in Tc-emcRNAi embryos. 

Based on what we know of Drosophila emc, possible interactions with co-expressed 

bHLH factors should also be investigated. Tc-h and Tc-dpn still remain candidates for 

these interactions, however, different approaches, such as gene knockouts or inducing 

ectopic expression, should be employed to fully assess their involvement. Beyond this, 
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single cell transcriptomics from the SAZ could be used to identify any other co-

expressed candidate bHLH genes, while co-immunoprecipitation experiments can 

inform us of Tc-emc’s ability to dimerize said candidates.  

Upstream of Tc-emc, and of primary segment patterning in general, there is evidence 

to suggest that Notch signalling is still involved in Tribolium segmentation. Whether this 

function extends to local synchrony of cellular oscillations in the clock network remains 

to be seen. Investigation of the Notch ligand, Tc-weary, is necessary to rule-out or 

confirm this. If this is ruled-out, the need to identify an alternate mechanism co-

ordinating cellular oscillations in Tribolium is essential for better understanding the 

segmentation clock and the transition away from Notch signalling in insects. Truncation 

phenotypes from Tc-Delta (Aranda, 2006) and Tc-Sidpn1 (this thesis) point to a 

conserved role for Notch signalling in posterior development upstream of segment 

patterning. To establish whether the Notch/Delta pathway functions in a similar 

manner to other arthropods (Chesebro et.al., 2013; Schönauer et.al., 2016), posterior 

domains of Tc-wg and Tc-cad should be analysed in Tc-Delta/Tc-Sidpn1 RNAi embryos. 

Much of the research in Tribolium, including that conducted in this thesis, focuses on 

the well-established techniques of in situ hybridisation and RNAi for determining gene 

functions. However, this can only tell us so much about regulatory relationships 

between different genes and does not allow distinctions to be made between direct 

and indirect interactions. Indeed, even the topology of the primary Tc-eve/Tc-odd/Tc-

run network is still debated (Choe et.al., 2006; Clark et.al., 2019). In order to build 

accurate models of gene regulatory networks in Tribolium segmentation, It would be 

beneficial to analyse cis-regulatory sequences of various segmentation genes and the 

activators/repressors that bind them. Techniques such as ChipSeq can help identify 

relevant protein-DNA interactions (Park, 2009), while yeast one-hybrid assays can 

measure the direct regulatory relationships between genes of interest. The latter of 

these approaches has been demonstrated in research of the vertebrate segmentation 

clock, enabling the formulation of accurate network models that replicate experimental 

observations (Schröter et,al., 2012).  

The ongoing research in Tribolium and other arthropods continues to highlight the 

conserved and divergent aspects of patterning mechanisms across the phylum. In 
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particular, our understanding of segment patterning across a diverse group of insect 

models, covering Blattodea, Orthoptera, Hemiptera, and a number of Holometabolan 

orders, points to several significant evolutionary transitions having occurred multiple 

times, including the loss of Notch-mediated segmentation (both in terms of posterior 

signalling and synchrony of cellular oscillations), the evolution of pair-rule patterning, 

and the evolution of simultaneous segment patterning. The independent occurrences 

of these changes demonstrate a developmental system that is highly plastic and prone 

to drift. A deeper understanding of the precise mechanisms underpinning sequential 

segmentation in Tribolium, and other insects will be essential for learning exactly how 

these changes have occurred.   
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APPENDICES 

Appendix A - Multiple sequence alignments used to generate residue 

conservation values and consensus logos used in Chapter 3 

Figure A.1. Amino acid multiple sequence alignment of Orange domains from arthropod 

non-E(spl) HES proteins. HES proteins where Orange domains could not be identified 

through NCBI conserved domain search were not included in the analysis. Conservation and 

Consensus logos were used in Fig. 3.4 to compare against alignments with non-E(spl) HES 

proteins missing Orange domains. Species identifiers as described in Chapter 3. Protein 

accession numbers from NCBI GenBank or Ensembl 
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Figure A.2. Amino acid multiple sequence alignment of zinc finger 5 from arthropod 

Odd family proteins. All arthropod Odd family proteins with 5 ZFs, except for any insect 

Odd-skipped orthologues, were used in this MSA to measure residue conservation across the 

5th ZF. Conservation and Consensus logos were used in Fig. 3.12 to compare against the 5th 

ZF domain of some insect Odd-skipped proteins. Species identifiers as described in Chapter 

3. Protein accession numbers from NCBI GenBank or Ensembl 
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Appendix B – Comparison of Tc-h and Tc-odd expression across different 

germband stages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure B.1. Expression dynamics of Tc-h and Tc-odd are consistent in the SAZ 

throughout GBE. HCR FISH with Tc-h (green) and Tc-odd (magenta) at 3 stages of GBE. 

