
 
 
 

EVOLUTION OF ARTHROPOD MORPHOLOGICAL DIVERSITY 
 
 

by 
 
 

Ryan M. Pace 
 
 

__________________________ 
Copyright © Ryan M. Pace 2015 

 
 

A Dissertation Submitted to the Faculty of the 
 
 

DEPARTMENT OF MOLECULAR AND CELLULAR BIOLOGY 
 
 

In Partial Fulfillment of the Requirements 
 

For the Degree of 
 
 

DOCTOR OF PHILOSOPHY 
 
 

In the Graduate College 
 
 

THE UNIVERSITY OF ARIZONA 
 
 
 
 

2015 
 

 

 

 

 



 2 

 

 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 3 

THE UNIVERSITY OF ARIZONA 
 

GRADUATE COLLEGE 
 

As members of the Dissertation Committee, we certify that we have read the dissertation 

prepared by Ryan M. Pace, titled EVOLUTION OF ARTHROPOD 

MORPHOLOGICAL DIVERSITY and recommend that it be accepted as fulfilling the 

dissertation requirement for the Degree of Doctor of Philosophy. 

 
 
_______________________________________________ Date: 2015/07/07 
Dr. Parker Antin    
 
_______________________________________________ Date: 2015/07/07 
Dr. Ryan Gutenkunst 
 
_______________________________________________ Date: 2015/07/07 
Dr. Frans Tax    
  
   
Final approval and acceptance of this dissertation is contingent upon the candidate’s 

submission of the final copies of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and 

recommend that it be accepted as fulfilling the dissertation requirement. 

 
 
________________________________________________ Date: 2015/07/07 
Dissertation Director:  Dr. Lisa Nagy    

 

 

 

 

 

 

 
 



 4 

STATEMENT BY AUTHOR 
 
This dissertation has been submitted in partial fulfillment of the requirements for an 

advanced degree at the University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, provided 

that an accurate acknowledgement of the source is made.  Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the copyright holder.  

 
 
 
 

SIGNED: Ryan M. Pace 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 



 5 

Acknowledgements 
 

In completion of this work I cannot give enough thanks to my advisor Lisa Nagy 

for her mentorship and encouragement, and who without her support and network of 

collaborators none of this work would have been possible.  

I should also give thanks to my committee members, past and present, including 

Parker Antin, Giovanni Bosco, Ryan Gutenkunst, Jeffrey Laney, and Frans Tax for their 

time, guidance, and for challenging me to be a better scientist.  

I am also grateful to faculty and staff from the Department of Molecular and 

Cellular Biology and the wider College of Science community that have had a hand in 

my training. Many thanks to my fellow BMCB grad students for the many wonderful 

years of presentations, stimulating discussions, and our shared love of phở (especially 

P.V. and T.B.).  

Thanks to my colleagues, collaborators, and friends. Miodrag Grbić (UWO) and 

Vladimir Zhurov (UWO) provided the necessary intellectual, technical, and financial 

support to work on spider mites. A. Nakamoto, M. Stansbury, S. Hester, J. Cooley, C. 

Eskridge, M. Matei, J. Ikpatt, and many others made the Nagy lab an inviting and 

wonderful place to do and talk science. 

I am thankful to my sources of funding beyond that of my advisor, including 

Science Foundation Arizona, National Science Foundation-IGERT, National Institutes of 

Health, U of A College of Science, U of A Center for Insect Science, and the Society for 

Developmental Biology.  

I am also thankful to the outstanding teaching mentorship I received and deep 

appreciation for teaching I gained as a TA under Frans Tax, Jeffrey Laney, Guang Yao, 

Molly Bolger, Teresa Horm, and of course Lisa Nagy.  

Finally, I am thankful to my family, especially my wife Christina for her 

unwavering support during all of this work and to my daughter Amelia for popping up in 

the middle and providing much needed amusement and inspiration.  

Thank you to everyone. 

 

 



 6 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 7 

TABLE OF CONTENTS 

ABSTRACT  ...................................................................................................................... 9 

I. INTRODUCTION ....................................................................................................... 11 
PART A – LITERATURE REVIEW AND EXPLANATION OF THE PROBLEM AND ITS CONTEXT 
 ....................................................................................................................................... 11 

THE ARTHROPOD DEVELOPMENTAL GENETIC TOOLKIT HAS NOT BEEN ADEQUATELY 
DEFINED ................................................................................................................. 11 
THE HOX GENES ..................................................................................................... 12 
FOCUS ON THE HOX GENE ABDOMINAL-B ............................................................... 14 
CHOICE OF MODEL SYSTEMS .................................................................................. 16 

PART B – EXPLANATION OF THE DISSERTATION FORMAT  ............................................. 19 
II. PRESENT STUDY .................................................................................................... 22 

THE GENOME OF TETRANYCHUS URTICAE REVEALS HERBIVOROUS PEST ADAPTATIONS  ... 22 
EVIDENCE FOR THE PLASTICITY OF ARTHROPOD SIGNAL TRANSDUCTION PATHWAYS  .... 22 
ARTHROPOD HOX GENES ARE NOT ALWAYS CLUSTERED IN THE GENOME  ...................... 22 
SHIFTS IN CHELICERATE HOX GENE EXPRESSION DOMAINS CORRESPOND WITH CHANGES 
IN HOX GENE CLUSTERING   ............................................................................................ 22 
THE HOX GENE ABDOMINAL-B RESTRICTS AXIAL ELONGATION THROUGH TERMINAL 
SEGMENT REDUCTION DURING ARTHROPOD EMBRYOGENESIS AND METAMORPHOSIS  .... 22 

III. FUTURE DIRECTIONS ......................................................................................... 25 

REFERENCES ................................................................................................................ 28 
APPENDIX A – THE GENOME OF TETRANYCHUS URTICAE REVEALS 
HERBIVOROUS PEST ADAPTATIONS ................................................................... 33 
APPENDIX B – EVIDENCE FOR THE PLASTICITY OF ARTHROPOD SIGNAL 
TRANSDUCTION PATHWAYS .................................................................................. 62 
APPENDIX C – COMPARATIVE ANALYSES OF ARTHROPOD HOX 
CLUSTER STRUCTURE AND COMPOSITION ...................................................... 97 
APPENDIX D – CHANGES IN HOX GENE CLUSTERING CORRESPOND 
WITH SHIFTS IN CHELICERATE HOX GENE EXPRESSION DOMAINS   ... 135 
APPENDIX E – THE HOX GENE ABDOMINAL-B CONSTRAINS AXIAL 
ELONGATION DURING ARTHROPOD EMBRYOGENESIS AND 
METAMORPHOSIS .................................................................................................... 156 

APPENDIX F – PERMISSIONS FOR PUBLISHED ARTICLE IN APPENDIX B
 ......................................................................................................................................... 189 

 
 
 
 
 
 



 8 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 



 9 

ABSTRACT 
 

A fundamental problem in developmental and evolutionary biology is 
understanding the developmental genetic basis of morphological diversity. The current 
paradigm holds that a genetic and developmental program, or developmental genetic 
“toolkit”, conserved across hundreds of millions of years patterns development in all 
metazoans. However, outside of a few well-characterized signal transduction pathways 
and developmental processes, overly broad strokes have been used to paint this “toolkit” 
metaphor as a hypothesis. Arthropoda, one of the largest groups of metazoans, represent 
the most morphologically diverse groups of metazoans, making them of particular 
interest for studies of morphological diversity and its evolution. Arthropoda is also home 
to one of the most well-understood model systems for developmental and genetic studies, 
the fruit fly Drosophila melanogaster. However, Drosophila is highly derived among 
arthropods with respect to the molecular genetic mechanisms that function during its 
development. As it is expected that all arthropods have access to the same development 
“toolkit”, some changes are expected based on the observable differences in morphology, 
making arthropods extremely powerful tools for comparative genomic and molecular 
genetic studies. In this dissertation I characterize how modifications to the developmental 
“toolkit” contribute to the evolution of morphological diversity using emerging model 
arthropod systems. First, as part of a collaboration, I show that several genes expected to 
be conserved in all arthropods, belonging to the Hox family of transcription factors, have 
been lost from the genome of a phylogenetically basal arthropod, the two-spotted spider 
mite Tetranychus urticae. Second, I perform a genomic survey and find an overall 
reduction in the conservation of Drosophila orthologs from several major signal 
transduction pathways in the Tetranychus genome in comparison with findings from 
previous insect surveys. Third, I show that arthropod Hox genes, expected to be found in 
a tightly linked genomic cluster in most arthropod genomes, are not as tightly clustered as 
previously thought. Fourth, I show that changes in the genomic arrangement of 
Tetranychus Hox genes correspond with shifts in their expression and morphological 
change. Finally, I show the terminal Hox gene Abdominal-B is required for proper axial 
elongation and segment formation (both segment identity and number) during 
embryogenesis and metamorphosis in the red-flour beetle Tribolium castaneum. Taken 
together, these findings advance our knowledge of the evolution of morphological 
change, with a primary focus on Hox genes and their contribution to axial patterning 
during development. 
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I. INTRODUCTION 

PART A – LITERATURE REVIEW AND EXPLANATION OF THE PROBLEM 
AND ITS CONTEXT 

 
The arthropod developmental genetic toolkit has not been adequately defined 

 
The term “toolkit” was originally used as a metaphor to evoke all the parts of the 

genome required for developmental patterning across the Metazoa (Wilkins 2002; Carroll 

et al. 2005). This developmental patterning toolkit is composed of many gene families, 

including components of major signaling pathways, such as secreted ligands, receptor 

proteins, signal transducers, transcription factors, and non-coding regulatory elements 

(Wilkins 2002; Carroll et al. 2005). However, outside a few well-characterized signal 

transduction pathways and specific developmental process, overly broad strokes have 

been used to paint this toolkit metaphor. Surprisingly, despite an increasing availability of 

metazoan genome sequences there has been little effort to reconcile what constitutes the 

toolkit with its conservation both among and within metazoan phyla.  

Among metazoans, arthropods represent not only the largest phylum, but also 

arguably one of the most morphologically diverse groups. The Arthropoda consists of 

four clades, the Hexapoda (e.g. insects), the Crustacea (e.g. shrimp, crabs, barnacles), the 

Myriapoda (e.g. centipedes and millipedes), and the Chelicerata (e.g. spider, scorpions, 

mites, and horseshoe crabs). As the arthropod body plan is typically arranged in a simple 

series of reiterated segments, much of its morphological diversity is achieved through 

variation in segment number and appendage type. 

Surprisingly, despite the emergence of available arthropod genomic data and 

interest in evolution of arthropod morphologies, a comprehensive analysis of a pan-

arthropod developmental patterning toolkit is lacking. This is perhaps due to the fact that 

the core toolkit itself has not been adequately defined. The overly broad definition and 

causal reference to the toolkit as seemingly intransient obscures the fact that little is 

known at the genomic level of what exactly constitutes the toolkit.  

Much of our current understanding of how arthropods develop and pattern their 

bodies is derived from a small group of arthropods with atypical development such as the 

fruit fly Drosophila melanogaster. Recent studies have taken advantage of complete 

genome sequences to ask to what degree the genes that pattern Drosophila melanogaster 
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embryos are present in other insects (Dearden et al. 2006; Shigenobu et al. 2010; Behura 

et al. 2011). The total gene sets used in these analyses were overlapping, but non-

identical: 196 orthologs were used in a survey of the honey bee genome (Dearden et al. 

2006), 360 were used in a survey of the pea aphid genome (303 present/57 absent) 

(Shigenobu et al. 2010), and 546 were used in a survey of three mosquito genomes 

(Behura et al. 2011). In these studies, ~91% (three mosquitoes, average – 497/546 genes), 

~94% (pea aphid - 337/360 genes), and ~96% (honey bee – 188/196 genes) of the genes 

surveyed were found to be conserved. However, 7 (honey bee) and 50 (pea aphid) 

putative lineage specific gains/duplications were also reported. Duplications also 

appeared in the mosquito genomes but the authors did not give exact numbers. Dearden 

et al. (2006) reported that many Drosophila genes absent from the honey bee genome act 

early during developmental processes in Drosophila and are believed to be of recent 

evolutionary origin. This is consistent with a recent comparative analysis of gene 

expression during the phylotypic stage of development in vertebrates, where it was 

determined that the majority of expressed genes are the most ancient, but genes expressed 

before and after the phylotypic stage were of more recent origins (Domazet-Lošo and 

Tautz 2010). Dearden et al. (2006) also found many of the orthologs present in the honey 

bee genome have pleiotropic functions in both the honey bee and Drosophila. This 

suggests that pleiotropic genes are more likely to be evolutionarily conserved among 

extant arthropods.  

However, the other major clades of arthropods (Crustacea, Myriapoda, and 

Chelicerata) have been left nearly unstudied in comparison to insects, and nothing is 

known about trends within the toolkit during arthropod evolution. With such different life 

strategies among arthropods, it might be expected that there will be identifiable 

differences in the conservation of genes from signaling pathways and developmental 

processes used by Drosophila. The addition of more phylogenetically diverse (e.g. 

basally grouping) arthropod toolkits would be informative in probing these hypotheses.  

 
The Hox genes 

 
The Hox genes are perhaps one of the most well known members of the 

developmental patterning “toolkit”. A highly conserved set of homeodomain transcription 
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factors, the Hox genes were first identified in Drosophila via homeotic mutants that 

displayed dramatic transformations of segmental identities. For example, antennae were 

transformed to legs and halteres to wings (Lewis 1963; Struhl 1981). The Hox genes 

were subsequently shown to be critical for establishing regional specific identity along 

the anterior-posterior (A/P) axis (reviewed in Mallo et al. 2010), and the potential to 

transform segmental morphologies became a hallmark of the Hox genes.  

It is thought that the most recent ancestor to arthropods contained ten Hox genes 

in a closely linked cluster on the same chromosome, containing orthologs of labial, 

proboscipedia, Hox3, Deformed, Sex combs reduced, fushi tarazu (Hox6), Antennapedia, 

Ultrabithorax, abdominal-A, and Abdominal-B (Akam et al. 1994). With the exception of 

Hox3 and fushi tarazu, which have diverged from their canonical Hox function in 

specifying A/P identity in derived insects, all extant arthropods contain the same core set 

of eight Hox genes (Abzhanov et al. 1999; Akiyama-Oda and Oda 2010; Khadjeh et al. 

2012; Sharma et al. 2012). The Drosophila genes bicoid and zerknüllt (and its paralog 

zerknüllt 2) are both derived from Hox3, which was subsequently lost from the 

Drosophila genome (Stauber et al. 1999). The other Hox gene that has functionally 

diverged, fushi tarazu, is present in the Drosophila genome but is expressed upstream of 

the Hox genes in pair-rule stripes (Telford 2000). In more phylogenetically basal 

arthropods these two genes have retained a more ancestral pattern of expression 

(reviewed in Hughes and Kaufman 2002). However, the core set of eight Hox genes are 

believed to be invariant within arthropods.   

Another prominent feature of the metazoan Hox genes is that they are typically 

arranged in a closely linked cluster in the same transcriptional orientation on the 

chromosome. There are a few exceptions, the most conspicuous being the Drosophila 

Hox cluster, where Hox genes are grouped in two complexes on chromosome 3 – the 

Antennapedia complex (ANT-C) (Kaufman et al. 1980) and Bithorax complex (BX-C) 

(Lewis 1978; Duncan 1987). However, this is considered to be another derived feature of 

Drosophila, and it is believed that most arthropods contain a single cluster (Akam et al. 

1994). While gene surveys through PCR and transcriptome analyses in arthropods 

support Hox gene conservation, relatively little is known about the extent of Hox gene 

clustering throughout the phylum due to a historical dearth of arthropods with sequenced 
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genomes. However, due in large part to collaborative efforts such as the I5K project (i5K 

Consortium 2013), sequenced genomes are now available from each of the four arthropod 

clades. These powerful genomic tools now make analyses of the conservation of Hox 

genes and Hox gene clusters during arthropod evolution tenable. 

 
Focus on the Hox gene Abdominal-B 

 
Vertebrate Hox genes are expressed in both a spatially and temporally collinear 

fashion with their genomic arrangement along the anterior-posterior axis during 

somitogenesis (Gaunt and Strachan 1996). The temporally collinear expression of Hox 

genes in vertebrates has been suggested to provide both temporal and spatial control over 

axial elongation (i.e. counting the number of segments). Vertebrate homologs of 

Abdominal-B, from the Hox paralog group 13 genes, appear to play a key role in this 

mechanism, by exerting control over the number of caudal vertebrae. A Hoxb13 loss of 

function mutation in mice results in the extension of the anterior-posterior axis 

(Economides et al. 2003). Conversely, when Hoxc13 and other Hox paralog group 13 

genes are over-expressed in mice, posterior axial elongation is inhibited resulting in a 

complete loss of the caudal vertebra, i.e. the tail (Young et al. 2009).  

Surprisingly, it is not well established whether arthropod Hox genes have 

temporal collinearity. In Drosophila, there has been no reported temporal variation in the 

onset of expression of Abd-B relative to more anteriorly expressed Hox genes. However, 

Drosophila has a very derived mode of segmentation and forms its segments nearly 

simultaneously. The majority of insects and arthropods undergo sequential segmentation, 

which is believed to be the ancestral mechanism of segmentation, and is in some ways 

similar to vertebrate somitogenesis. During sequential segmentation, anterior structures 

(head and anterior thorax) emerge first, followed by the remaining segments that are 

generated individually. These segments are believed to arise from a hypothesized 

posterior field of cells referred to as the posterior growth zone (Davis and Patel 2002). 