Single channel images for each embryo are shown alongside merged images. Green and 

magenta lines indicate the extent of each stripe in the SAZ for Tc-h and Tc-odd respectively. 

Domains in the posterior SAZ tend to be broader and more overlapping. Once stripes have 

resolved, Tc-h and Tc-odd stripes are in almost opposite phase to each other. A small overlap 

between the posterior edge of the Tc-odd stripe with the anterior edge of the Tc-h stripe is 

seen in each case until expression reaches the anterior SAZ/segmented germband. Scale bar 

100µm 
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Appendix C – Late stage Tc-h, Tc-dpn and Tc-emc expression in the 

hindgut/malpighian tubule  

 

  

 

 

 

Figure C.1. Tc-h, Tc-dpn and Tc-emc all exhibit expression consistent with roles in 

hindgut and malpighian tubule specification. HCR FISH for Tc-h, Tc-dpn and Tc-emc with 

a Tc-wg marker. (A-C) Comparative stages of gut development, where each gene is expressed 

in malpighian tubule (MpT) buds (white arrowhead) after evagination. (D) Tc-h expression 

disappears in later stage embryos. (E) Tc-dpn is expressed in squiggly lines that most likely 

to correspond to cryptonephridial tubules surrounding the rectum at this stage (cyan 

arrowhead). (F) Tc-emc is expressed in the free tubules (yellow arrowhead) that do not 

associate with the rectum, and become freely suspended in the haemolymph. Scale bar: 

100µm. Interpretations based off description of MpT development and the expression of a 

key MpT marker, Tc-cut, by King and Denholm, 2014   
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Appendix D – RNAi results tables for Chapter 6 

 

 ctrl h 5' h 3' 

Eggs examined (n) 264 545 379 

    

Wildtype cuticles (%) 81.1 77.5 21.9 

Abnormal cuticles (%) 5.3 2.6 61.7 

Empty eggs (%) 13.6 20.3 16.4 

    

Cuticles scored (n) 228 435 317 

    

Wildtype (%) 93.9 96.8 26.2 

Abnormal (%) 6.1 3.2 73.8 

    

Head defect (%) 0.9 0.5 71.6 

    Weak - missing/deformed Mn 0 0 30.9 
    Intermediate - Additional head appendages 
missing/deformed 0 0.5 19.2 

    Strong - Missing entire head 0 0 11.4 

    Strong - Missing head + T1/T2 0 0 9.8 

    

Miscellaneous (%) 5.2 2.7 5.4 

    

Intermediate head phenotypes (n) 0 2 61 

    

Head appendages affected (%):    

     Lbr N/A N/A 47.5 

     Ant N/A N/A 36.1 

     Mn N/A N/A 100 

     Mx N/A N/A 41 

     Lb  N/A N/A 54.1 

    

Region affected (excluding Mn) (%):    

     Anterior (Lbr/Ant) only N/A N/A 29.5 

     Gnathal (Mx/Lb) only N/A N/A 37.7 

     Anterior and Gnathal N/A N/A 32.8 

 

Table D.1. Tc-h parental RNAi results. Percentage values correspond to the number given 

in the first row of each box. These being eggs examined, cuticles scored, and intermediate 

head phenotypes. Miscellaneous abnormalities refer to any defects that are considered too 

inconsistent to be of any significance. Breakdown of head appendages and region affected is 

not given for the control and Tc-h 5’ group due to the negligible number of intermediate head 

phenotypes. 
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Table D.4. Tc-emc embryonic RNAi results. Percentage values correspond to the numbers 

provided for eggs injected (top box) and cuticles scored (lower box). A1/A2 – A7/A8 refer to 

the segment boundaries where localised irregularities/fusions were recorded. Miscellaneous 

refers to all other cuticles with abnormalities that are not specified in the table. Segmentation 

phenotypes were classified as follows: Weak – localised segment irregularities/fusions, or 1 

missing segment. Intermediate – Missing 1 segment with multiple fusions, missing 2 segments 

with up to 2 fusions visible, or missing 3 segments only. Strong – Missing 3 segments with 

additional fusions, or missing 4 or more segments. 1µg/µl concentrations were used for Tc-

emc, made up to 2µg/µl total with GFP dsRNA. 2µg/µl GFP dsRNA used for control injections. 
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 ctrl Sidpn1 5' Sidpn1 3' 

Eggs injected (n) 227 192 218 

    

Wildtype cuticles (%) 55.9 43.2 11.5 

Abnormal cuticles (%) 10.1 11.5 22.5 

Empty eggs (%) 33.9 45.3 66.1 

    

Cuticles scored (n) 150 105 74 

    

Wildtype (%) 84.7 79 33.8 

Abnormal (%) 15.3 21 66.2 

    

Head abnormalities (%) 4 11.4 37.8 

    Weak - 1 or 2 head appendages deformed/missing (%) 3.3 4.8 21.6 

    Strong - 3+ head appendages deformed/missing (%) 0.7 6.7 16.2 

    

Head appendage affected (%):    

    Lbr 0.7 1.9 21.6 

    Ant 0.7 5.7 35.1 

    Mn 0.7 4.8 18.9 

    Mx 1.3 1.9 0 

    Lb 2.7 3.8 2.7 

    

Abdominal truncation (%): 0.7 1 41.9 

    T3 0 0 2.7 

    A1 0 0 5.4 

    A2 0 0 13.5 

    A3 0.7 0 10.8 

    A4 0 0 2.7 

    A5 0 0 5.4 

    A6 0 0 0 

    A7 0 1 1.4 

    

Legs deformed/missing (%) 2.7 0 20.3 

    
Miscellaneous (%) 10 13.3 17.6 

 

Table D.5. Tc-Sidpn1 embryonic RNAi results. Percentage values correspond to the 

numbers given in the first row of each box. These being the number of eggs injected, and the 

cuticles that were scored, from each experiment. T3 (thoracic) and A1-A7 (abdominal) refers 

to the posterior most segment, from where the truncation occurs. Miscellaneous refers to all 

other cuticles with abnormalities that are not specified in the table.  
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Table D.6. eRNAi results for Tc-emc/Tc-h, and Tc-emc/Tc-dpn double knockdowns, 

compared with Tc-emc singles. Percentage values correspond to the numbers provided for eggs 

injected (top box) and cuticles scored (lower box). Miscellaneous refers to all other cuticles 

with abnormalities that are not specified in the table. Segmentation phenotypes were classified 

as follows: Weak – localised segment irregularities/fusions, or 1 missing segment. Intermediate 

– Missing 1 segment with multiple fusions, missing 2 segments with up to 2 fusions visible, or 

missing 3 segments only. Strong – Missing 3 segments with additional fusions, or missing 4 or 

more segments. A total of 2µg/µl dsRNA was used for all experiments. 1:1 ratios were used for 

mixing, meaning each dsRNA fragment was injected at 1µg/µl. 2µg/µl GFP dsRNA was used 

for ctrl 
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 Experiment 1 Experiment 2 

 ctrl h 3' ctrl 
h 3’/ 

dpn 5’ 
h 3’/ 

dpn 3’ 

Eggs examined (n) 264 379 628 421 401 

      

Wildtype cuticles (%) 81.1 21.9 84.2 44.9 67.6 

Abnormal cuticles (%) 5.3 61.7 2.9 37.8 15 

Empty eggs (%) 13.6 16.4 12.9 17.3 17.5 

      

Cuticles scored (n) 228 317 547 348 331 

      

Wildtype (%) 93.9 26.2 96.7 54.3 81.9 

Abnormal (%) 6.1 73.8 3.3 45.7 18.1 

      