Thus, based on the conservation of arthropod Hox genes in clusters, spatial collinearity, 

and functional role in specifying identity along the A/P axis, it might be also expected 

that arthropod Hox genes, specifically Abd-B, are also temporally collinear and play a 

role in regulating the termination of sequential segmentation, or in counting segments.  
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Functional data for arthropod Abd-B is limited to Drosophila (Estrada and 

Sanchez-Herrero 2001; Foronda 2006) and adults of the milkweed bug Oncopeltus 

fasciatus (an intermediate germband hemipteran) (Aspiras et al. 2011). In Drosophila, 

Abd-B is necessary for the proper development of A5-A10 (Harding et al. 1985; Regulski 

et al. 1985; Wedeen et al. 1986), otherwise known as the post-abdomen (Sato and Denell 

1986; Celniker and Lewis 1987). Abd-B has two distinct functions in Drosophila due to 

separate functional isoforms, “m” and “r”. The "m" isoform controls the identities of A5-

A8, while the "r" isoform controls the development of A9-A10. The most commonly 

cited Drosophila Abd-B loss of function phenotype, also shared with Oncopeltus, is a 

transformation of posterior segments (A5-A10) to anterior abdominal segment identities 

including loss of pigmentation and transformation of genitalia (normally found on A8) to 

legs. A less well-known function has also been reported: in the absence of the "m" 

function adult flies have eight abdominal segments instead of the normal number of six 

(Casanova et al. 1986). The reduction from eight embryonic abdominal segments to six 

adult abdominal segments in wild type Drosophila is believed to result from rapid 

apoptosis and epithelial reorganization during pupation (Yoder and Carroll 2006; Ninov 

et al. 2007; Wang et al. 2011). At the cellular level this is mainly achieved through a 

proliferation of histoblast nests, set-aside during embryogenesis. These cells form a new 

pupal epithelium that eventually replaces the larval epidermal cells that are cleared by 

apoptosis and extrusion.  

Abd-B knockdowns for Oncopeltus were derived from adult insects using juvenile 

RNAi (fourth instar nymphs, with an additional injection prior to the final nymphal instar 

prior to ecdysis)(Aspiras et al. 2011). Of note, Aspiras et al. (2011) reported the abdomen 

to be longer in the Abd-B RNAi; suggesting Abd-B may play a role in the maintenance of 

abdominal segment lengths and/or segment number in this species as well. More recently, 

a closer examination of Abd-B larval RNAi phenotypes in the firefly Photuris generated 

in the Nagy lab by Matthew Stansbury revealed there is an additional posterior segment 

formed, in addition to the previously identified deletion of the firefly luminescent organ 

and genitalia to leg transformation (Stansbury and Moczek 2014). Thus, the small 

existing data set suggests that loss of Abd-B function in pupae of flies, milkweed bugs 

and fireflies leads to more abdominal segments. Outside of the derived model system 
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Drosophila, loss of Abd-B function in an arthropod embryo that undergoes sequential 

segmentation has not been studied and it is unknown whether Abd-B may have a 

conserved function early in development to terminate segment addition. In addition, 

nothing is known about how the sequential formation of segments terminates despite 

being part of the predominant mode of arthropod development. While functional genetic 

evidence from vertebrates suggests termination of segment formation may likely be under 

the control of Hox genes, this non-homeotic function for a Hox gene remains untested 

during embryogenesis in sequentially segmenting arthropods. 

In the red-flour beetle Tribolium castaneum, the Hox genes, Ultrabithorax (Ubx) 

and abdominal-A (abd-A), are first detected throughout the unsegmented posterior upon 

formation of the second thoracic segment, defined by expression of the segmental marker 

Engrailed (En) (Shippy et al. 1998; Bennett et al. 1999). In comparison, initial expression 

of Abd-B is detected near the unsegmented posterior germ band after formation of 

abdominal segment A9. This correlates with the primordium of the unsegmented 

abdominal segment A10 and the telson (He 1996). Abd-B protein expression appears to 

follow transcript expression patterns, but with a temporal delay of approximately the time 

required to add an additional parasegmental boundary (He 1996). While experiments to 

test the function of Tribolium Abd-B have not been reported, the delay in Abd-B 

expression in Tribolium is consistent with a function, similar to its role in vertebrates, in 

terminating of segmentation in arthropods. 

 
Choice of model systems 

 
The two-spotted spider mite Tetranychus urticae is a taxonomically important 

arthropod, and is a member of the Acariformes superorder within the phylogenetically 

basal group of arthropods known as chelicerates. While chelicerates have been well 

studied due to their deleterious effects on human health and agriculture, they have been 

understudied and underrepresented in research in evolution and development. 

Tetranychus undergoes sequential addition of segments during embryogenesis. In 

addition, the adult morphology of Tetranychus is remarkably reduced compared to other 

arthropods and chelicerates, making it an interesting model for investigating the evolution 

of development. 
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A more established model for functional studies is the red-flour beetle Tribolium 

castaneum. Tribolium is a member of Coleoptera, considered to be the most speciose 

arthropod order. Tribolium, like Tetranychus, also undergoes the prevalent mode of 

arthropod development (i.e. sequential segmentation). Tribolium is amenable to 

laboratory experimentation and RNAi techniques are also well developed, making it a 

model system of choice for functionally examining the developmental genetic 

mechanisms that regulate posterior growth and segment formation. 
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I. INTRODUCTION 

PART B – EXPLANATION OF DISSERTATION FORMAT 
 

This dissertation examines the relationship between the genes that comprise part 

of the developmental “toolkit”, expected to be common among all metazoans, and how 

differences in the composition, expression, and function of these genes contribute to the 

evolution of morphological diversity, with respect to arthropod body plans. The present 

work is composed of four manuscripts included here as appendices A-E; these 

manuscripts are either published (A and B) or intended for publication (C, D, and E). 

These appendices follow the format requirements of the journal where they appeared or 

will be submitted. 

In Appendix A, as part of the international two-spotted spider mite Tetranychus 

urticae genome consortium, I participated in the annotation of the Tetranychus genome 

and contributed to writing the final manuscript. My primary contribution to the 

manuscript consisted of the data analysis of the Tetranychus Hox genes that led to the 

subsection “Reduced Hox cluster”, including Figure 4 and associated supplementary 

materials.   

In Appendix B, I expanded on my work as part of the two-spotted spider mite 

Tetranychus urticae genome consortium and performed a bioinformatics survey for 294 

genes from six major signaling pathways (Wnt, TGF-b, Notch, RTK, Hh, and Jak/Stat) in 

the fruit fly Drosophila melanogaster. These data were then used to perform a 

comparative analysis on the amount of gene loss and duplications among Tetranychus 

and other insects with sequenced genomes (the pea aphid Acyrthosiphon pisum and the 

honey bee Apis mellifera). 

In Appendix C, I provide an in-depth analysis of the two-spotted spider mite 

Tetranychus urticae Hox cluster and perform the first comparative analysis of sequenced 

Hox clusters from representative taxa throughout Arthropoda, including insects, a 

crustacean (the water flea Daphnia pulex), a myriapod (centipede Strigamia maritima), 

and another chelicerate (the deer tick Ixodes scapularis).  

In Appendix D, I examine the expression of several Hox genes during 

embryogenesis in Tetranychus and propose a hypothesis for morphological change due to 

Hox gene loss. 
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In Appendix E, I characterize the reduction of terminal segments during 

embryogenesis at the molecular level in the red-flour beetle Tribolium castaneum. 

Furthermore, I test my hypothesis that Hox genes play a role in A/P elongation by 

disrupting the function of the Hox gene Abdominal-B in Tribolium during both 

embryogenesis and metamorphosis. 
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II. PRESENT STUDY 
 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in these papers. 

 

The genome of Tetranychus urticae reveals herbivorous pest adaptations 

In Appendix A (Grbić et al, 2011), I report the first example of Hox gene losses, 

Hox3 and abdominal-A, from a sequenced arthropod genome. The absence of the Hox 

gene abdominal-A was intriguing as it also corresponded with a substantial reduction in 

the spider mite’s posterior body region. Additionally, I report a novel genomic 

arrangement of the Hox genes in the genome and duplications of the Hox genes fushi 

tarazu and Antennapedia. 

 

Evidence for the plasticity of arthropod signal transduction pathways 

In Appendix B (Pace et al, 2014), I report the results from a survey for 294 genes 

from six major signaling pathways in the fruit fly Drosophila melanogaster. These data 

reveal the overall structure of these signaling pathways are maintained across large 

evolutionary timescales (~725 million years). However, I also unexpectedly found a large 

amount of gene losses and duplications in comparison to several insects with sequenced 

genomes, suggesting there is more flexibility in these pathways then previously 

hypothesized. 

 

Comparative analyses of arthropod Hox cluster structure and composition  

 In Appendix C (Pace et al, prepared for submission), I report the genomic 

structure of the Tetranychus Hox cluster is highly derived. Additionally, I also find an 

increase in the genomic space occupied by insect Hox clusters compared to the more 

closely linked crustacean and myriapod Hox clusters. My comparative analysis of the 

arthropod Hox clusters suggests an evolutionary path toward a loss of Hox gene 

clustering in derived insects and chelicerates. Finally, from our data and others, we 

propose a mechanism for morphological evolution in arthropods, promoting termination 
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of anterior-posterior (A/P) body axis elongation during development, due to the loss of 

the Hox gene abdominal-A.  

 

Changes in Hox gene clustering correspond with shifts in chelicerate Hox gene 

expression domains 

In Appendix D (Pace et al, prepared for submission), I report that several Hox 

genes from Tetranychus including the anterior class Hox gene Deformed, and the 

posterior class Hox genes (Antennapedia, Ultrabithorax, and Abdominal-B) contain 

shifted and/or reduced expression domains in comparison to other chelicerates, namely 

spiders and harvestman, while sharing features with a related mite. In addition, our 

expression data, combined with functional data in a spider, infers an Antennapedia driven 

mechanism for the developmental delay in appendage patterning in acariformes. 

 

The Hox gene Abdominal-B constrains axial elongation during arthropod 

embryogenesis and metamorphosis  

In Appendix E (Pace and Nagy, prepared for submission), I report that the 

reduction of posterior body segments during embryogenesis is driven by caspase-

mediated apoptosis and results in a fusion of the terminal segments. Furthermore, I report 

a novel role for a Hox gene, Abdominal-B, in promoting differences in anterior-posterior 

development in arthropods. Here I show that when using RNAi to abrogate the function 

of Abdominal-B during embryogenesis and metamorphosis, additional segments arise 

during both life stages. These results were completely surprising based on all previous 

data on Hox genes in arthropods that show Hox genes participating in specifying segment 

identity and not segment number. These data provide support for the hypothesis that Hox 

genes have a functional role in counting the number of body segments and thus 

determining the body length in arthropods, a function that is theoretically conserved with 

vertebrates based on functional data from mice. 
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III. FUTURE DIRECTIONS 
 
The work presented in this dissertation presents several hypotheses for the 

evolution of arthropod morphological diversity with respect to perturbations in the 

genomic arrangement of Hox genes and their regulation. Thus, data generated from this 

work (Appendices C and E) provide findings that lead to several opportunities for future 

research, including i) the loss of abd-A from the genome of arthropods with reduced 

posterior tagmata and ii) the function of Abd-B in arthropods; which I elaborate upon in 

this section. 

 

The loss of abdominal-A in arthropods with reduced numbers of posterior segments 

 As discussed in Appendix C, there are a growing number of examples where there 

is a correlation between a reduced number of posterior segments and an absence of the 

posterior class Hox gene abd-A (Mouchel-Vielh et al. 1998; Gibert et al. 2000; Cook et 

al. 2001; Blin et al. 2003; Manuel et al. 2006; Grbić et al. 2011). This correlation has 

emerged at least three times during arthropod evolution- once in the crustacean lineage 

and a minimum of twice in the chelicerate lineage. In chelicerates, these correspond to 

the lineages leading to pycnogonids (i.e. sea spiders) and acariform mites (i.e. 

Tetranychus and Archegozetes). However, there is incongruence with respect to this 

correlation within the acariformes lineage. While both Tetranychus and the oribatid mite 

Archegozetes are members of the acariformes lineage of chelicerates, the sister group of 

the oribatid mites are the eriophyid mites. Interestingly, eriophyid mites contain an 

elongated opisthosoma (Keifer 1938), an essentially polar opposite posterior morphology 

compared to Tetranychus and Archegozetes. Based on the morphology of the eriophyid 

posterior tagmata it might be expected that abd-A is present within this taxa and the loss 

of abd-A has occurred three times in Chelicerata. Therefore, a PCR survey of Hox genes 

and a molecular analysis with a segmental marker, such as Engrailed, of posterior 

segments in eriophyids should be completed in order to provide support for this 

hypothesis.  

 

The function of Abdominal-B in sequentially segmenting arthropods 
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One of the conclusions from this data presented in this dissertation is that the Abd-

B loss of function phenotype in the beetle Tribolium (i.e. increase in the number and size 

of terminal abdominal segments) is similar to the loss of function phenotype of one of its 

evolutionary homologs in mice (Economides et al. 2003). However, it remains to be 

determined if TcAbd-B is necessary and sufficient for regulating the number and size of 

more anterior segments, like another one of its evolutionary homologs- Hoxc13 (Young 

et al. 2009). Therefore placing TcAbd-B under the control of a promoter (e.g. a more 

anterior Hox gene- Ultrabithorax, or a regulator of posterior fate- caudal) that will shift 

the expression more anterior and/or earlier during development will be informative in 

probing this hypothesis.  

Second, while Abd-B is expressed in the terminal-most segments in insects, 

myriapods, and chelicerates, in the branchiopod crustacean Artemia, Abd-B is expressed 

only in the genital segments, posterior to the thorax and anterior to the appendage-less 

post-genital segments (Copf et al. 2003). This leads to an interesting quandary, how has 

the role of Abd-B diverged in arthropods lacking Abd-B expression in terminal segments?  

Finally, while Tribolium undergoes sequential segmentation, there are many 

differences at the molecular genetic level that do not allow us to paint a complete picture. 

For example, Notch signaling, hypothesized to have been part of the ancestral arthropod 

segmentation network (Peel and Akam 2003), has not been demonstrated in Tribolium to 

participate in segmentation. Thus, it would be informative to study the function of Abd-B 

in an insect (e.g. Gryllus bimaculatus or Schistocerca gregaria) or a phylogenetically 

basal arthropod (e.g. a myriapod or chelicerate) that utilizes a more ancestrally 

representative genetic mechanism, Notch signaling, during segmentation to determine if 

the function of TcAbd-B is conserved throughout Arthropoda.  
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Abstract 

The spider mite Tetranychus urticae is a cosmopolitan agricultural pest with an extensive 

host plant range and an extreme record of pesticide resistance. Here we present the 

completely sequenced and annotated spider mite genome, representing the first complete 

chelicerate genome. At 90 Mb T. urticae has the smallest sequenced arthropod genome. 

The spider mite genome shows unique changes in hormonal milieu, organization of the 

Hox complex, and evolution of silk production. We find strong signatures of polyphagy 

and detoxification in gene families associated with feeding on different hosts and in new 

gene families acquired by lateral gene transfer. Deep transcriptome analysis of mites 

feeding on different plants shows for the first time how this pest responds to a changing 

host environment. The T. urticae genome thus offers new insights into arthropod 

evolution and plant-herbivore interactions, and provides unique opportunities for 

developing novel plant protection strategies. 
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Mites belong to the Chelicerata, the second largest group of terrestrial animals. 

Chelicerates represent a basal branch of arthropods. Subsequent to their origin in the 

Cambrian, arthropods radiated into two lineages: the Chelicerata and the Mandibulata 

(Myriapoda and Pancrustacea - which includes both crustaceans and insects)1,2. Extant 

lineages of chelicerates include Pycnogonida and Euchelicerata: Xiphosura (horseshoe 

crabs) and Arachnida (a large group comprising scorpions, spiders and the Acari - ticks 

and mites)3,4 (Fig. S1.1). Within the Acari, T. urticae belongs to the Acariformes with the 

earliest fossils dating from the Lower Devonian (410 MYA). The Acari represent the 

most diverse chelicerate clade, with over 40,000 described species that exhibit 

tremendous variations in lifestyle, ranging from parasitic to predatory to plant-feeding. 

Some mites are of major concern to human health and include allergy-causing dust mites, 

scabies mites and mite vectors of scrub typhus5. 

The two-spotted spider mite, Tetranychus urticae, is a cosmopolitan agricultural pest6 

belonging to an assemblage of web-spinning mites. The moniker “spider” highlights their 

ability to produce silk-like webbing used to establish a colonial micro-habitat, protect 

against abiotic agents, shelter from predators, communicate via pheromones and provide 

a vehicle for dispersion7. 

 

T. urticae represents one of the most polyphagous arthropod herbivores, feeding on more 

than 1,100 plant species belonging to more than 140 different plant families including 

species known to produce toxic compounds. It is a major pest in greenhouse production 

and field crops, destroying annual and perennial crops such as tomatoes, peppers, 

cucumbers,strawberries, maize, soy, apples, grapes, and citrus. The recent introduction of 

the related species Tetranychus evansi to Europe and Africa from South America 

demonstrates the invasive nature of these pests in global agriculture8. Computer modeling 

suggests that with intensifying global warming, the detrimental effects of spider mites in 

agriculture will dramatically increase9 due to accelerated development at high 

temperatures. 

 

T. urticae is notorious for its ability to rapidly develop resistance to pesticides. Among 

arthropods it has the highest incidence of pesticide resistance10. Chemical control often 
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causes a broad cross-resistance within and between pesticide classes, resulting in 

resistance to novel pesticides within two to four years. Many aspects of the biology of the 

spider mite, including rapid development, high fecundity and haplo-diploid sex 

determination, appear to facilitate rapid evolution of pesticide resistance. Control of 

multi-resistant mites has become increasingly difficult and the genetic basis of such 

resistance remains poorly understood11. 

 

As the first completed chelicerate genome, the comparison of the T. urticae genome with 

the genomes of insects and the crustacean Daphnia pulex expands the arthropod genetic 

toolkit. At the same time, the very compact T. urticae genome has unique attributes 

among arthropod genomes with remarkable instances of gene gains and losses. The 

completion of the T. urticae genome sequence opens new avenues for understanding the 

fundamentals of plant-herbivore interactions, developing novel pest management 

strategies and producing new bionanomaterials. 

 

The small genome of T. urticae 

The T. urticae genome was sequenced (Sanger) to 8.05x coverage and assembled into 

640 scaffolds covering 89.6 Mb (Supplementary Notes S1, S2.1, S2.2). 70,778 Sanger 

EST sequences from embryo, larvae, nymph, and adult stages were generated, and further 

complemented with RNA-seq data on matching samples (Supplementary Note S2.3). We 

identified 18,414 protein coding gene models, of which 84% (15,397) are supported by: 

EST (8,243), protein homology (11,433) and/or RNA-seq data (14,545) (Supplementary 

Note S2.4, Fig. S2.4.1). From alignments of ~43 million paired-end Illumina reads from a 

second T. urticae strain (Montpellier) to the London sequence, 542,600 SNPs and small 

indels were predicted (Supplementary Note S2.5). The complete genome annotation of T. 

urticae is available at the BOGAS website12. With an estimated genome size of about 90 

Mb, the T. urticae genome is the smallest arthropod genome sequenced so far. The 

genomes of other chelicerates are much larger (565-7,100 Mb) with the unfinished 

genome of the tick Ixodes scapularis estimated at 2,100 Mb13. Multiple characteristics of 

the T. urticae genome correlate with its compact size: small transposable element content 

and microsatellite density, increased gene density and holocentric chromosomes (see 
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Supplementary Note S3.1 for chromosomal features). 

 

Transposable elements (TEs) totaled 9.09Mb (Supplementary Note S3.2), grouping T. 

urticae together with D. pulex and Apis mellifera among arthropods with 10% or less of 

their genomes comprised of TEs. LTR retrotransposons, and in particular Gypsy-like 

elements were the most abundant type of TEs. L1-like LINEs, Tc1/Mariner-like DNA 

transposons, and Maverick (Polinton) elements were also detected (see Table S3.2.1). 

Deep sequencing of small RNAs (~19-30 nt) across developmental stages 

(Supplementary Note S4.1) identified 226,829 unique RNAs that mapped to 676,266 

different loci in the genome. The number of unique small RNA counts per size category 

shows a peak at 21 and 26 nt. These two peaks include siRNAs and piRNAs, 

respectively, similar to what is observed in Drosophila melanogaster14. Their alignments 

to the genome suggest that both likely silence diverse transposable elements. Included 

among ~21 nt small RNAs are 52 predicted miRNAs. Based on the identity of their seed 

regions (nucleotides 2-7 of the miRNA sequence), the T. urticae miRNAs can be grouped 

into 43 families (Supplementary Notes S4). Half of the predicted miRNAs were not 

conserved when compared to annotated miRNAs and available genomes of other 

arthropods15, suggesting they might be T. urticae or lineage specific (Tables S4.3.1- 

S4.3.4). 

 

The microsatellite density in the T. urticae genome is among the lowest observed for 

arthropods (Supplementary Note S3.3; Fig. S3.3.1), consistent with the expectation that 

repeat content of genomes typically scales with genome size. The T. urticae 

microsatellite classes have a distinct profile: mono-nucleotide repeats are virtually non-

existent, and di-nucleotide repeats, normally the most abundant type of microsatellites, 

are found significantly less often than tri-nucleotides, as in Tribolium castaneum16. The 

gene density is twice as high compared to D. melanogaster, with 205 versus 92 genes per 

Mb respectively. The mean number of exons per gene was low and similar to that found 

in D. melanogaster (~3.8 exons per gene). The size distribution of introns was typically 

skewed with a mean intron size of 400 bp and a median of 96 bp (see Supplementary 

Note S3.4; Fig. S2.4.3, Table S2.4.1). The holocentric nature of T. urticae 
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chromosomes17 (the absence of centromeres and the diffuse nature of the kinetochores) is 

correlated with a lack of large tracts of gene-poor heterochromatin. The uniformly 

distributed gene density (Supplementary Note S3.1.1 and Fig. S3.2.1) contrasts with the 

human body louse (Pediculus humanus, Phthiraptera, a hemimetabolous insect with a 

small genome) where 95% of the genes are concentrated in only 55 Mb of the 110 Mb 

genome18. 

 

Comparative genomics 

As the first completely sequenced and annotated chelicerate genome, the T. urticae 

genome expands the set of arthropod genomes beyond Pancrustacea and provides an 

important outgroup for comparative genomics. Comparison of the coding gene repertoire 

of T. urticae with the arthropods T. castaneum, D. melanogaster, Nasonia vitripennis, D. 

pulex, the chordate Homo sapiens and the cnidarian Nematostella vectensis (Fig. 1) 

resulted in 2,667 shared gene families (Supplementary Note S5.1). Almost 3,000 gene 

families are common to the arthropods sampled, while 5,038 gene families (8,329 genes) 

are unique to T. urticae (Fig. S5.1.1). Of those, 622 gene families (1,398 genes) have 

homologs in species other than those listed above, most of which belong to other 

arthropods. Homologs of 74 gene families (93 genes) were found in the unfinished 

genomes of tick13 and/or Varroa destructor19 and are likely chelicerate, rather than T. 

urticae specific. Therefore, 4,416 gene families (6,609 genes) were found to be unique to 

T. urticae. A gene gain/loss analysis (Fig. 1 and Supplementary Note S5.2) of these 

genomes showed a gain of about 700 new gene families in the lineage leading to T. 

urticae, plus almost 4,300 genes that are single copy (so-called orphans). More than 

1,000 gene families, still present in other arthropods, were lost in T. urticae. The 58 gene 

families that are significantly (z-score > 2) expanded in T. urticae compared to the other 

arthropods are shown in Supplementary Note S5.2 and Fig. S5.2.1. 

 

Feeding and detoxification 

T. urticae is one of the most striking examples of polyphagy among herbivores and it has 

an unmatched ability to develop resistance to pesticides6,10. We discovered that known 

gene families implicated in digestion, detoxification and transport of xenobiotics had a 
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unique spidermite composition, and were often expanded when compared to insects 

(Supplementary Note S6.1). This included a three-fold proliferation of cysteine peptidase 

genes, particularly C1A papain and the C13 legumain genes (Table S6.1.11), consistent 

with proteolytic digestion based mostly on cysteine peptidase activity20. Eighty-six 

cytochrome P450 (CYP) genes were detected in the T. urticae genome, a total number 

similar to insects but with an expansion of T. urticae-specific intronless genes of the 

CYP2 clan (Table S6.1.2). The carboxyl/cholinesterases (CCEs) gene family contained 

71 genes, with a single acetylcholinesterase gene (Ace1) but two new clades at the root of 

the neurodevelopmental class of CCEs, representing 34 and 22 CCEs, respectively (Table 

S6.1.6). A striking case of expansion was found within the family of 32 glutathione S-

transferases (GSTs) that include a group of 12 Mu-class GSTs that were, until now, 

believed to be vertebrate-specific (Table S6.1.3). Finally, we discovered 39 multidrug 

resistance proteins belonging to the ATP- binding cassette (ABC) transporters (class C). 

The repertoire from this class of ABC transporters far exceeds the numbers (9-14) found 

in crustaceans, insects, vertebrates and nematodes (Table S6.1.8). Few of the genes 

involved in detoxification had close insect homologs, and only four of the CYP genes 

could clearly be assigned as orthologs of insect and crustacean CYP genes. 

 

The involvement of these gene families and their spider mite-specific expansions in host 

plant adaptation is dramatically illustrated by RNA-seq transcriptome profiling of spider 

mite feeding on its preferred host, bean (Phaseolus vulgaris) and on hosts to which the 

London strain is not adapted – Arabidopsis thaliana and tomato (Solanum lycopersicum) 

(Fig. 2) (Supplementary Notes S6.2). We found 24% of all genes to be differentially 

expressed upon host transfer (Fig. 2a-c); relative to bean, more genes were differentially 

expressed on tomato than on A. thaliana, (Supplementary Note S6.2.4 and Fig. S6.2.1), 

but responses were nonetheless correlated (Fig. 2b, c). Genes in the detoxification and 

peptidase families exhibited the most profound changes (Fig. 2a-c), with expression of 

nearly half of P450 genes affected by the host plant, including 19/39 genes in the 

intronless CYP392 family and the CYP389 family. These subfamilies are spider mite-

specific P450 “blooms” that define lineage specific expansions21. This finding is 

unprecedented. In humans, only up to one third of P450 genes are metabolizing 
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xenobiotics22, and in D. melanogaster only a third of the CYP genes are inducible by 

xenobiotics23. The proportion of P450 genes responding to the chemical environment is 

much greater in the spider mite. Similar patterns were also found within other families 

(Fig. 2c). For GSTs and CCEs, the expression of Mu and Delta GSTs and the two spider 

mite-specific CCE clades were most affected and about a third of cysteine peptidases, the 

C1A papains and C13 legumains, were over-expressed after transfer to tomato. More than 

2/3 of the CYP and GST genes affected by the host plant are present in clusters of 

(multiple) tandem duplicated genes. Co-regulation of the majority of tandem duplicates 

strongly indicates that the ancestral gene was already plant-responsive before duplication, 

and that a role in plant adaptation may have favored duplicate retention. 

 

While these data suggest that mite-specific expansion of known gene families contributes 

to the ability of mites to overcome host defenses, many genes differentially regulated 

upon host transfer lack homology to genes of known function. Strikingly, among those 

with the most extreme expression fold-changes are genes that encode putative secreted 

proteins or lipid- binding proteins. Understanding extracellular binding and transport of 

small ligands is therefore likely to be important in further dissecting mite-plant 

interactions. 

 

Lateral gene transfer 

Our search for genes related to detoxification and digestion also revealed the existence 

and surprising expansion of intradiol ring cleavage dioxygenases, genes previously 

unreported from metazoan genomes but characteristic for bacteria and fungi24. We 

annotated 16 functional genes in this family in T. urticae, while bacterial genomes 

usually carry only 1 to 7. They have an average sequence similarity of 43% with the 

homolog of Streptomyces avermitilis and share the conserved 2 His 2 Tyr non-heme iron 

(III) binding site. These dioxygenases might have evolved to metabolize aromatic 

compounds found in plant allelochemicals. Other clear instances of lateral gene transfers 

include (a) the presence of a cobalamin-independent methionine synthase (MetE) gene 

with four predicted introns and up to 58% sequence identity to the MetE gene of soil 

Bacilli; this sequence has not previously been reported in any animal species; (b) two 
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very similar levanase-encoding genes of probable bacterial origin that encode secreted 

exo-fructosidases upregulated upon feeding on tomato; and (c) a cyanate lyase-encoding 

gene that might be involved in feeding on cyanogenic plants (Table S6.3.1). 

 

We detected two clusters of carotenoid biosynthesis genes in T. urticae representing 

homologs of genes from zygomycete fungi and aphids. The latter are the only animal 

carotenoid biosynthesis genes known to date, thought to be derived from fungal genes by 

lateral gene transfer25. The unique intron-exon structure of the spider mite and aphid 

genes and their clustering in phylogenetic analyses is strong evidence that the genes from 

fungi were 

transferred only once to arthropods (Fig. 3). The sequence and orientation of the two 

spider mite clusters suggest that they are the result of an ancient transfer followed by 

duplications, rearrangements and divergence. They also suggest that a second, more 

recent transfer occurred between a spider mite and an aphid ancestor, although the 

sequence of the two transfers remains speculative. Carotenoids are known to play a role 

in diapause induction in spider mites26 and our findings suggest that they can also 

synthesize them. 

 

Hormones: ponasterone A as moulting hormone 

Ecdysteroid control of moulting is one of the defining features of arthropods. We 

detected gene orthologs coding for ecdysteroid biosynthesis enzymes (Table S7.1.1)21. 

Surprisingly, the T. urticae genome lacks two P450 genes, CYP306A1 and CYP18A1, 

encoding, respectively, the biosynthetic C25 hydroxylase and a C26 hydroxylase/oxidase 

involved in hormone inactivation. The absence of CYP306A1 suggests that the spider 

mite uses the ecdysteroid 25-deoxy-20-hydroxyecdysone (ponasterone A) as the moulting 

hormone, instead of the typical arthropod 20E. This was confirmed by biochemical 

analysis of spider mite extracts by HPLC-EIA and LC-MS that identified ponasterone A 

(Supplementary Note S7). CYP306A1 and CYP18A1 form a head-to-head cluster in all 

insect and crustacean genomes studied to date, therefore their absence from the T. urticae 

genome indicates that they were lost together, affecting both biosynthesis and 

inactivation pathways of the spider mite moulting hormone. Ponasterone A has been 
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previously identified in some decapod crustaceans, albeit always coincident with 20E27, 

and it is a high potency ligand of all known ecdysteroid receptors. 

 

Reduced Hox cluster 

Hox genes are a conserved set of homeobox-containing transcription factors typically 

found clustered within the genome and used to establish region specific identity during 

early development. The body plan of mites consists of an anterior prosoma and posterior 

opisthosoma and is further distinguished by an extremely reduced body plan presumably 

achieved through the fusion of segments (Supplementary Note S8, Fig. 4b). The ancestral 

arthropod is predicted to have a Hox cluster with 10 genes28. The T. urticae genome 

contains 8 of the canonical 10 genes. The ftz gene is present in duplicate, in two closely 

linked copies; orthologs of Hox3 and abdominal A (abdA) were not found (Fig. 4a). This 

is unusual among chelicerates: all 10 canonical Hox genes are present in the wandering 

spider29. The absence of abdA in T. urticae correlates with the spider mite’s reduced 

opisthosomal segmentation. Consistent with the absence of abdA and a reduced 

opisthosoma, only two opisthosomal stripes of the segment polarity gene engrailed 

(typically expressed in each arthropod segment) are detected in the developing embryo 

(Fig. 4c), in contrast to five engrailed stripes detected in the opisthosoma of the 

wandering spider30. While numerous examples correlate morphological variation in 

arthropods with changes in Hox gene expression, this is the first example that correlates 

morphological evolution with the loss of a Hox gene within a fully sequenced Hox 

cluster. 

 

Nano-dimensions of the T. urticae silk 

Silk production in spider mites (Supplementary Note S9, Fig. 5a,b) represents a de novo 

evolution of silk-spinning relative to silk production in spiders7. Spiders typically spin 

silk from a complex glandular abdominal spinneret, whereas T. urticae uses paired silk 

glands connected to the mouth appendages, pedipalps31. Seventeen fibroin genes were 

uncovered in the genome of T. urticae (Table S9.1.1) encoding fibroins of unusually high 

(27-39%) serine content. We performed mechanical testing on fibers deposited by adult 

and larval mites with an atomic force microscope. This technique measures the Young’s 
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modulus of the fibers, which is the ratio of applied stress (tension per cross-sectional 

area) to the resulting strain (fractional change in length) and describes the stiffness of the 

material. Young’s modulus was higher than or comparable to other natural materials (see 

Table S9.1.2), but which occurs in fibers of 54 ± 3 nm (adult silk, Fig. 5c) and 23.3 ± 0.9 

nm (larval silk) that are 435-185 times thinner than the silk fibers of the spider Nephila 

clavipes32. 

 

Our analysis of the T. urticae genome also included nuclear receptors and neuropeptide 

genes, immunity-related genes and RNAi, cuticle protein genes, and DNA methylation 

(Supplementary Note S7.3, S10-S12) 

 

The first complete genome of a chelicerate species opens the avenue to a detailed 

phylogenomic analysis of arthropods, the most diverse group of animals on our planet. 

The T. urticae genome illustrates the specialized life history of this polyphagous 

herbivorous pest. Striking gene gains include lineage-specific expansions within 

detoxification gene families and lateral transfer of genes from fungi and bacteria that 

further expanded in T. urticae. The 

functional significance of these innovations is supported by the up-regulation of many of 

these genes in response to feeding on less preferred host plants. 

 

The genome of the two-spotted spider mite, together with the favorable biological 

features of the spider mite as a laboratory model including short generation time, easy 

rearing and tools for gene analysis and gene silencing33, provides a novel resource for 

agriculture that should allow the dissection of pest-plant interactions and development of 

alternative tools for plant protection. Finally, evolutionary innovation in the process of T. 

urticae silk production expands the repertoire of potential chelicerate biomaterials (such 

as the well-known spider silk) with a natural bio-nanomaterial. 
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Figure legends 

Figure 1 | Gene family history. At each time point (grey circles), the number of gains and 

losses is indicated as inferred by DOLLOP (black) and CAFÉ (red). The inferred 

ancestral gene sets, according to DOLLOP, are shown in green boxes. 

 

Figure 2 | Gene expression changes when mites are shifted from P. vulgaris (bean) to A. 

thaliana or to S. lycopersicum (tomato). a, A phylogeny of the cytochrome P450 (CYP) 

genes and heat map of the response of CYP genes to host transfer. Two-thirds of the 

genes that are tandemly duplicated or that form clusters (indicated by black vertical lines) 

are coregulated. b, Global changes in gene expression after host shift. c, Fold changes of 

important gene family members in digestion and detoxification are colour coded. The 

analysis of differential expression (b and c) is for a FDR of 5% as assessed with RNA-seq 

data collected in biological triplicate (mean values are plotted). 

 

Figure 3 | Maximum likelihood phylogeny of the fungal and arthropod carotenoid 

cyclase/synthase fusion proteins. The outgroup (CSchim) are chimeric assemblies of the 

closest bacterial sequences of cyclases and synthases. The T. urticae and Acyrthosiphon 

pisum sequences form a monophyletic group closely related to the zygomycete 

sequences. Evidence for a single lateral gene transfer event is also shown by the common 

intron positions in the cyclase/synthase (orange) and desaturase (green) genes (upper 

right panel). Two clusters of carotenoid biosynthesis genes are found in T. urticae, a tail-

to-tail arrangement on scaffold 1 as seen in zygomycetes and aphids, and a more complex 

head to head (re)arrangement on scaffold 11 (bottom right). 

 

Figure 4 | Comparative organization of Hox clusters and expression pattern of the T. 

urticae engrailed gene. a, T. urticae, T. castaneum, and D. melanogaster Hox clusters. 

Gene sizes and intergenic distances are shown to scale. Dashed lines represent breaks in 

the cluster > 1 Mb. In T. urticae, ftz and Antp are present in duplicate while abdA and 

Hox3/zen are missing (red asterisk). b, VP SEM image of adult T. urticae with marked 

two main body regions: P, prosoma, and O, opisthosoma. c, T. urticae en expression 

pattern. en transcripts are detected in five prosomal stripes that correspond to future 
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pedipalpal (Pp), four walking leg segments (L1-L4) and two opisthosomal segments (O1 

and O2). Scale bars: b - 0.125 mm, c - 40µm. 

 

Figure 5 | T. urticae silk structure and dimensions. a, Spider mite colony on a bean plant 

forming characteristic silk webbing. b, SEM image of the spider mite larval silk filament 

(top), and AFM image of two larval spider mite silk filaments. c, Height profile of the 

adult spider mite silk filament obtained from the AFM image. Scale bars: a - 0.75 cm, b - 

1µm. 