Head defect (%) 0.9 71.6 0.4 44.3 16 

    Weak - missing/deformed Mn 0 30.9 0 32.8 11.5 
    Intermediate - Additional head appendages 
missing/deformed 0 19.2 0 8 3 

    Strong - Missing entire head 0 11.4 0 1.7 1.2 

    Strong - Missing head + T1/T2 0 9.8 0 0.6 0.3 

      

Miscellaneous (%) 5.2 5.4 2.9 2.3 3 

      

 

Table D.7. Tc-h/T-dpn pRNAi double knockdown. Percentage values correspond to  the 

proportions of eggs examined (top box), and cuticles scored (lower box). A total of 2µg/µl 

dsRNA was used in all experiments. For Tc-h/Tc-dpn doubles, a 1:1 ratio was used, meaning 

each dsRNA fragment was injected at 1µg/µl. Miscellaneous refers to all other cuticles with 

abnormalities not specified in the table. 
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 Ctrl 
odd 5'/ 

GFP 
odd 5'/ 

h 3' 
odd 5'/ 
dpn 5' 

odd 5'/ 
dpn 3' 

Eggs examined (n) 628 436 553 187 334 
      

Wildtype cuticles (%) 84.2 6.9 10.5 13.9 1.5 

Abnormal cuticles (%) 2.9 77.3 70.3 66.3 81.4 

Empty eggs (%) 12.9 15.8 19.2 19.8 17.1 
      

Cuticles scored (n) 547 367 447 150 277 
      

Wildtype (%) 96.7 8.2 13 17.3 1.8 

Abnormal (%) 3.3 91.8 87 82.7 98.2 
      

Head phenotype (%) 0.4 86.1 78.5 56.7 86.3 
Weak - 1-2 head appendages 
missing/deformed (%) 0.4 83.1 68.5 53.3 85.2 
Strong - 3+ head appendages 
missing/deformed (%) 0 3 10.1 3.3 1.1 

Head part affected (%):      

    Lbr 0 2.5 3.1 2 1.4 

    Ant 0 6.8 3.1 0.7 2.5 

    Mn 0 4.9 14.3 4.7 3.2 

    Mx 0.2 2.5 5.4 4 2.2 

    Lb  0.2 84.7 73.8 56.7 86.3 

    entire head missing 0 0.5 3.8 0 0 
      

Segmentation phenotype (%) 0.5 89.9 82.1 80 97.5 

Weak (%) 0.5 6.5 6.3 24.7 18.8 

Intermediate (%) 0 42.2 49.4 50 65 

Strong (%) 0 41.1 26.4 5.3 13.7 
      

Leg count (%):      

    0 legs 0 1.9 12.1 0 1.1 

    1 leg 0 2.2 8.3 0.7 0.7 

    2 legs 0 11.2 20.4 4.7 3.2 

    3 legs 0 17.7 13.2 6 9.4 

Deformed legs (%) 0 2.5 1.8 3.3 4.3 
      

Miscellaneous / indistinguishable (%) 2.4 1.9 4.5 2 0.4 

 

Table D.8. pRNAi results for Tc-h/Tc-odd and Tc-dpn/Tc-odd double knockdowns. 

Percentage values correspond to the proportion of eggs examined (top box), and cuticles 

scored (lower box). Segmentation phenotypes were classified based on odd induced pair-

rule-like effects. Weak: localised segment irregularities/fusions, or 1 missing segment. 

Intermediate: Missing 2 to 4 segments. Strong: Pair-rule-like phenotype or worse, in which 

5 or more thoracic or abdominal segments are missing. Miscellaneous/indistinguishable 

refers to cuticles with abnormalities not specified in the table, or that I was unable to score. 

dsRNA was mixed at a 1:1 ratio to a total concentration of 2µg/µL. 
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Table D.9. Tc-odd mutant pRNAi results. Counts are presented as percentages of the numbers 

given in the first row of each box. These being eggs examined, total cuticles, odd null cuticles, 

and cuticles excluding odd null. Percentages are given to 1 decimal point. Miscellaneous refers 

to all other cuticles with abnormalities that are not specified in the table. Single knockdowns 

were done with 2µg/µl dsRNA, while doubles used a 1:1 mixture with a combined total of 

2µg/µl. Results are split into 2 experiments that were done at separate times, each alongside 

respective GFP injected controls. 