 

S8. | Hox complex 

S8.1 | Isolation of T.urticae Hox complex 

We isolated putative Hox genes in T. urticae by performing BLAST (blastn and blastp), 

using Drosophila melanogaster and Tribolium castaneum Hox nucleotide and protein 

sequences curated from NCBI as queries against the T. urticae genome, coding sequence, 

and proteome datasets. E-values of <10-5 were taken to represent significant hits of 

similarity (Table S8.1.1). Best reciprocal blastp matches, using T. urticae Hox sequences 

as queries against the NCBI Genbank non-redundant protein sequence database, further 

reinforced identification of putative T. urticae Hox genes. We further validated BLAST 

hits by aligning the homeodomain and flanking regions of Hox proteins of T. urticae, D. 

melanogaster, T. castaneum, and several other species (curated from NCBI)98 using the 

alignment program MAFFT v699 (shown in Fig. S8.1.1) as performed by de Rosa et al.98 

to highlight conserved peptide motifs located outside of the homeodomain unique to 

individual Hox protein sequences. 

 

To further confirm the identity of the T. urticae Hox genes, phylogenetic analysis 

utilizing neighbor-joining and maximum likelihood methods in the Phylip software 

package. T. urticae, D. melanogaster, and T. castaneum homeodomain (plus 6 amino 

acids flanking the N-terminus of the homeodomain and 18 flanking the C-terminus of the 

homeodomain) sequences were aligned with MAFFT v6, bootstrapped using SEQBOOT 

(100 replicates), and run through PROML. A consensus tree was constructed using the 

program CONSENSE. Scaffold number, position and inter-genic distances of the T. 
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urticae Hox orthologs were identified based on previously completed computational gene 

prediction annotations as described in Section S2.4. The Hox genes labial and 

proboscipedia localized to scaffold 11. The other 8 Hox homologs localized to scaffold 

20. Performing blastp with a generic homeodomain sequence did not uncover any 

additional homeodomain sequences within or adjacent to these two clusters of HOX 

genes. Based on these results, the T. urticae Hox cluster was reconstructed as shown in 

the main Figure 4a. 

 

Table S8.1.1 | T. urticae Hox genes. Blastp results of D. melanogaster Hox sequences 

queried against spider mite amino acid database. 

 

Figure S8.1.1 | Alignment of T. urticae Hox protein homeodomain and flanking regions. 

Dashes indicate identity to Drosophila melanogaster Antennapedia amino acid sequence. 

Yellow highlighting shows conserved residues that differ from the Drosophila 

melanogaster Hox protein Antennapedia within each group of orthologs. Examples of 

conserved peptide motifs located outside of the homeodomain for a selection of Hox 

proteins are highlighted as described: Dfd - green, Ubx - blue, and Abd-B - purple. 

Species names, and abbreviations used in the protein alignment: Acanthokara kaputensis, 

Aka; Apis mellifera, Ame; Archegozetes longisetosus, Alo; Artemia franciscana, Afr; 

Bombyx mori, Bmo; Branchiostoma floridae, Bfl; Cupiennius salei, Csa; Drosophila 

melanogaster, Dme; Lingula anatine, Lan; Nereis virens, Nvi; Parasteatoda 

tepidariorum, Pte; Patella vulgate, Pvu; Priapulus caudatus, Pca; Tetranychus urticae, 

Tur; Tribolium castaneum, Tca. (Protein alignment based on de Rosa et al.98 and this 

study). 
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Abstract 

Metazoans are known to contain a limited, yet highly conserved, set of signal 

transduction pathways that instruct early developmental patterning mechanisms. 

Genomic surveys that have compared gene conservation in signal transduction pathways 

between various insects and Drosophila support the conclusion that these pathways are 

conserved in evolution. However, the degree to which individual components of signal 

transduction pathways vary among more divergent arthropods is not known. Here we 

report our results of a survey of the genome of the two-spotted spider mite Tetranychus 

urticae, using a set of 294 Drosophila orthologs of genes that function in signal 

transduction. We find a third of all genes surveyed absent from the spider mite genome. 

We also identify several novel duplications that have not been previously reported for a 

chelicerate. In comparison with previous insect surveys, Tetranychus contains a decrease 

in overall gene conservation, as well as an unusual ratio of ligands to receptors and other 

modifiers. These findings suggest gene loss and duplication among components of signal 

transduction pathways is common among arthropods, and suggests that signal 

transduction pathways in arthropods are more evolutionarily labile than previously 

hypothesized. 
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Introduction 

A limited set of signal transduction pathways are known to pattern developing embryos 

throughout the metazoans. In model systems, where signal transductions pathways have 

been extensively studied, any given signaling pathway is composed of extracellular 

ligands, modifiers of these ligands, receptors and co-receptors, and varying numbers of 

cytoplasmic signal transducers. Ligand diversification for some pathways has been well 

studied. Surprisingly, little effort has been made toward a comparison of gene 

conservation within these signal transduction pathways across diverse taxa despite an 

increased number of metazoan genome sequences. The most comprehensive genomic 

surveys of signal transduction pathways are attributed to arthropods, with a focus on 

higher insects and conservation of key genes known to pattern Drosophila melanogaster 

during embryogenesis (Dearden et al., 2006; Shigenobu et al., 2010; Behura et al., 2011). 

As might be expected, based on the phylogenetic relationship between Drosophila and 

the species sampled, the majority of genes surveyed are conserved. Instances of lineage-

specific gene duplications and losses were identified, demonstrating a perhaps 

unexpected degree of variation among signaling pathways. These results suggest that 

examination of the degree of conservation of Drosophila orthologs in the other major 

arthropod clades (Crustacea, Myriapoda, and Chelicerata) might reveal additional 

variation, as well as trends within signal transduction pathways during arthropod 

evolution. 

 

The two-spotted spider mite Tetranychus urticae is one of several non-insect arthropods 

to have a recently completed genome project (Grbić et al., 2011). As a member of the 

phylogenetically basal group of arthropods, Chelicerata, Tetranychus is of taxonomic 

interest for comparative study. For example, Tetranychus forms its body segments 

sequentially like most arthropods, unlike the derived mode of development utilized by 

Drosophila in which all body segments form at once. In addition, Tetranychus contains 

several derived morphological features, including a reduced body plan achieved through 

a loss of posterior segments, a developmental delay of the fourth pair of walking legs, 

and silk spinnerets located on the anterior body tagma. With a sequenced genome (Grbić 

et al., 2011), and available methods for testing gene expression (Dearden et al., 2003) and 



 65 

embryonic gene silencing through RNAi (Khila and Grbić, 2007), Tetranychus represents 

a novel system to study evolution of developmental regulatory networks, including signal 

transduction pathways. As estimates place the Pancrustacea-Chelicerata time of 

divergence at ~725 million years ago (Pisani et al., 2004), it might be expected that there 

will be key differences in conservation of signal transduction pathways and other 

developmental processes between Tetranychus, Drosophila, and other insects. 

 

Here we present the first comprehensive characterization of six major signal transduction 

pathways (e.g. TGF-beta, Wnt, Notch, JAK-STAT, Receptor tyrosine kinase, and 

Hedgehog) in a chelicerate with a sequenced genome. The patterns of conservation of 

Drosophila orthologs within the insects, the unique morphology of Tetranychus, and the 

time of divergence between insects and chelicerates led us to hypothesize that 

conservation of similar pathway components in Tetranychus would differ from previous 

surveys in insects. Our results show that Tetranychus contains a reduced number of 

Drosophila orthologs, an expansion of lineage-specific gene duplications, and suggest 

conservation of signal transduction pathway genes used during development in 

arthropods may be more plastic than previously understood. 

Materials and Methods 

Identification and annotation of T. urticae signal transduction pathway genes: Using 

the genome of T. urticae (Sanger sequencing, 8.05X coverage)(Grbić et al., 2011), 

BLAST (blastn, blastp) analysis was performed using the bioinformatics suite located at 

Online Resource of Community Annotation of Eukaryotes (OrcAE)(Sterck et al., 2012). 

For the list of genes, GI sequences, BLAST scores and e-values please see Supplemental 

Table 1. Signal transduction pathway genes were determined from previous surveys 

(Dearden et al., 2006; Shigenobu et al., 2010), gene ontology annotations from FlyBase 

(http://www.flybase.org)(St Pierre et al., 2014), the Kyoto Encyclopedia of Gene and 

Genomes (http://www.genome.jp/kegg/pathway.html)(Kanehisa and Goto, 2000), and the 

Interactive Fly (http://www.sdbonline.org/fly/aimain/1aahome.htm)(Brody, 1999). 

Sequences were then curated from the National Center for Biotechnology Information 

(NCBI) database. We used an e-value requirement of ≤0.001 for our initial BLAST. All 

gene orthology calls were corroborated by reciprocal BLAST analyses against the NCBI 
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nr and D. melanogaster protein databases, to identify the top D. melanogaster sequence. 

Protein sequences for phylogenies were initially aligned with MUSCLE, followed by 

Gblocks to eliminate poorly aligned regions (except where noted), with the following 

parameters allowing for smaller final blocks, gap positions in final alignment, and less 

strict flanking positions (Castresana, 2000; Talavera and Castresana, 2007). Phylogenetic 

trees were constructed with PhyML (Guindon et al., 2010). The following parameters 

were used: amino-acid substitution model = WAG; proportion of invariable sites - 

estimated; number of categories of substitution rate = 4. Statistical support for 

phylogenetic grouping was assessed by approximate likelihood-ratio tests based on a 

Shimodaira-Hasegawa-like procedure (SH-aLRT) with scores shown in the tree. In the 

case where no homologous sequences could be found, e-values were decreased and/or 

tblastn or tblastx was used to confirm absences from the genomic database. Gene 

annotations were entered manually using OrcAE. Accession numbers for D. 

melanogaster and T. urticae genes are provided in Supplemental Table 1. 

 

Results 

Gene and major signal transduction pathways that are expected conserved 

Many cellular signal transduction pathways are expected conserved in Tetranychus based 

on their fundamental role in development in arthropods and throughout the Metazoa. 

However, little is known about the variation within signaling pathways in arthropods. To 

test this we examined the Tetranychus genome for the presence and absence of genes 

from six major Drosophila signal transduction pathways (TGF-b, Wnt, Notch, RTK, 

JAK-STAT, and Hedgehog) and compared their conservation to the honeybee Apis 

mellifera and the pea aphid Acyrthosiphon pisum. In addition, in specific cases we 

compared gene conservation in Tetranychus to the red flour beetle Tribolium castaneum 

and the deer tick Ixodes scapularis. 

 

Transforming Growth Factor-β: The Transforming Growth Factor-β (TGF-β) signaling 

pathway acts through a concentration gradient of secreted morphogens to regulate cell 

growth, proliferation, and differentiation during embryogenesis. Among the higher 
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ordered developmental processes that TGF-β signaling regulates are dorsal-ventral 

polarity, patterning and growth of developing organs, and neuronal patterning.  

  

In total, we identified 45 of 63 Drosophila TGF-β signaling pathway components in the 

Tetranychus genome (Table 1). We identified four of seven Drosophila TGF-β ligands, 

including decapentaplegic (dpp), myoglianin (myo), activin-beta and glass bottom boat, 

with duplications of the latter two (Fig. 1). The ligands maverick, Dawdle (Daw/ALP23), 

and screw are missing, with the absence of screw expected as it is derived in the lineage 

leading to Drosophila (Van der Zee et al., 2008). Two additional TGF-β ligands (BMP-

10 and anti-dorsalizing morphogenetic protein) found in Tribolium, Apis, and vertebrates 

(Shigenobu et al., 2010; Van der Zee et al., 2008), are not conserved in Tetranychus. Four 

of five Drosophila TGF-β receptors were identified: baboon (type I), saxophone (type I), 

and duplications of thickveins (type I) and punt (type II). We were unable to find the type 

II receptor wishful thinking (wit), also absent from the Acyrthosiphon genome (Shigenobu 

et al., 2010). Orthologs of wit are found in Ixodes, Apis, Tribolium, and Drosophila, 

where they cluster most closely with mouse BMP type II receptor (Van der Zee et al., 

2008)(Fig. 2), suggesting wit has been independently lost in Tetranychus and 

Acyrthosiphon. We found Smad family cytoplasmic transducers Mothers against dpp, 

Smad on X, and Medea, but not the anti-Smad daughters against dpp. We found several 

extracellular modifiers known to modulate TGF-β signal activity through interactions 

with both ligands receptors, including the dpp-inhibitor short gastrulation (sog) (Holley 

et al., 1996; reviewed in Massagué and Chen, 2000) and the activin-inhibitor follistatin. 

Additional extracellular modifiers that counteract ligand-inhibitors and enhance the TGF-

β signal were also searched for including, crossveinless (cv1/tsg2), the sog cleavage 

protein tolloid (tld) and its relative tolloid-related (tlk). While cv1 and tlk are present, we 

did not find a homolog for tld.  

 

Wnt: The Wnts are a highly conserved family of secreted growth factors involved in 

early developmental patterning, including embryonic induction, cell fate, polarity, and 

death. Wnt ligands have been implicated in arthropods such as Tribolium and the spider 
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Achaearanea in the establishment of posterior segments (Bolognesi et al., 2008; 

McGregor et al., 2008).  

 

We identified 60 of 84 Drosophila Wnt signal transduction pathway components (Table 

1). In Wnt-producing cells, the growth factors are glycosylated and lipid-modified for 

proper secretion and signal activity (Willert et al., 2003; Zhai, 2004). Except for wnt8/D 

(Ching et al., 2008), palmitoylation by the ER membrane bound protein porcupine is 

required for recognition of Drosophila Wnts by Wntless, a second membrane bound 

protein essential for further transport and secretion (Bartscherer et al., 2006; Bänziger et 

al., 2006; Herr and Basler, 2012). Both ligand modifiers required for proper Wnt 

secretion were found. Conservation of Wnt ligand subfamilies in arthropods varies. 

Insects have been found to contain as few as six in Anopheles and Acyrthosiphon, on up 

to nine in Tribolium. Both crustaceans and chelicerates have been found to contain twelve 

(Janssen et al., 2010). We identified eight sequences in Tetranychus with conserved Wnt 

domains, belonging to six subfamilies- Wnt4, Wnt5, Wnt6, Wnt8, Wnt16, and WntA, with 

three copies of Wnt6 (Fig. 3). Surprisingly, we did not find an ortholog of the wingless 

(wg/Wnt1) ligand that is conserved throughout Arthropoda and thus represents the first 

reported absence in an arthropod. Duplications of Wnt ligands are rare, but lineage 

specific duplications have been reported in the Cnidarian Nematostella, vertebrates, and 

the spider Achaearanea (Janssen et al., 2010). The three copies of Wnt6 present in 

Tetranychus represents the largest paralog group identified in an arthropod genome. Once 

secreted, Wnts bind to members from the frizzled family of transmembrane receptors and 

the LDL receptor related protein arrow. We found five of six Drosophila Wnt receptors, 

with additional duplications of the receptors Van gogh, frizzled, frizzled-2, and arrow 

(Fig. 4). Absence of ligand-receptor activity results in a complex of proteins (Axin, APC, 

and shaggy) phosphorylating and thus targeting the cytoplasmic transducer/transcription 

factor armadillo/β-catenin (arm) for degradation. Once the receptor binds to its respective 

ligand, the intracellular effector Disheveled is activated and blocks shaggy from 

phosphorylating arm. This allows hypophosphorylated arm to accumulate in the 

cytoplasm and promotes its translocation to the nucleus to regulate transcription with co-

regulators, principally from the TCF/LEF family of transcription factors.  We found two 
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copies of disheveled (Dsh), and three copies of armadillo/β-catenin. Of the three proteins 

that form the core β-catenin destruction complex, APC and shaggy homologs were 

present, but an Axin homolog is missing.  

Notch: Notch and its ligands Delta and Serrate are transmembrane proteins that provide 

direct cell-cell communication. Notch signaling is required during neurogenesis in 

vertebrates and invertebrates, and likely has an ancestral role in the establishment and 

maintenance of posterior segments in arthropods (Chesebro et al., 2013; Chipman and 

Akam, 2008; Pueyo et al., 2008; Schoppmeier and Damen, 2005; Stollewerk et al., 2003), 

a function similar to its role during vertebrate somitogenesis (Dequeant et al., 2006; 

Palmeirim et al., 1997).   

 

A majority of the core Drosophila Notch signaling pathway is present in the Tetranychus 

genome (42/66) (Table 1). There are four copies of the Notch receptor and single copies 

of the ligands Delta and Serrate (Fig. 5). During trafficking to the cell membrane and 

upon ligand binding, Notch undergoes a tripartite series of cleavages (S1, S2, and S3) 

that results in activation and release from the cell membrane to the cytosol. The cleaved 

portion, or Notch intracellular domain, then translocates into the nucleus to regulate 

transcription. Among the proteases that participate in Notch cleavage we found 

duplications of the S1 protease furin-1, and the S3 γ-secretase component anterior 

pharynx defective 1 (APH-1). Of the metalloproteases that participate in S2 extracellular 

cleavage of Notch, Kuzbanian (Kuz) is present, but not TACE. The loss of TACE appears 

to be lineage specific as a homolog is present in Ixodes scapularis (XP_002405453), and 

may be attributed to its redundancy in canonical Notch signaling. For example, 

Kuz and TACE have been reported both genetically and biochemically to have partially 

redundant functions in ecdysozoans (Brou et al., 2000; Mumm et al., 2000). In addition, 

Drosophila TACE does not appear to be required for most Notch-mediated cell decisions 

as loss of Kuz leads to associated Notch phenotypes (Pan and Rubin, 1997; Rooke et al., 

1996), and overexpression of TACE is insufficient for restoring appropriate Notch S2 

cleavage (Lieber, 2002). Several other Notch protein regulators such as deltex and 

mastermind are also missing, and have been reported absent in several other metazoan 

genomes suggesting Notch signaling functions in their absence (Gazave et al., 2009; 
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Maier, 2006; Shigenobu et al., 2010). The absence of deltex appears to be lineage 

specific, as a homolog has been recorded for Ixodes (IscW_ISCW003605), and also 

suggests Tetranychus lacks this non-canonical Notch signaling pathway. Additional 

missing regulators (Table 1) appear to be derived in Drosophila and other higher insects 

and have been expected absent in more basally branching arthropods. For example, the 

Notch antagonist hairless to date has only been found within dipterans and 

hymenopterans (Maier, 2006).  

 

We also identified several well-known transcriptional targets of Notch, including genes 

from the Achaete-Scute (AS-C) and Enhancer of Split (E(spl)-C) complexes (Schlatter 

and Maier, 2005). The Drosophila AS-C is a 40 kb complex of four basic helix-loop-

helix (bHLH) transcription factors, achaete, scute, lethal of scute, and asense (reviewed 

in (García-Bellido and de Celis, 2009)). We found apparent duplications of both achaete 

and scute on multiple contigs (Supp. Table 1), but did not find homologs of lethal of 

scute and asense. The E(spl)-C of Drosophila spans a 45 kb region and contains a group 

of four bearded family and seven bHLH transcription factors thought to have been 

duplicated from a pair of ancestral genes (reviewed in (Dearden and Duncan, 2010). We 

found two classes of bHLH members in tandem (tetur01g03010 and tetur01g03020; and 

tetur08g02740 and tetur08g02780). Our phylogenetic analysis suggests that these may be 

part of an ancestral E(spl)-C (or that theses genes likely represent a lineage specific 

duplication of a single ancestral bHLH gene (Supp. Fig. 2). These findings parallel 

previous Pancrustacean surveys that revealed similar reductions in the number of E(spl)-

C genes, and none have been found in Ixodes (Dearden and Duncan, 2010; Dearden et al., 

2006; Schlatter and Maier, 2005).  

 

Receptor tyrosine kinase (EGF/FGF/Sevenless): Receptor Tyrosine Kinase (RTK) 

signaling contributes to changes in cell shape, terminal and dorsal patterning, among 

several other developmental mechanisms that all rely on intracellular MAP kinase 

activity. We searched for 50 Drosophila genes among three well-known RTK pathways: 

Epidermal growth factor (EGF), fibroblast growth factor (FGF), and Sevenless. These 
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pathways share a MAPK signal cascade that includes Sos, Ras1, Raf1, Dsor1, and rolled; 

all of which are conserved in Tetranychus (Table 1). 

EGF signaling: 14 of 30 EGF signaling components were identified, with the core 

pathway conserved (Table 1). We found two of four ligands: spitz and vein. Of the four 

receptors searched for we found single copies of Epidermal growth factor receptor and 

kekkon-1, along with two kekkon-3 orthologs. We found two copies of the extracellular 

EGFR inhibitor argos (giant lens), also found with four copies in Acyrthosiphon.  

FGF signaling: The FGF signaling pathway appears highly modified in Tetranychus 

(Table 1). Three FGF ligands (branchless, pyramus, and thisbe) and two FGF receptors 

(breathless and heartless) have been identified in Drosophila. We did not find any 

ligands and only found a single FGF receptor, heartless. Similar modifications of FGF 

signaling has been reported for the genomes of three mosquito species, with Aedes 

aegypti missing the ligand branchless, and all three mosquitoes missing the receptor 

breathless, and the heartless ligands pyramus and thisbe.  

Sevenless signaling: Except for the absence of the canonical ligand boss of sevenless 

(boss), the Sevenless signaling pathway is conserved in Tetranychus (Table 1). A review 

of the Ixodes genome also shows boss to be missing. The absence of boss is striking due 

to its role in determining cell fate during fly retina development (Krämer et al., 1991). 

Further inquiry into the developmental genetic mechanisms that underlie chelicerate eye 

development may provide further insight into whether Tetranychus is likely to have a 

functioning Sevenless pathway in the absence of this canonical ligand.  

 

Janus kinase/signal transducer and activator of transcription (JAK/STAT) (Table 

1): The JAK/STAT signaling pathway is a conserved, pleiotropic cell signaling pathway 

involved in cytokine transduction and growth factor signaling (Behura et al., 2011; 

Darnell, 1997; Rawlings et al., 2004; Shigenobu et al., 2010; Zeidler et al., 2000). The 

pathway involves stimulation of a variety of receptors, each having a characteristic JAK 

tyrosine kinase attached.  This results in the trans-phosphorylation of JAKs, which in turn 

phosphorylate STATs, a family of otherwise inactive transcription factors that reside in 

the cytoplasm. STATs then enter the nucleus and control expression of JAK/STAT target 

genes. We were unable to identify any previously identified JAK/STAT ligands (os, 
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upd2, upd3). Interestingly, Tetranychus contains duplications of both hopscotch and 

Stat92E, which are classified as canonical JAK- and STAT-like proteins in Drosophila 

(Zeidler et al., 2000). Stat92E duplications are not unique to Tetranychus as three copies 

have been reported in the mosquito C. quinquefasciatus {Behura:2011dv}. Additional 

effectors of the JAK/STAT signaling pathway include protein families such as STAMs 

and SOCs, which activate and repress different pathway components, respectively 

(Rawlings et al., 2004). Orthologs of Socs36E and Socs44A were not found in our search 

of the genome, while Socs16D has duplicated. The JAK/STAT inhibitor 

Phosphatidylinositol 3-kinase was also found present in multiple copies.  

 

Hedgehog: The hedgehog (Hh) protein functions as a morphogen during development. 

The hedgehog ligand is highly lipid-modified; a cholesterol moiety is attached to the C-

terminus and the N-terminus undergoes palmitoylation. The covalent coupling of 

cholesterol to Hh acts to tether the ligand to the plasma membrane and regulate long 

range signaling. High conservation of hedgehog signaling components has been observed 

in several higher insects, with each genome yielding a complete pathway (Dearden et al., 

2006; Shigenobu et al., 2010). However, this trend does not hold for Tetranychus.  

 

Eleven of fourteen pathway components were found; the genome lacks dispatched, costa, 

and fused (Table 1). The absence of dispatched is striking as it is required for release of 

cholesterol anchored Hh from Hh-secreting cells (Burke et al., 1999). Curiously, costa 

and fused are essential components of the protein complex that, in unstimulated cells, 

collects the transcription factor cubitus interuptus (ci) in the cytoplasm (Alves et al., 

1998; Farzana and Brown, 2008; Sisson et al., 1997). This action encourages cleavage of 

the ci N-terminus before entering the nucleus, which conversely produces a repressive 

effect on targeted genes (Aza-Blanc et al., 1997). In stimulated cells, smoothened inhibits 

cleavage of ci, and allows the full protein to enter the nucleus and activate target genes 

(Alexandre et al., 1996). Without costa and fused, the ci-sequestering complex is 

incomplete, making the canonical cleavage of ci impossible in this system, and allowing 

the constant transcription of Hh-target genes. Reports of lineage-specific gene 

duplications are rare in this pathway. However, two copies of Supernumerary limbs 
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(Slmb) have been reported in the vector mosquito, C. quinquefasciatus {Behura:2011dv}. 

Tetranychus also contains a duplication of Slmb, as well as a duplication of Suppressor of 

fused.  

 

Comparison to previous insect surveys: Unique sets of genes from the six signaling 

pathways surveyed in Tetranychus have been previously surveyed in insects. Of the 294 

Drosophila genes that we surveyed in the Tetranychus genome, 100 were surveyed in the 

hymenopteran honey bee Apis mellifera genome (Dearden et al., 2006), and 124 were 

surveyed in the more distantly related hemipteran pea aphid Acyrthosiphon pisum 

genome (Shigenobu et al., 2010) (Fig. 6). 62 genes were found to overlap within all three 

sets (Fig. 6a, Suppl. Table 2). Of these genes there appears to be a phylogenetic trend of 

conservation, with 73, 92, and 97 percent conserved in Tetranychus (45/62), 

Acyrthosiphon (57/62), and Apis (60/62), respectively (Fig. 6b). Only two genes, screw 

and gurken, are missing from all three genomes, although these are expected absences as 

they are believed to have originated within Diptera (Dearden et al., 2006). Acyrthosiphon 

is missing three additional genes, of which one is shared with Tetranychus (wnt10). 

Tetranychus contains an additional 14 unique genes absences from the set of 62 genes 

shared among the three surveys. These results show that gene absences appear far more 

common in Tetranychus, both among the set of 62 genes shared among the three surveys 

and in the total number of genes surveyed. 

 

In contrast, 33 of 124 genes surveyed in both Acyrthosiphon and Tetranychus genomes 

are found duplicated in Acyrthosiphon and Tetranychus, Acyrthosiphon alone, or 

Tetranychus alone (Table 2). Within this set of duplicated genes, Tetranychus contains 

almost twice the number of duplications as Acyrthosiphon. In total, however, these 

duplications represent less than half the number of duplications in signaling pathways 

found in the Tetranychus genome.  

 

To determine whether the duplications found in Tetranychus represent lineage specific 

duplications or are more broadly representative of duplications within acarid chelicerates 

we searched the tick Ixodes scapularis draft genome for similar sets of paralogs. The 
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gene duplications Tetranychus shares with Acyrthosiphon (Su(H), argos, arm, and Stat) 

appear to have arisen independently in both lineages as only single orthologs were found 

in Ixodes. Of the remaining Tetranychus duplications, only two were found duplicated in 

the Ixodes genome: gro and kek-3. Our findings suggest that gene duplication and losses 

within signal transduction pathways are prominent features of the Tetranychus genome. 

 

Discussion 

We have completed a genomic survey in the two-spotted spider mite Tetranychus urticae 

to determine the degree of conservation of the genes involved in several major signal 

transduction pathways in arthropods. We used a sequence homology based approach to 

identify genes as present or absent in the Tetranychus genome. In specific cases our 

approach identifies genes missing in Drosophila but present in other arthropods, but does 

not identify genes specific to Tetranychus. Additionally, as with all genome sequencing 

projects, gene absences should be treated as putative due to the incomplete nature of 

current genome sequencing, assembly methods, and limitations using sequence homology 

to identify orthology. However, genuine gene absences in Tetranychus may arise from 

several scenarios. The first being the gene is derived only within Drosophila and/or 

higher insects. The second being the gene is present in other chelicerates but was 

subsequently lost in Tetranychus. We have identified genes that fall into both categories. 

 

While it is understood that signal transduction pathways are conserved throughout the 

Metazoa, explorations of how much variation characterizes signal transduction pathways 

in arthropods that group more phylogenetically basal has not been previously explored. 

Conservation of Drosophila signal transduction pathway orthologs in insects has been 

found to range from 82 percent in Acyrthosiphon (109/124) (Shigenobu et al., 2010) to 99 

percent in Apis (99/100) (Dearden et al., 2006). This conservation is higher than the 66 

percent conservation we report here for Tetranychus (195/294). Although the sample size 

is small, these datasets suggest that as evolutionary distance from Drosophila increases, 

gene conservation decreases, with gene conservation following a phylogenetic trend. The 

observed loss of conservation is not due to an increase in the sample size, as limiting the 

comparison to only the 62 genes shared among the three surveys follows a similar trend. 
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We expect that analyses of the recently sequenced genomes from the crustacean Daphnia 

pulex and myriapod Strigamia maritima will provide support for this trend.  

 

While many of the gene absences appear to be specific to the acarid chelicerate lineage as 

half the genes absent from Tetranychus are also absent from the Ixodes genome 

(16/33)(Supp. Table 3), Tetranychus contains unexpected gene losses in every pathway 

we investigated. In several cases these absences are incongruous with finding the core 

pathway conserved. For example, a fifth of all absences are attributed to ligands. For 

JAK/STAT, FGF, and Sevenless, these pathways are left without canonical ligands. 

Several other absences are known to be essential to proper signal reception (e.g., 

breathless), processing (e.g., dispatched), or transduction (e.g., axin). Functional and 

genomic data provide insight into some, but not all, of the putative gene absences. In 

general, absent genes fall into two categories: those with partially redundant function in 

Drosophila (e.g., TACE), and those believed derived or not essential for signal 

transduction (e.g., deltex, mastermind, hairless, and E(spl)-C homologs). Nonetheless, 

many missing genes are known to be essential for proper signaling in Drosophila. While 

no functional data exists for these pathways in Tetranychus, observations of 

developmental stage and feeding RNA-seq data confirm that core pathway components 

are expressed. This suggests that the pathways function in the absence of what we assume 

to be essential components. This could be a consequence of the co-option of novel 

components into the pathway. Based on the number of protein coding genes predicted in 

the Tetranychus genome (~16,000, compared to the ~14,000 in Drosophila), it is possible 

for novel genes to act in these signaling pathways that are unidentifiable by sequence 

homology alone. Further analyses using structural homology based searches may be of 

value in the identification of additional pathway components. 

 

Also of particular interest is the absence of the Wnt signaling ligand wg from the 

Tetranychus genome. In Drosophila, wg functions in multiple developmental events 

including limb development (Cohen et al., 1993; Simcox et al., 1989), midgut 

morphogenesis (Mathies et al., 1994), and segmentation where it acts as a segment 

polarity gene (Nüsslein-Volhard et al., 1984). Loss of wg could therefore have dramatic 
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consequences on developmental patterning, and may be reflected in the reduced posterior 

segmentation of Tetranychus. However, functional analyses of wg from several insects 

suggest that unlike the segment polarity gene engrailed, that has a conserved function 

throughout Arthropoda, the role of wg within insects is evolving despite retaining a 

segmental expression pattern (Kraft and Jäckle, 1994; Nagy and Carroll, 1994). For 

example, RNAi depletion of wg in several insects that form posterior segments from a 

growth zone have shown it to have little to no affect on posterior segmentation 

(Bolognesi et al., 2008; Miyawaki et al., 2004; Ober and Jockusch, 2006). In these 

arthropods another Wnt ligand, Wnt8, of which a single copy is found in Tetranychus, 

appears to be important for segmentation. Functional data from Tribolium and the spider 

Achaearanea tepidariorum have shown Wnt8 to be involved in establishing and 

maintaining segments as RNAi treated samples lack a growth zone and posterior 

segments (Bolognesi et al., 2008; McGregor et al., 2008). While more diverse arthropod 

taxa await a functional analysis of Wnt8, it remains to be determined if this is merely a 

matter of functional convergence or if it is representative of an ancestral function in 

posterior segmentation. However, if Wnt8 is involved in posterior segmentation in more 

phylogenetically basal arthropods, it is expected that changes in its regulation may 

contribute to the reduced posterior segmentation in Tetranychus. 

 

In contrast with the number of genes absent, we also found Tetranychus signaling 

pathways to be characterized by unique duplications of paralogs within a given gene 

family. In general, gene duplication has played a prominent role during the evolution of 

signal transduction pathways. Many components from the signal transduction pathways 

present in extant arthropods are the result of ancestral duplications (e.g. the 12 arthropod 

Wnt ligand subfamilies (Janssen et al., 2010)). There are also cases of lineage specific 

duplications in arthropod signaling pathways (Shigenobu et al., 2010; Van der Zee et al., 

2008). Both Tribolium and Drosophila contain lineage specific duplications of the TGF-b 

ligand glass bottom boat. The 11 and 4 members of the enhancer of split complex from 

Drosophila and Apis, respectively, are believed to have arisen from an ancestral pair of 

genes found conserved in Anopheles (Dearden and Duncan, 2010; Schlatter and Maier, 

2005). 18 signal transduction pathway genes are believed to have arose from lineage 
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specific duplications in Acyrthosiphon (Shigenobu et al., 2010). However, Tetranychus 

contains an increased number of unique genes present in multiple copies when directly 

compared against duplications identified from surveys in Acyrthosiphon and Apis. In 

Tetranychus, 30 genes are present with at least two copies. An additional six genes are 

present with three copies, and three genes are present with four copies (Suppl. table 1). 

For example, receptors from each pathway are observed to have undergone duplications, 

and several pathways have multiple receptors duplicated. Likewise, duplications can be 

found for ligand modifiers, transducers, and transcription factors in each pathway. 

Similar, albeit larger in number, expansions in plant defense and pesticide resistance 

genes have occurred in Tetranychus (Grbić et al., 2011). In addition, the unusual ratio of 

ligand to receptors and modifiers may function in pathway specificity. As signaling 

pathways rely on these proteins for specificity, gene duplication may provide a substrate 

for the expansion, or refinement of pathway specificity through differences in ligand-

receptor kinetics, combinatorial interactions, and novel targets of activity.  

 

Conclusion 

Our data provide additional evidence for the labile nature of arthropod signal transduction 

pathways and complements previous surveys by showing gene loss and duplication are 

common themes during arthropod evolution. At the same time, our data is in contrast 

with the general view that the conservation of complete signal transduction pathways is 

fundamental to cellular and developmental processes in metazoans (Carroll et al., 2005; 

Pires-daSilva and Sommer, 2003; Wilkins, 2002). The lack of overall conservation of 

signal transduction pathway components and the amount of lineage-specific duplications 

suggests that novel genes may participate in these pathways. These components may not 

share sequence identity, instead sharing structural homologies, and are likely to be 

discovered as emerging arthropod models are better characterized at the developmental 

genetic level. 
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Figure Legends 

Figure 1. TGF-beta ligands. Full-length protein sequences were used to construct this 

maximum likelihood tree of TGF-beta ligands. Protein sequences for mouse (Mm), 

Drosophila meloanogaster (Dm), Tribolium castaneum (Tc), and Apis mellifera (Am), 

were identified from the previous phylogenetic reconstruction of Van der Zee, et al. 

(2008). Acyrthosiphon pisum (Ap) sequences were curated from Shigenobu et al. (2010) 

and from NCBI GenBank. 

 

Figure 2. TGF-beta receptors. Full-length protein sequences were used to construct this 

maximum likelihood tree of TGF-beta receptors. Tetranychus thickveins paralogs group 

away from the thickveins cluster, but with the type I receptors. Mm, Dm, Tc, and Am 

protein sequences were identified from references in Fig. 1. Ixodes scapularis (Is) 

sequences were curated from NCBI GenBank. 

 

Figure 3. Wnt ligands. Mm, Dm, Tc, Am, Ap, and Daphnia pulex (Dp) protein 

sequences were identified from Janssen, et al. (2010). 
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Figure 4. Wnt receptors. Dm, Tc, Am, and Anopheles gambiae (Ag) protein sequences 

were curated from NCBI GenBank. 

 

Figure 5. Notch receptors and ligands. Full-length protein sequences were used to 

construct this maximum likelihood tree of Notch receptors and ligands.  

 

Figure 6. Number of genes conserved among genes shared in arthropod surveys. A. Venn 

diagram of Drosophila genes surveyed for in Tetranychus, Acyrthosiphon, and Apis. B. 