189 
 

 

Ex
p

er
im

en
t 

Tr
ea

tm
e

n
t 

Fe
m

al
e

s 
su

rv
iv

ed
 

 
C

o
lle

cti
o

n
 1

 
 

C
o

lle
cti

o
n

 2
 

 
C

o
lle

cti
o

n
 3

 
 

To
ta

l 

 
Eg

gs
 

la
id

 
Eg

gs
/ 

fe
m

al
e

 
 

Eg
gs

 la
id

 
Eg

gs
/ 

fe
m

al
e

 
 

Eg
gs

 la
id

 
Eg

gs
/ 

fe
m

al
e

 
 

Eg
gs

 la
id

 
Eg

gs
/ 

fe
m

al
e

 
%

 C
tr

l 

Tc
-h

/T
c-

d
p

n
 

d
o

u
b

le
s 

C
tr

l 
1

8
 

 
2

35
 

1
3

.1
 

 
3

9
3 

2
1

.8
 

 
- 

- 
 

6
2

8
 

3
4

.9
 

1
0

0
 

h
 3

’/
d

p
n

 5
’ 

1
3

 
 

1
70

 
1

3
.1

 
 

2
5

1 
1

9
.3

 
 

- 
- 

 
4

2
1

 
3

2
.4

 
9

2
.8

 

h
 3

’/
d

p
n

 3
’ 

1
4

 
 

1
19

 
8

.5
 

 
2

8
2 

2
0

.1
 

 
- 

- 
 

4
0

1
 

2
8

.6
 

8
2

.1
 

Tc
-o

d
d

/ 
Tc

-d
p

n
 

d
o

u
b

le
s 

C
tr

l 
1

8
 

 
2

35
 

1
3

.1
 

 
3

9
3 

2
1

.8
 

 
- 

- 
 

6
2

8
 

3
4

.9
 

1
0

0
 

o
d

d
 5

'/
G

FP
 

1
4

 
 

1
15

 
8

.2
 

 
3

2
1 

2
2

.9
 

 
- 

- 
 

4
3

6
 

3
1

.1
 

8
9

.1
 

o
d

d
 5

'/
d

p
n

 5
' 

7
 

 
5

8 
8

.3
 

 
1

0
2 

1
4

.6
 

 
- 

- 
 

1
6

0 
2

2
.9

 
6

5
.6

 

o
d

d
 5

'/
d

p
n

 3
' 

1
4

 
 

6
2 

4
.4

 
 

2
7

2 
1

9
.4

 
 

- 
- 

 
3

3
4

 
2

3
.9

 
6

8
.5

 

o
d

d
 m

u
ta

n
t 

si
n

gl
es

 

C
tr

l 
5

 
 

2 
0

.4
 

 
3

2
 

6
.4

 
 

9
7

 
1

9
.4

 
 

1
3

1
 

2
6

.2
 

1
0

0
 

d
p

n
 5

' 
2

3
 

 
6 

0
.3

 
 

5
7

 
2

.5
 

 
3

1
4

 
1

3
.7

 
 

3
7

7
 

1
6

.4
 

6
2

.6
 

d
p

n
 3

' 
2

8
 

 
1

9 
0

.7
 

 
1

1
2 

4 
 

4
4

7
 

1
6 

 
5

7
8

 
2

0
.6

 
7

8
.6

 

o
d

d
 m

u
ta

n
t 

d
o

u
b

le
s 

C
tr

l 
1

5
 

 
1

65
 

1
1

 
 

1
7

6 
1

1
.7

 
 

2
1

6
 

1
4

.4
 

 
5

5
7

 
3

7
.1

 
1

0
0

 

h
 3

’ 
1

5
 

 
6

8 
4

.5
 

 
1

5
8 

1
0

.5
 

 
1

8
6

 
1

2
.4

 
 

4
1

2
 

2
7

.5
 

7
4

 

h
 3

'/
d

p
n

 5
' 

1
5 

 
6

7 
4

.5
 

 
1

3
8 

9
.2

 
 

1
9

9 
1

3
.3

 
 

4
0

4 
2

6
.9

 
7

2
.6

 

h
 3

'/
d

p
n

 3
' 

1
3

 
 

6
9 

5
.3

 
 

1
1

8 
9

.1
 

 
1

3
6

 
1

0
.5

 
 

3
2

3
 

2
4

.8
 

6
7

 

 

T
a
b

le
 D

.1
0

. 
T

c-
d

p
n

 p
R

N
A

i 
eg

g
 l

a
y
in

g
. 