Number of shared Drosophila orthologs conserved among 62 genes surveyed for in the 

three arthropod surveys. Tetranychus (44/62), Acyrthosiphon (57/62), and Apis (61/62). 

 

Tables 

Table 1. Inventory list of key components from signal transduction pathways in 

Tetranychus. 

 

Table 2. Lineage specific and shared gene duplications found in the 124 Drosophila 

orthologs surveyed for in the Tetranychus and Acyrthosiphon genomes.  

 

Supplementary Tables and Figures 

 

Table S1. Tetranychus survey results containing gene name, accession, BLAST scores, 

and reciprocal BLAST scores. 

 

Table S2. List of 62 genes found to overlap within Tetranychus, Apis, and Acyrthosiphon 

surveys. 

 

Table. S3. Genes surveyed in Ixodes that are absent in Tetranychus. 

 

Figure S1. Maximum likelihood tree of Enhancer of Split (E(spl)-C) complex basic 

helix-loop-helix genes. 
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Table 1 continued. 
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Table 2. 
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62 genes found to overlap within Tetranychus, Apis, and Acyrthosiphon surveys Spider mite Pea aphid Honey bee 
anterior pharynx defective 1    
adenomatous polyposis coli (APC-like)    
armadillo / β-catenin    
arrow    
Axin missing   
baboon    
big brain    
brainiac missing   
brinker missing   
bunched    
canoe    
cubitus interruptus    
dally-like    
daughters against dpp missing   
decapentaplegic    
Delta    
deltex missing   
dishevelled    
dispatched missing   
division abnormally delayed missing   
Enhancer of split mγ missing   
fringe    
fringe connection    
frizzled    
frizzled 2    
fused missing   
glass bottom boat    
gurken missing missing missing 
hedgehog    
hephaestus    
maverick missing   
Medea    
Mindbomb    
Mothers against dpp    
nicastrin    
Notch    
Notchless    
numb    
p38b    
pangolin / TCF-LEF1    
patched    
Presenilin    
punt    
Saxophone    
screw missing missing missing 
Serrate    
shaggy / GSK-3    
short gastrulation    
smoothened    
strawberry notch    
supernumerary limbs    
Suppressor of fused    
Suppressor of Hairless    
thickveins    
tolloid missing   
wingless missing   
Wnt10 missing missing  
Wnt11 missing   
Wnt4  missing  
Wnt5    
Wnt6  missing  
Wnt7 missing   

62 17 5 2 

 
Table S2. 
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Figure S1. 
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Abstract 

Background: The arthropod Hox genes are a broadly conserved group of genes that 

function to determine segment identity. They are typically clustered in the genome, for 

reasons that remain enigmatic, in an array that mirrors their functional domains along the 

body axis. It has been proposed that the ancestral arthropod Hox consists of ten clustered 

genes. It is surprising that despite the enormous amount of morphological diversity 

within arthropods, there are no known cases of Hox gene loss correlating to 

morphological evolution. Instead, morphological diversification in segment identity is 

attributed to regulatory changes both upstream and downstream of the Hox genes. This 

model of regulatory change driving evolution is consistent with the large modular 

promoters reported for Drosophila Hox genes and a large number of Hox gene cluster 

associated miRNAs that regulate Hox gene expression. However, a full appreciation of 

the variation in arthropod Hox gene cluster structure and composition has not been 

recognized, as genome sequences from the major arthropod clades have been missing 

until recently. 

Results: To investigate the evolution of arthropod Hox gene clusters we 

comprehensively characterized the chelicerate Tetranychus Hox cluster and performed a 

comparative analysis of the structure of Hox gene clusters from representative arthropod 

taxa, including insects, a myriapod, the first crustacean Hox cluster from Daphnia pulex, 
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and the related chelicerate Ixodes scapularis. We find the Tetranychus Hox cluster is 

significantly derived compared to other arthropod Hox clusters with respect to Hox gene 

cluster composition and structure. Additionally, we find the Hox gene clusters of 

Daphnia and Ixodes to be the smallest and largest arthropod Hox clusters observed to 

date, respectively. Overall, we find the structure of arthropod Hox clusters to be 

significantly more dispersed in the genome compared to the vertebrate Hox clusters of 

Mus musculus, both in terms of genomic space occupied and as a relative proportion of 

the genome.  

Conclusions: Our comparative analysis of arthropod Hox gene clusters from 

representative taxa throughout the four major clades of the Arthropoda supports the 

hypotheses that ten Hox genes and four miRNAs are ancestral in the clade. Additionally, 

our finding an enormous amount of variation in intergenic spacing of Hox genes and 

likely regulatory domains suggests an evolutionary path toward a loss of Hox gene 

clustering in arthropods, particularly in derived insects and chelicerates. Finally, we 

provide genomic evidence to support a role for the loss of the Hox gene abdominal-A in 

morphological evolution in arthropods.  

 

Keywords: Hox, evolution, development, arthropod, chelicerate, Tetranychus, Ixodes, 

Daphnia, segmentation 
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Background 

Hox genes are a highly conserved set of homeodomain transcription factors that function 

in fundamental developmental processes in metazoans. Along with functional 

conservation in establishing region specific identity along the anterior-posterior (A/P) 

body axis, Hox genes demonstrate a striking conservation in their genomic arrangement 

[1-3]. Hox genes are typically found clustered in the genome in the same transcriptional 

orientation, with their A/P expression mirroring their genomic position, commonly 

referred to as spatial collinearity [4-6]. Despite this general understanding of Hox gene 

features, relatively little is known about how much variation in conservation there is 

within individual metazoan phyla. 

 

Among metazoans, the Hox genes have been intensely studied in arthropods and it is 

hypothesized that a genomic cluster of ten genes was present ancestrally within the clade 

[1](Figure 1). Providing additional support for this hypothesis, a full complement of ten 

Hox genes is also found in a member of the Onychophora, the sister clade to arthropods 

[7]. Despite arthropods having similar sets of Hox genes, there are numerous examples 

where morphological diversification along the A/P body axis is achieved through changes 

in the regulation of the Hox genes leading to varying their anterior/posterior expression 

boundaries [8, 9] (see [10] for review); as well as to changes in their downstream targets 

[11, 12] (see [13] for review). Additionally, Hox gene cluster intergenic regions are 

important sites of regulation [14], and include miRNAs, small non-coding RNAs, known 

to play essential roles in Hox gene regulation [15]. While there is no consensus on the 

number of conserved arthropod Hox cluster miRNAs, more than twenty are functionally 

annotated in Drosophila melanogaster [16], with four of these miRNAs (miR-993, miR-

10, miR-iab-4, and miR-iab-8) found in conserved positions within other arthropod Hox 

clusters [17-19](Figure 2). However, these views of arthropod Hox gene organization and 

function derive from a sampling of arthropods biased toward insects, leaving relatively 

little known about the extent of Hox gene organization and function throughout the 

Arthropoda. 
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Nonetheless, gene based surveys in phylogenetically diverse arthropods support a general 

conservation of Hox genes in extant arthropods [10, 20], although comparatively little is 

known about the conservation of Hox gene clustering throughout the phylum. Hox genes 

in insects are generally found as single clusters with genes in the same transcriptional 

orientation [21-26](Figure 2). However, there are several exceptions to this. In the best 

known example, the Drosophila melanogaster Hox genes are split between the 

Antennapedia and Ultrabithorax complexes, separated by a large gap (~9.7Mb) [27, 

28](Figure 2). Only one other non-Drosophilid is known to contain a split Hox cluster, 

the silk moth Bombyx mori, where a large genic gap (~12 Mb) exists between labial and 

the rest of the Hox cluster [29, 30](Figure 2). Additionally, inversions that disrupt the 

transcriptional orientation of Hox genes are found in several taxa, including Drosophila 

and Anopheles gambiae [21, 22, 27, 28, 31, 32](Figure 2). These fragmented and inverted 

organizations appear unusual amongst insects. As our current understanding of insect 

Hox clusters is based on data from a small percent (<15%) of the 176 insects genomes in 

various stages of completion [33], it might be expected that there is more variation in 

insect, and by extension arthropod, Hox gene clustering than there has been observed. 

Outside of insects, Hox gene clusters have only been described for the myriapod 

Strigamia maritima and chelicerate Tetranychus urticae. Strigamia was found to contain 

a set of nine of the ten arthropod Hox genes, missing Hox3, in the same transcriptional 

orientation in a single cluster [34](Figure 2). Tetranychus was found to contain a break in 

its Hox gene cluster between proboscipedia and Deformed, several Hox gene 

duplications (fushi tarazu and Antennapedia) and losses (Hox3 and abdominal-A), and an 

inversion of Abdominal-B [35](Figure 1 and 2). Although the sample size remains small, 

these non-insect Hox gene clusters suggest there is more variation in arthropod Hox gene 

cluster composition and structure than previously appreciated. 

 

With representative sequenced genomes from each major arthropod clade now available, 

we can begin to examine the variation in the genomic organization and evolution of 

arthropod Hox gene clusters, including how often the clustered chromosomal 

arrangement is lost, how frequently changes in transcriptional orientation occur, as well 

as the degree to which regulatory elements such as miRNAs are conserved. Using a 
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comparative genomic approach, we examined how the spatial organization of Hox gene 

clusters has changed during arthropod evolution. We performed a comprehensive 

analysis of the Tetranychus Hox cluster and compared it to the genomic structure of 

previously characterized Hox gene clusters from six insects, the centipede Strigamia 

maritima (Myriapoda) [34], and the vertebrate Mus musculus. In addition, we included in 

our comparative analysis the genomes of the water flea Daphnia pulex (Crustacea)[36] 

and the deer tick Ixodes scapularis (Chelicerata) [37] that have yet to have the structure 

of their Hox gene clusters characterized 

 

Methods 

Hox gene and genomic sequence collection 

Tetranychus urticae data was collected from the Online Resource for Community 

Annotation of Eukaryotes (OrcAE) [38]. Daphnia pulex data was collected from the JGI 

Daphnia pulex v1.0 genome database (http://genome.jgi-psf.org). Strigamia maritima 

data was collected from the EnsemblGenomes database (http://metazoa.ensembl.org/); we 

identified eight of the nine Hox genes reported present in the published Hox cluster, 

unable to identify a sequence with homology to Scr. Ixodes scapularis and Anopheles 

gambiae data was collected from the VectorBase IscaW1.4 and AgamP4 databases, 

respectively (https://www.vectorbase.org)[37]. Bombyx mori data was collected from 

Silkworm Genome Database (http://www.silkdb.org/silkdb) and from the work of [29, 

30]. Drosophila melanogaster, Nasonia vitripennis, Apis mellifera, Tribolium castaneum, 

and Mus musculus data was collected from NCBI. Gene accession identification numbers 

are included in Supplemental Table 1.  

 

Annotation of arthropod Hox cluster associated miRNAs 

Hox cluster associated miRNAs were curated from miRBase [16] by searching the 

genomic location of the Hox clusters for  B. mori, D. melanogaster,  A. gambiae, A. 

mellifera, N. vitripennis, T. castaneum, and D. pulex. D. melanogaster Hox cluster 

associated miRNA stem-loop sequences were downloaded from miRBase and used in 

BLAST analyses to identify Hox cluster associated miRNAs in T. urticae, I. scapularis, 

and S. maritima. Identification of putative miRNAs was based on a BLAST hit and 
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occurrence in expected genomic locations within the Hox cluster (Supplemental Table 4). 

Accession numbers or predicted genomic locations of miRNAs are included with 

Supplemental Table 1. Sequence alignments made using MUSCLE are included in 

Supplemental File 1.  

 

Results 

Overall features of the Tetranychus, Daphnia, and Ixodes Hox gene clusters 

The Tetranychus Hox genes are located on two genomic scaffolds: a 2.7 Mb scaffold 

(genomic scaffold 11) contains orthologs of proboscipedia (Tu-pb) and labial (Tu-lab) in 

a shared 5’ to 3’ orientation and a 1.6 Mb scaffold (genomic scaffold 20) contains the 

remaining Hox genes Deformed (Tu-Dfd), Sex combs reduced (Tu-Scr), fushi tarazu 

(paralogs 20g02520 & 20g02530, respectively), Antennapedia (paralogs 20g02430 and 

20g02440, respectively), Ultrabithorax (Tu-Ubx), and Abdominal-B (Tu-Abd-B) (Figure 

1 and 2). At this time it is not possible to further align the genomic scaffolds into a 

contiguous sequence due to the holocentric nature of the three chromosomes of 

Tetranychus [35]. Assuming the scaffolds are contiguous in the genome, the gap between 

the Tu-pb locus and the Tu-Dfd locus is a minimum intergenic distance of ~2.9 Mb (2.47 

Mb from stop codon in pb to the 3’ end of scaffold 11 and 0.47 Mb from start codon in 

Tu-Dfd to the 5’ end of scaffold 20). This split Hox cluster organization is dissimilar from 

the Hox clusters found in all other arthropods with sequenced genomes as well as from 

the hypothesized Hox cluster present in the arthropod ancestor [1](Figure 1). However, 

when the gap between Tu-pb and Tu-Dfd is excluded, the size of the Tetranychus Hox 

cluster is reduced compared to most insects, but not as tightly linked as Daphnia and 

Strigamia (Figure 2 and Supplemental Table 1).  

 

The Hox genes on the Dfd-AbdB containing scaffold share a common 5’ to 3’ orientation 

with the exception of Tu-Abd-B (Figure 1 and 2). The inversion of Tu-Abd-B is also 

found in two other tetranychid mites (T. lintearius and T. evansi, separated by 0.8 and 3 

MYA, respectively; data not shown). This inversion is consistent with a model in which 

the loss of abdominal-A resulted from a chromosomal inversion that spanned both the 

abd-A and Abd-B loci at the base of this lineage. With the exception of the previously 
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described inversions found in Drosophila and Anopheles, the arrangement of the 

Tetranychus Hox genes along the genomic scaffolds is consistent with previously 

described arthropod Hox gene clusters [27, 28, 31, 32].  

 

Similarly, the Hox genes of Daphnia pulex and Ixodes scapularis are arranged in the 

same transcriptional orientation (Figure 2). The Daphnia Hox genes are in the tightest 

linked arrangement observed in any arthropod to date, 0.34 Mb, although not as tightly 

linked as the vertebrate Mus musculus Hox clusters which range from 0.10 to 0.17 Mb in 

size (Figure 2 and Supplemental Table 1). The Hox cluster of Ixodes represents the 

opposite end on the size scale of arthropod Hox clusters, with a total cluster size ten times 

that of Daphnia at 3.48 Mb (Supplemental Table 1). The increase in the size of the Ixodes 

Hox cluster is correlated with its particularly large genome (1.77 Gb) relative to other 

arthropods.  However, the Ixodes Hox cluster occupies a similar percentage of the total 

genome (0.20%) as other arthropod Hox clusters that lack large genomic breaks (mean= 

0.37%) (Supplemental Table 1).  

 

Tetranychus Hox gene characteristics 

To explore the basis of the relatively small size of the Tetranychus Hox cluster genomic 

complexes, we further characterized the gene structure of the Tetranychus Hox genes. 

There is a reduction in the non-coding regions of the Tetranychus Hox genes, including 

the size and number of introns, and reduction in the predicted length of untranslated 

regions (Figure 3 and Supplemental Table 2). For example, the average intron size and 

intron number for Hox genes in Tetranychus is 5.86 kb and 2.1 introns (Figure 3 and 

Supplemental Table 2). The average intron size and intron number for Hox genes in 

Drosophila is 36.12 kb and 3.9 introns (Figure 3 and Supplemental Table 2). Similarly, 

the average 5’ and 3’ untranslated regions of individual Tetranychus Hox genes (0.25 and 

0.50 kb) are also highly reduced compared to the same homologs in Drosophila (1.31 and 

17.78 kb) and Tribolium (0.95 and 0.73 kb)(Figure 3 and Supplemental Table 2). The 

decrease in untranslated regions and introns of individual Hox genes effectively reduces 

the size of the overall transcription units in Tetranychus (Figure 3 and Supplemental 

Table 2). These features are not specific to the Tetranychus Hox cluster, as a reduction of 
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intergenic regions, introns, and untranslated regions are general features of the highly 

compact Tetranychus genome [35]. Nonetheless, the reduction in putative regulatory 

DNA associated with the Tetranychus Hox cluster has implications for the regulation of 

the Hox cluster in development. 

 

Hox cluster associated miRNAs 

We identified multiple sequences with homology to these conserved miRNAs in the 

Tetranychus (3/4), Ixodes (4/4), and Strigamia (4/4) Hox clusters (Figure 2 and 

Supplemental Table 4). There are two sequences in Tetranychus separated by less than 

500 bp that contain homology to mir-993 located near pb (Figure 2). As mir-993 is 

typically found conserved between Hox3 and Dfd, the position of Tetranychus mir-993 

adjacent to Tu-pb provides additional support for the complete loss of Hox3 from the 

genome. In Tetranychus mir-10 is located upstream of Tu-Dfd, differing from its 

expected conserved location between Dfd and Scr (Figure 2). We were unable to locate 

miR-iab-4 and miR-iab-8 in Tetranychus, which typically overlap each other in the region 

between abd-A and Abd-B (Figure 2). The absence of miR-iab-4 and miR-iab-8 from the 

Tetranychus Hox cluster further validates the loss of abdA from the Tetranychus genome. 

All four of the Ixodes and Strigamia miRNAs were found in expected locations. 

Consistent with previous analyses, we were unable to identify any of the additional 

twenty miRNAs found within the Drosophila Hox cluster in any of the arthropod Hox 

clusters surveyed.   

 

Lineage specific Hox gene duplications 

As previously reported [35], several instances of Hox gene duplications were identified in 

Tetranychus. The Tetranychus Hox cluster harbors two copies of both fushi tarazu and 

Antennapedia as tandem duplications, not present in other arthropods (Figure 1 and 2). 

Needleman-Wunsch Global alignment of the coding sequence show the Tu-ftz1 and Tu-

ftz2 and Tu-Antp1 and Tu-Antp2 orthologs share 74 and 55 percent identity, respectively; 

and at the amino acid level 67 and 33 percent identity, respectively (Supplemental File 2). 