T
h
e 

n
u
m

b
er

s 
o
f 

eg
g
 l

ay
in

g
 f

em
al

es
, 

an
d
 t

h
e 

eg
g
s 

th
ey

 l
ay

 f
o

r 
ea

ch
 c

o
n

se
cu

ti
v
e 

co
ll

ec
ti

o
n

 a
ft

er
 i

n
je

ct
io

n
s,

 a
re

 

p
ro

v
id

ed
 f

o
r 

al
l 

ex
p
er

im
en

ts
 t

h
at

 i
n

cl
u

d
ed

 T
c-

d
p
n

, 
al

o
n
g
 w

it
h
 r

es
p
ec

ti
v
e 

G
F

P
 c

o
n
tr

o
ls

. 
F

o
r 

d
o
u
b
le

 k
n

o
ck

d
o

w
n

s 
ca

rr
ie

d
 o

u
t 

al
o

n
g
si

d
e 

si
n
g

le
 k

n
o

ck
d

o
w

n
s,

 

d
at

a 
is

 a
ls

o
 g

iv
en

 f
o

r 
th

e 
o
th

er
 g

en
es

 i
n
v
o
lv

ed
. 

B
ee

tl
es

 w
er

e 
in

je
ct

ed
 w

it
h
 2

µ
g
/µ

L
 t

o
ta

l 
d
sR

N
A

 i
n
 a

ll
 e

x
p

er
im

en
ts

. 
In

 c
as

es
 w

h
er

e 
tw

o
 g

en
es

 a
re

 u
se

d
, 

d
sR

N
A

 w
as

 m
ix

ed
 a

t 
a 

1
:1

 r
at

io
. 
T

h
e 

“%
 C

tr
l”

 c
o
lu

m
n
 s

h
o
w

s 
th

e 
re

la
ti

v
e 

eg
g
s/

fe
m

al
e 

ta
ll

y
 f

o
r 

ea
ch

 e
x

p
er

im
en

t 
co

m
p

ar
ed

 t
o

 t
h

ei
r 

re
sp

ec
ti

v
e 

co
n
tr

o
ls

. 



190 
 

Appendix E – Scoring localised segmentation defects from Tc-emc knockdowns 

 

 

 

 

 

 

 

 

Figure E.1. Additional examples of Tc-emc RNAi induced localised abnormalities. (A) 

wildtype trunk. (B-F) trunks of embryos from Tc-emc eRNAi experiments. The abdominal 

segment boundaries that were scored as abnormal for Fig. 2B are labelled in the bottom right 

of each image. Cyan (thoracic) and red (abdominal) circles highlight the positions of 

homologous bristles. Scale bar: 100µm 
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Appendix F – Sense controls confirm novel gene expression patterns from 

colorimetric in situ hybridisation 

 

Figure F.1. ISH sense controls 

for Tc-emc, Tc-Sidpn1, Tc-

Sidpn2 and Tc-Hey1. For genes 

whose expression patterns have 

not been previously described, 

colorimetric ISH experiments 

using sense strand probes were 

carried out alongside the 

corresponding antisense probes. 

These act as a negative control to 

confirm the genuine expression 

patterns reported in chapter 5. No 

staining is visible in embryos 

treated with Tc-emc, Tc-Sidpn1, 

Tc-Sidpn2 sense probes. There is 

ubiquitous staining in embryos 

treated with the Tc-Hey1 sense 

probe, however, the 

neuroectodermal spots observed 

for Tc-Hey1 in Fig. 5.4 are not 

present, suggesting these 

represent real gene expression 

patterns. As for why ubiquitous 

non-specific staining was 

observed in sense strand embryos 

is unclear. The correct insert was 

confirmed using restriction 

digests, while a BLAST query 

against the Tribolium genome 

assembly failed to return any 

significant hits to other genes. 
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