Phylogenetic analysis of representative arthropod ftz and Antp sequences support a 

hypothesis that the Tetranychus ftz and Antp paralogs emerged via lineage-specific 
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duplications (Supplemental Figure 1). The percent identity for the Tetranychus duplicate 

ftz and Antp orthologs is consistent with another well-known tandem gene duplication 

located in an arthropod Hox cluster, e.g. Tribolium zerknüllt and zerknüllt-2 share 54 

percent nucleotide identity and 37 percent protein identity, respectively. Alignment of the 

Tetranychus ftz and Antp amino acid sequences suggests either partial duplications of the 

genes including the homeodomain containing region, or deletions occurred post-

duplication, upstream of the homeodomain in Antp2440 and ftz2530 as the putative 

coding sequence for both the ftz and Antp duplicates are substantially smaller 

(Supplemental Figure 1). These data suggest that pseudogenization is occurring at these 

loci.  Consistent with a model of pseudogenization, both Antp2440 and ftz2530 have 

markedly lower expression profiles across four developmental stages (RNASeq from 

embryonic, larval, nymphal, and adult) when compared to their respective paralogs 

(Supplemental Table 3). Surveys of the Daphnia and Ixodes Hox clusters show no 

apparent Hox gene duplications. 

 

Discussion 

Changes in arthropod Hox cluster organization 

To understand the conservation of Hox gene clustering throughout the arthropod phylum 

we performed an arthropod-wide comparison of the genomic structure of Hox genes from 

currently available genome sequences. We analyzed Hox gene clusters from several 

insects, a crustacean, a myriapod, two chelicerates, and the vertebrate Mus musculus. Our 

data suggest the constraints maintaining intact Hox gene clusters have been 

independently lost several times during arthropod evolution and there is a trend toward 

dispersed or broken Hox clusters in derived taxa, although the sample size remains small 

(Figure 2). We also observed that large intergenic breaks within Hox clusters do not 

appear at consistent locations within the cluster. For example, the break within the 

Tetranychus Hox gene cluster represents a novel arrangement of Hox genes compared to 

those in dipteran and lepidopteran genomes.  

 

While the mechanisms that constrain Hox genes into clusters during evolution are not 

well understood, they are believed to be tied to their temporal collinearity in vertebrates 
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[39]. In arthropods, a prevailing hypothesis is that a shortening of the time to complete 

embryogenesis in flies (22 hours [40]) led to a loss of temporal collinearity and thus Hox 

cluster disintegration [41]. Although it not known whether Tetranychus Hox genes are 

temporally collinear, Tetranychus embryonic development also appears shortened (~39 

hours [42]). The development of Bombyx mori, however, contradicts this model. While 

Bombyx have a split arrangement of Hox genes, Bombyx embryos take 10 days to 

complete embryogenesis [43]. Interestingly, in several insects and in Strigamia, 

expression of the posterior class Hox genes are temporally collinear [44-47]. Taken 

together, these data, or more so, lack of data, reveal that the temporal expression of Hox 

genes in arthropods is under-appreciated and under-studied. It is possible that, shifts in 

the temporal collinearity of Hox gene expression, like anteroposterior shifts in expression 

domains, should also be considered as a driver of morphological change. 

 

Loss of abd-A and evolution of arthropod posterior segmentation 

In several arthropods there is a correlation between a reduced number of posterior 

segments and an absence of the posterior class Hox gene abd-A. abd-A is reported 

unidentifiable in PCR surveys of Hox genes in three cirripede crustaceans (Sacculina 

carcini, Elminius modestus, and Trypetesa lampas)[48-50] and two chelicerates, 

including the pycnogonid Endeis spinosa [51] and the oribatid mite Archegozetes 

[20](Figure 4). The addition of Tetranychus to this list suggests that this correlation has 

emerged at least three times during arthropod evolution. Once, in the lineage leading to 

the cirripedes, and a minimum of two times within Chelicerata (Figure 4). Although both 

Tetranychus and the oribatid mite are members of the acariformes lineage of chelicerates, 

the oribatid mites group more closely with the eriophyids, a curious group of mites that 

contain two pairs of legs and an elongated opisthosoma with uneven numbers of tergites 

and sternites [52]. Based on the opisthosomal morphology of eriophyids it might be 

expected that abd-A is present within this taxa and that loss of abd-A has occurred 

independently at least three times in the Chelicerata. However, a PCR survey of Hox 

genes and a molecular analysis of posterior body segments in eriophyids with a 

segmental marker such as engrailed have yet to be completed.  
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What role might the loss of lose abd-A have in the evolution of trunk morphology? It is 

possible that the loss of abd-A has no role in reducing the number of posterior segments 

and is merely a function of relaxed selection due to overlapping function with other Hox 

genes, i.e. Ubx and Abd-B. This may be similar to the loss, or derivation, of Hox3 in 

insects [53]. Alternatively, the loss of abd-A could be a key evolutionary event 

underlying the reduction in number of posterior segments. In vertebrate somitogenesis, 

which is superficially similar to arthropod sequential segmentation, termination of 

segmentation is promoted by the onset of expression of the vertebrate Abdominal-B 

homologs Hoxb13 and Hoxc13 [54, 55]. This late onset of expression is entwined with 

the temporal collinearity of vertebrate Hox genes, in which dynamic shifts in the three 

dimensional chromatin arrangements within the Hox cluster occur during anteroposterior 

patterning [56, 57]. Again, while it is not well known if arthropod Hox genes exhibit 

similar temporal controls overall, Abd-B is known to have a late onset of expression 

during segmentation in the apterygote Thermobia domestica and the orthopteran 

Schistocerca gregaria [44, 45]. In addition, during pupation Drosophila Abd-B 

contributes to a reduction of posterior segments in a sex-specific manner [58, 59]. Taken 

together these data suggest that in arthropods that display reduced posterior segmentation 

the loss of abd-A may contribute to a change in the temporal chromatin dynamics of Hox 

clusters, transcriptional regulation of Abd-B, and subsequent promotion of segmentation 

termination. 
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Figures and tables 

Figure 1. Hypothetical arthropod ancestor Hox gene cluster. Hypothetical Hox genes 

present in the most recent arthropod ancestor aligned with the Tetranychus and Daphnia 

Hox gene clusters, as indicated by the colored boxes. The Daphnia Hox cluster is similar 

to the hypothesized ancestral arthropod Hox cluster, with 10 Hox genes tightly clustered 

on the chromosome in the same transcriptional orientation. The Tetranychus Hox genes 

localize to separate genomic scaffolds (indicated by the broken line between pb and Dfd) 

and have undergone duplications of ftz and Antp and losses of the canonical arthropod 

Hox genes Hox3 and abd-A. With the exception of Abd-B (indicated by the red 

arrowhead), the Tetranychus Hox genes are oriented in the same direction. 
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Figure 2. The overall size and structure of Arthropod Hox clusters varies. On the left 

is a representative phylogenetic tree depicting relationships among the arthropod taxa 

used in the comparative analysis, as depicted in [60, 61]. Mus musculus is used as an out-

group. Colored boxes represent Hox genes (and mice homologs according to [62]) and 

miRNAs, with numbers to the right of the black line indicating approximate size of the 

genomic region displayed for individual taxa. All Hox genes are depicted in the same 

transcriptional orientation, except where indicated with a red arrowhead. Data on 

inversions within the Anopheles Hox cluster are conflicting, as published data only show 

a single micro inversion of fushi tarazu [21, 22, 31], however, the most recent genome 

assembly shows a large inversion from labial to Deformed as depicted here. Broken lines 

indicate large genomic spans in Bombyx (12 Mb from lab to pb, with 9.9 Mb removed 

here for ease of view), Drosophila (9.7 Mb from Antp to Ubx, with 6.7 Mb removed here 

for ease of view), and Tetranychus (2.9 Mb from pb to Dfd). The Anopheles, Tribolium, 

Nasonia, and Apis Hox gene clusters are depicted at 1/2 scale (denoted by the horizontal 

blue line), and the Drosophila, Bombyx, Ixodes, and Tetranychus Hox gene clusters at 1/6 

scale (denoted by the horizontal red line). Numbers to the right indicate the respective 

length of the Hox clusters in the genome in megabases (Mb), as calculated from the 

transcriptional start of the most 3’ Hox gene to the transcriptional stop of the most 5’ Hox 

gene, and the proportion (as a percentage) of the genome that contains the Hox cluster as 

a percentage. 

 

Figure 3. Comparison of the relative sizes of coding and non-coding regions of the 

Drosophila, Tribolium and Tetranychus Hox genes. The relative sizes of the amino acid 

coding sequence (CDS), introns, and combined 5’ and 3’ untranslated regions (UTRs) are 

shown. Individual Hox genes are represented as a stack, in their respective genomic 

location of the Hox cluster, and labeled as indicated. Overall, coding sequence length 

among the three species is similar, with 8.8 kb in Tetranychus, 9.1 kb in Tribolium, and 

11.5 kb in Drosophila. Overall intron length in Tetranychus (57 kb) is decreased 60% in 

comparison to Tribolium (~144 kb), and decreased 80% in comparison to Drosophila 

(~289 kb). Similarly, the combined length of UTRs is decreased 57% in Tetranychus (~5 

kb) in comparison to Tribolium (11 kb), although the combined length of UTRs in 
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Tetranychus and Tribolium are both extremely shorter than the combined length of UTRs 

in Drosophila (~158 kb) at 3% and 7% of the length, respectively. 

 

Figure 4. Reconstruction of the pattern of abdominal-A loss within the major clades 

of arthropods and their correlation with a reduction in posterior segmentation. A. 

Phylogenetic relationships of arthropods based on [60, 61, 63, 64]. Arthropod taxa from 

at least two subphyla that have been identified as missing abd-A contain and contain 

reduced posterior body morphologies. B-D. Illustrations of arthropod taxa with reduced 

posterior segmentation and reported missing abdominal-A. B. Sacculina carcini naupli 

(left; ventral view, oriented anterior up) and cypris (right; lateral view, oriented anterior 

up)(Adapted from [65]). C. Tetranychus urticae; lateral view, oriented anterior left. D. 

Endeis spinosa; dorsal view, oriented anterior left (Adapted from [66]). Scale bar in B= 

5cm, C= 0.125mm, and D= 1mm. 

 

Supplemental Figure 1. Maximum likelihood phylogenetic tree of Antp (A) and ftz 

(B). Phylogenetic trees were constructed with PhyML [67] using full length protein 

sequences aligned with MUSCLE. PhyML parameters were set as the following: WAG 

amino acid substitution model, proportion of invariable sites estimated, and the number 

of categories of substitution rate= 4. Statistical support was provided by approximate 

likelihood ratio tests based on a Shimodaira-Hasegawa-like procedure, with the scores 

shown in the tree.  

 

Supplemental Table 1. Calculations of the spatial relationship of genes in the Hox 

clusters of ten arthropod species with sequenced genomes. All values represent base 

pairs, except percent genome.  Values highlighted in orange- indicate a shift in genomic 

location, red- indicates inversions of single genes, and blue- indicates genomic inversions 

of several genes (including miRNAs). Gene accession numbers or genomic locations are 

as follows.  Tetranychus: lab- tetur11g05940, pb- tetur11g05920, mir-993a- scaffold 

11(2,465,365-2,465,427), mir-993b- scaffold 11(2,464,810-2,464,873), Dfd- 

tetur20g02580, mir-10- scaffold 20(1,111,621-1,111,688), Scr- tetur20g02540, ftz2- 

tetur20g02530, ftz- tetur20g02520, Antp2- tetur20g02440, Antp- tetur20g02430, Ubx- 
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tetur20g02400, Abd-B- tetur20g02350. Ixodes: lab- ISCW021090, pb- ISCW021086, 

Hox3- ISCW008920, mir-993- DS891538(3285900-3285829), Dfd- ISCW021080, mir-

10- DS891538(2780814-2780883), Scr- ISCW021072, ftz- ISCW021069, Antp- 

ISCW021061, Ubx- ISCW021058, abd-A- ISCW021054, mir-iab-4/8- 

DS891538(738928-738985), Abd-B- ISCW021042. Strigamia: lab- SMAR004159, pb- 

SMAR004160, mir-993- JH431446(342,867-342,928), Dfd- SMAR004162, mir-10- 

JH431446(360,353-360,424), ftz- SMAR004163, Antp- SMAR004164, Ubx- 

SMAR004167, abd-A- SMAR004168 mir-iab-4/8- JH431446(602,777-602,860), Abd-B- 

SMAR004172.  Daphnia: lab- 347216, pb- 347215, Hox3- 347135, mir-993- 

MI0012257, Dfd- 347211, mir-10- MI0012217, Scr- 347317, ftz- 347212, Antp- 347208, 

Ubx- 347209, abd-A- 236231, mir-iab-4/8- MI0012258, Abd-B- 347213. Tribolium: lab- 

NP_001107762, pb- TcasGA2_TC000925, zen2- TcasGA2_TC000922, zen- 

TcasGA2_TC000921, mir-993- MI0010588, Dfd- TcasGA2_TC000920, mir-10- 

MI0008899, Scr- TcasGA2_TC000917, ftz- NP_001034539, Antp- NP_001034505, Ubx- 

TcasGA2_TC000903, abd-A- TcasGA2_TC000894, mir-iab-4/8- 

MI0008933/MI0016296, Abd-B- TcasGA2_TC000889. Nasonia: lab- XP_008205504, 

pb - XP_001603788, zen- XP_001603758, mir-993- MI0014765, Dfd- XP_008205497, 

mir-10- MI0014737, Scr- NP_001128396, ftz- XP_001603670, Antp- NP_001161164, 

Ubx- XP_008205485, abd-A-XP_008205486, mir-iab-4/8- MI0014736/ MI0014735, 

Abd-B- XP_008205573. Anopheles: lab- AGAP004649, pb- AGAP004648, zen- 

AGAP004647, mir-993- MI0010597, mir-10- MI0001602, Dfd- AGAP004646, Scr- 

AGAP004659, ftz- AGAP013157, Antp- AGAP004660, Ubx- AGAP004661, abd-A- 

AGAP004662, mir-iab-4/8- MI0001636, Abd-B- AGAP004664. Apis: lab- GB51303, pb 

- GB51302, zen- GB51301, mir-993- MI0010620, Dfd- GB51299, Scr- GB51295, mir-10- 

MI0005727, ftz- LOC102656757, Antp- GB51292, Ubx- GB51290, abd-A- GB51287, 

mir-iab-4/8- MI0001598, Abd-B- GB51284. Drosophila: lab- FBgn0002522, pb- 

FBgn0051481, zen2- FBgn0004054, zen- FBgn0004053, bcd- FBgn0000166, mir-993- 

MI0005854, Dfd- FBgn0000439, mir-10- MI0000130, Scr- FBgn0003339, ftz- 

FBgn0001077, Antp- FBgn0260642, Ubx- FBgn0003944, abd-A- FBgn0000014, mir-iab-

8/4- MI0005805, Abd-B- FBgn0000015. Bombyx: lab- BGIBMGA014283, pb- 

BGIBMGA006400, zen- BGIBMGA006395, mir-993- MI0010626, Dfd- 
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BGIBMGA006485, Scr- BGIBMGA006486, mir-10- MI0004973, ftz- 

BGIBMGA006393, Antp- BGIBMGA006392, Ubx-BGIBMGA006390, abd-A- 

BGIBMGA006388, mir-iab-4/8- MI0010005/ MI0013534, Abd-B- BGIBMGA006385. 

 

Supplemental Table 2. Measurements of the size of coding and non-coding regions 

of Hox genes in Drosophila, Tribolium and Tetranychus. 

 

Supplemental Table 3. RNASeq expression data for Tetranychus urticae 

Antennapedia and fushi tarazu. Data taken from embryonic (embryo_techrep_#), larval 

(larvae_techrep_#), nymphal (nymph_techrep_#), and adult (adult_techrep_#) 

developmental stages, values are reads per kilobase per million mapped reads (RPKM). 

 

Supplemental Table 4. Positive BLAST hits and genomic locations of Hox cluster 

associated miRNAs in Tetranychus, Ixodes, and Strigamia.  

 

Supplemental File 1. Alignment of arthropod miRNAs mir-993, mir-10, and mir-iab-

4/8. 

 

Supplemental File 2. Global alignment of Tetranychus fushi tarazu and 

Antennnapedia nucleotide and protein sequences. 
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T. urticae I. scapularis S. maritima D. pulex T. castaneum N. vitripennis A. mellifera A. gambiae D. melanogaster B. mori 
lab 11,899 5,718 2,438 6,714 12,781 20,958 16,427 34,811 (Dfd) 17,163 380 

intergenic space 17,262 254,431 7,623 18,050 13,661 12,113 42,158 48,658 29,210 12,000,000 
pb 1,742 3,025 18,142 7,709 20,972 20,200 2,901 119 (mir-993) 34,263 3,019 

intergenic space 4,806 348,432 - 18,137 31,624 25,712 97,252 19,869 1,072 213,354 
zen2 62 (mir-993a) - - - 979 - - 1,295 (zen) 1,001 - 

intergenic space 492 - - - 217 - - 21,354 8,728 - 
zen 63 (mir-993b) - - - 941 3,544 4,532 34,819 (pb) 1,330 2,056 

intergenic space 2,464,809 - - - 8,921 25,629 38,441 105,117 1,648 45,863 
Hox3/bcd - - - 3,758 - - - 40,326 (lab) 3,624 - 

intergenic space - - 33,226 16,060 - - - 204,262 16,867 - 
mir-993 - 71 61 63 87 118 88 - 118 71 

intergenic space 469,414 350,806 12,016 14,778 17,238 14,334 22,460 - 15,385 26,311 
Dfd 1,938 500 1,749 1,614 9,783 6,287 6,724 - 10,592 2,313 

intergenic space 18,096 153,640 3,660 6,046 11,917 21,309 48,986 - 7,078 15,370 
mir-10 67 69 71 67 70 99 99 101 76 620 (Scr) 

intergenic space 13,442 306,328 - 15,171 12,463 23,361 30,902 20,553 13,538 38,325 
Scr 16,691 272 - 6,877 22,294 21,836 29,863 42,612 26,861 66 (mir-10) 

intergenic space 1,195 100,146 19,865 10,585 9,871 6,377 8,438 15,775 14,343 162,678 
ftz 1,795 332 2,483 2,127 1,082 2,040 3,798 1,435 1,920 1,432 

intergenic space 1,452 620,190 36,345 27,600 74,903 87,404 135,742 38,916 30,009 104,267 
ftz2 4,962 - - - - - - - - - 

intergenic space 98,510 - - - - - - - - - 
Antp 1,426 4,201 16,110 3,452 10,349 12,217 16,999 90,518 102,975 3,847 

intergenic space 6,271 405,671 47,895 16,498 132,683 167,958 212,740 195,031 9,657,395 324,700 
Antp2 22,942 - - - - - - - - - 

intergenic space 21,874 - - - - - - - - - 
Ubx 398 3,942 12,203 14,864 72,465 99,117 106,778 49,716 77,803 188 

intergenic space 18,997 382,132 44,303 66,812 91,710 104,140 126,831 69,907 72,788 257,737 
abd-A - 1,379 39,283 44,238 31,247 33,008 29,683 16,906 22,835 633 

intergenic space - 217,236 23,866 2,436 28,906 42,017 59,086 44,321 26,226 112,842 
mir-iab-4/8 - 57 83 59 93 68 84 83 67 62 

intergenic space - 317,268 89,215 32,367 82,943 111,740 161,847 113,400 70,868 252,268 
Abd-B 7,718 2,112 3,090 2,849 9,436 95,150 6,992 11,227 45,026 2,383 

Total (bp) 3,208,198 3,477,958 413,727 338,931 709,636 956,736 1,209,851 1,221,143 10,310,809 13,570,099 
Total intergenic space (bp) 3,136,620 3,456,280 318,014 244,540 517,057 642,094 984,883 897,294 9,965,155 13,553,715 

% genome Hox cluster 3.53 0.20 0.24 0.17 0.44 0.40 0.51 0.44 8.74 3.16 
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Species/Gene 
gene size 
(kb) 

processed 
transcript 
size (kb) 5' UTR (kb) 3' UTR (kb) 

coding sequence 
(kb) 

intron size 
(kb) # exons # introns 

Tetranychus lab 11.90 1.46 - - 1.46 10.43 4 3 
Tribolium lab 12.78 1.23 0.027 0.145 1.06 11.55 2 1 
Drosophila lab 17.17 2.78 0.650 0.244 1.89 14.39 3 2 
Tetranychus pb 1.74 1.69 0.15 - 1.55 0.05 2 1 
Tribolium pb 20.97 2.45 0.111 0.377 1.97 18.52 3 2 
Drosophila pb 34.27 3.73 0.412 1.964 2.35 30.54 8 8 
Tetranychus Dfd 1.98 1.65 0.02 0.27 1.37 0.33 2 1 
Tribolium Dfd 9.78 2.09 0.394 0.461 1.24 7.70 2 1 
Drosophila Dfd 10.60 2.74 0.489 0.492 1.76 7.85 5 4 
Tetranychus Scr 16.70 2.86 0.38 1.51 1.05 13.85 2 2 
Tribolium Scr 22.29 1.96 - 1.171 0.94 20.34 2 2 
Drosophila Scr 27.04 4.17 2.262 7.984 1.25 22.88 2 2 
Tetranychus ftz30 1.82 1.26 0.03 0.13 1.10 0.57 2 1 
Tetranychus ftz20 4.97 1.85 0.18 0.48 1.19 3.12 2 1 
Tribolium ftz  1.03 0.021 0.139 0.87 0.05 2 1 
Drosophila ftz  1.76 0.070 0.455 1.23 0.15 2 1 
Tetranychus Antp40 0.52 - - 0.52 0.90 5 4 
Tetranychus Antp30 2.59 1.14 0.33 1.13 28.74 3 6 
Tribolium Antp  3.19 0.827 1.374 0.97 7.17 2 1 
Drosophila Antp  4.64 2.035 89.318 1.09 98.34 3 5 
Tetranychus Ubx  0.49 0.07 0.02 0.40 0.00 1 0 
Tribolium Ubx 0.95 - - 0.95 71.52 3 2 
Drosophila Ubx 4.73 2.396 1.163 1.17 73.52 4 3 
Tetranychus Abd-B  1.45 0.02 0.78 0.66 0.61 3 2 
Tribolium Abd-B 2.68 4.333 1.465 1.06 6.75 2 3 
Drosophila Abd-B  3.70 2.179 40.631 0.81 41.32 4 6 
Tetranychus Avg. 1.58 0.25 0.50 1.04 5.86 2.60 2.10 
Tribolium Avg.  1.95 0.95 0.73 1.13 17.95 2.25 1.63 
Drosophila Avg.  3.53 1.31 17.78 1.44 36.12 3.88 3.88 
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ftz2520 ftz2530 Antp2430 Antp2440 
embryo_techrep1 23.5941901 0.981752059 41.89707216 0 
embryo_techrep2 23.71933924 0.628620416 38.94420498 0 
larvae_techrep1 14.03727903 0.606177309 29.21175063 0.680348652 
larvae_techrep2 15.07707006 0.567607344 25.51591398 0 
nymph_techrep1 2.477317014 0 14.9040487 0 
nymph_techrep2 3.585802953 0.309694262 13.58770471 0.34758819 
adult_techrep1 0.379186197 0 8.275642484 0 
adult_techrep2 0.489190573 0.179561716 9.04055087 0 
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Tetranychus urticae 
Name Query Hit Location start Location end Score / E-value 
mir-993 MI0005854 scaffold_11 2,464,836 2,464,810 41.0 / 0.004 

scaffold_11 2,464,873 2,464,850 37.4 / 0.048 
scaffold_11 2,465,389 2,465,365 35.6 / 0.17 
scaffold_11 2,465,427 2,465,404 35.6 / 0.17 

mir-10 MI0000130 scaffold_20 1,111,621 1,111,688 62.6 / 7e-10 
Ixodes scapularis 

Name Query Hit Location start Location end Score / E-value 
mir-993 MI0005854 DS891538 3,285,854 3,285,829 42.8 / 0.021 

DS891538 3,285,900 3,285,870 39.2 / 0.26 
mir-10 MI0000130 DS891538 2,780,814 2,780,883 77.0 / 5e-13 
mir-iab-4 MI0000432 DS891538 738,985 738,928 75.2 / 2e-12 
mir-iab-8 MI0005805 DS891538 738,928 738,985 75.2 / 2e-12 

Strigamia maritima 
Name Query Hit Location start Location end Score / E-value 
mir-993 MI0005854 Scaffold JH431446 342,867 342,928 76 / 6.2 
mir-10 MI0000130 Scaffold JH431446 360,353 360,424 81 / 9e-4 
mir-iab-4 MI0000432 Scaffold JH431446 602,777 602,860 90 / 6e-5 
mir-iab-8 MI0005805 Scaffold JH431446 602,777 602,860 90 / 6e-5 
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>bmo-mir-993a MI0010626 
------------------------------GGCACAUUCGUGAUCUACCCUGUAGAUCCG 
GGCUUUUGUAGAUUAAUUAC---AUCAGAAGCUCGUCUCUACAGGUAUCUCACGGCU--- 
-GGAA--- 
>dme-mir-993 MI0005854 
--AACGCUCCCGUGACCUACCCUGUAGUUCCGGGCUUUUGU-UUAAAUGGCGUUCGGCAC 
AUUGUCGGACUGCUGGCUCGAUUAUCAGAAGCUCGUCUCUACAGGUAUCUCACAG----- 
-GGUAGAA 
>aga-mir-993 MI0010597 
UGCGCUCCUCCGUGACCUACCCUGUAGUUCCGGGCUUUUGUGGGUUGAAAUAUUAUAC-- 
-AUAUAUAAUCUCAUAUACGCUUAUCAGAAGCUCGUUUCUAUAGAGGUAUCUCAGG---- 
-GAGUGAA 
>tca-mir-993 MI0010588 
------------------------------GGCACAUCCGUGAUCUACCCUGUAGAUCCG 
GGCUUUUGUAGAAUUUUUAG---AUCAGAAGCUCGUCUCUACAGGUAUCUUACGGAU--- 
-GGAA--- 
>nvi-mir-993 MI0014765 
-GCGAGAGACGACGGUGUUUGCGAAAGAUAGGCACAUUCGUGAUCUACCCUGUAGAUCCG 
GGCUUUUGUAGAAUUGUAGA--UAUCAGAAGCUCGUCUCUACAGGUAUCUUACGGAU--- 
-GACAU-- 
>ame-mir-993 MI0010620 
------------------------------GGCACAUUCGUGAUCUACCCUGUAGAUCCG 
GGCUUUUGUAGAAUUGUAAA--UAUCAGAAGCUCGUCUCUACAGGUAUCUUACGGAU--- 
-GACA--- 
>dpu-mir-993 MI0012257 
CAAAGCCUGCCAGUACCGA--------------------------UACCCUGUAGCUCCG 
GGCUUUUGUUUGGUUUCUAA-UAAUCAGAAGCUCGUUUCUACAGGUAUCUUACGGGUAAA 
CGAAAGAA 
>sma-mir-993 
-------------------------------------------------------AUCCG 
GGCUUUUGUAGAGUUA-------GUCAGAAGCUCGCCUUUACAGGUAUCUUACGGAU--- 
-GAGAAUU 
>isc-mir-993 MI0012289 
---------------------------CACGAGCCCUUCGUAAUCUACCCUGUAGAACCG 
GGCUUUUGUAGACUAGCGACCCUUUCAGAAGCUCGUUUCUACAGGUAUCUUGCG------ 
---AAAUC 
>tur-mir-993a (810-873) 
------------------------------------------GAGAAACCTGTAGAAACG 
AGCTTCTG-ACTCTTTCGGGTCTA-CAAAAGCCCGGGTCTACAG---------------- 
-GGTA--- 
>tur-mir-993b (365-427) 
--------------------------------------------GAAACCTGTAGAAACG 
AGCTTCTGACTCTTTACGGGTCTA-CAAAAGCCCGGGTCTACAG---------------- 
-GGTA--- 
 
//// 
 
>bmo-mir-10 MI0004973 
-------AGUGCCCUACAUCUACCCUGUAGAUCCGAAUUUGUU-UGAAGUGA----GGCG 
ACAAAUUCGGUUCUAGAGAGGUUUGUGUGGUGCACG---------- 
>dme-mir-10 MI0000130 
-------------CCACGUCUACCCUGUAGAUCCGAAUUUGUUUUAUACUAGCUUUAAGG 
ACAAAUUCGGUUCUAGAGAGGUUUGUGUGG---------------- 
>aga-mir-10 MI0001602 
GUCGAUUUAUGUUCUACAUCCACCCUGUAGAUCCGAAUUUGUU-UGAAUUUAUAUUAAUA 
ACAAAUUCGGUUCUAGAGAGGUUUGUGUGGGGCAUUUGUUAAC--- 
>tca-mir-10 MI0008899 
-----------CUCUACAUCUACCCUGUAGAUCCGAAUUUGUU-UGAAAUCA----GGCG 
ACAAAUUCGGUUCUAGAGAGGUUUGUG------------------- 
>nvi-mir-10 MI0014737 
CCCAGUUAAUGCUCUACAUCUACCCUGUAGAUCCGAAUUUGUU-UGAAGUCA----GGCG 
ACAAAUUCGGUUCUAGAGAGGUUUGUGUGGUGCAUACAAUGCUAC- 
>ame-mir-10 MI0005727 
CCCAGUUAAUGCUCUACAUCUACCCUGUAGAUCCGAAUUUGUU-UGAUAAGA----GGCG 
ACAAAUUCGGUUCUAGAGAGGUUUGUGUGGUGCAUACAGAGCUAC- 
>dpu-mir-10 MI0012217 
-GUUCAUCAUGCUCUACAUCUACCCUGUAGAUCCGAAUUUGUAGUUGCAUCA----CAAG 
ACAAAUUCGGUUCUAGAGAGGUUCGUGUGGGGCAUAAACAGCUACA 
>smar-mir-10 
-------------CUACAUCUACCCUGUAGAUCCGAAUUUGUAAGACAAU------GAGA 
ACAAAUUCGGUUCUAGAGAGGUUCGUGUGGU--------------- 
>isc-mir-10 
---------------ACAUCUACCCUGUAGAUCCGAAUUUGUC-UGCAACAA----GACU 
ACAAAUUCGGUUCUAGAGAGGUUUGUGUGG---------------- 
>tur-mir-10 
---------------------ACCCUGUAGAUCCGAAUUUGUC-AGAAAAUUGAUUUGCC 
ACGAAUUCGGCUCUAGAGAGGUUUGUGUGG---------------- 
 
/// 
 
>bmo-mir-iab-4 MI0010005 
-----GCGUCGCCUUCUGUACGUAUACUGAAUGUAUCCUGAGUGCGCGAUUCUUGUCCGG 
UAUACCUUCAGUAUACGUAACAGAAGAUGACAC------- 
>bmo-mir-iab-8 MI0013534 
----GUGUCAUCUUCUGUUACGUAUACUGAAGGUAUACCGGACAAGAAUCGCGCACUCAG 
GAUACAUUCAGUAUACGU-ACAGAAGGCGACGC------- 
>dme-mir-iab-4 MI0000432 
-------------UCGUAAACGUAUACUGAAUGUAUCCUGAGUGU----AUCCUAUCCGG 
UAUACCUUCAGUAUACGUAACACGA--------------- 
>dme-mir-iab-8 MI0005805 
------------UCGUGUUACGUAUACUGAAGGUAUACCGGAUAG----GAUACACUCAG 
GAUACAUUCAGUAUACGU-UUACGA--------------- 
>aga-mir-iab-4 MI0001636 
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-----GUGCCGCUUCAUGAACGUAUACUGAAUGUAUCCUGAGUGC----UACUUAUCCGG 
UAUACCUUCAGUAUACGUAACAAGAGGCGACAC------- 
>tca-mir-iab-4 MI0008933 
------UUAAACCCCCUGUACGUAUACUGAAUGUAUCCUGAGUGU----UUUCUGUCCGG 
UAUACCUUCAGUAUACGUAACAGGAGGCCAC--------- 
>tca-mir-iab-8 MI0016296 
UGAAAUGUGGCCUCCUGUUACGUAUACUGAAGGUAUACCGGACAG----AAAACACUCAG 
GAUACAUUCAGUAUACGU-ACAGGGGGUUUAACAUUCUG- 
>nvi-mir-iab-4 MI0014736 
-------------CCCUGUACGUAUACUGAAUGUAUCCUGAGUGU---AUUUCUGUCCGG 
UAUACCUUCAGUAUACGUAACAGGA--------------- 
>nvi-mir-iab-8 MI0014735 
------------UCCUGUUACGUAUACUGAAGGUAUACCGGACAG---AAAUACACUCAG 
GAUACAUUCAGUAUACGU-ACAGGG--------------- 
>ame-mir-iab-4 MI0001598 
-----GUGAAACCCCCUGUACGUAUACUGAAUGUAUCCUGAGUGU---AUUUCUGUCCGG 
UAUACCUUCAGUAUACGUAACAGGAGGCUACAC------- 
>dpu-mir-iab-4 MI0012258 
UGGAUGUUUAACCCCCUGGACGUAUACUGAAUGUAUCCUGAGCUU---CAUUCAUUCCGG 
UAUACCUUCAGUAUACGUAACAGGAGGCAACACUUUCAAC 
>sma-mir-iab-8 
----GUAGGGCCUCCUGUUACGUAUACUGAAGGUAUACCGGAAUA----UAUAUGCUCAG 
GAUACAUUCAGUAUACGU-CCAGGGGGUUUUAC------- 
>isc-mir-iab-8 
----------------GUUACGUAUACUGAAGGUAUACCGGAAAA---UUAAACACUCAG 
GAUACACUCAGUAUACG----------------------- 

Supplemental File 1. 
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Tetranychus urticae Antennapedia paralogs nucelotide alignment 

 

NW Score Identities Gaps Strand 

-250  623/1131(55%) 318/1131(28%) Plus/Plus 

 

02430  1     ATGTGTGATATGAGTCCATATTTTACCAACACATCAACATATGGCTCTGGTTCAAATGGA  60 

             |||  |          |||  |||| |||| | |     | || ||||    ||  |||| 

02440  1     ATGCTT----------CATGCTTTATCAAC-CTTTTTTTTGTG-CTCT----CA--TGGA  42 

 

02430  61    CATGAAACCTATGGAAGTGAAACTCATCATCACCATGGGTTATCCCAGTGCCATGAAAAT  120 

               | ||          ||      || | | ||              |||| |  ||||  

02440  43    --TTAA----------GT------CAGCTTTAC--------------GTGCAACAAAAA-  69 

 

02430  121   GGACGAG-GACCAGTAACAGGGACAGGTCATTATGCATCATACCAGCAAATGCAATACTC  179 

                 ||| || ||||  ||   |||    |||| |  |  | ||| |   | ||| | || 

02440  70    ----GAGCGAACAGTTTCAACAACA----ATTAAGTTTTTT-CCA-CTTTTTCAA-ATTC  118 

 

02430  180   CCCTGGTTTAACATCATCTTCACAACAACCACACCCACGTTTTCCTCCATTTGATCGATT  239 

                |  ||||  |  | |||  |     || |  |||   | | |||  ||| ||  ||| 

02440  119   G--TAATTTAG-ACGAACTTTTCT----CCTCTTCCATTCTCTACTCTCTTTTATACATT  171 

 

02430  240   AACATTAAGAGAGCTGGAAGCAACCAATTCTCATGAAGTCAAATATGAACCAACTAT-TC  298 

             |  |||       ||   | ||  |  || ||||    |||| | |   |  |  || || 

02440  172   ATTATTT------CTTTTA-CACACTTTTATCATTCC-TCAATT-TCCTCTTATAATCTC  222 

 

02430  299   CATACTATAACTGTTCAAGTAACGGTGTACCTTCAGGTCCACCTGCACCTGATGACAATT  358 

             ||| || ||     |||| | |   | || |||    || |   || | |  | ||  || 

02440  223   CATTCTTTACTCACTCAATTTAACTTATATCTTTCTCTCGAAG-GCTCTTTTT-ACCTTT  280 

 

02430  359   CTCATCAACAAACATCAATACCACCGTCTCAATTAACATCGCCCCAACAAGCAACTGTAT  418 

              || | | |     ||  | | ||| | ||  ||         ||  ||  ||  | | | 

02440  281   TTCTTGATC-----TCTTTTCAACCTT-TCTTTT---------CCTTCATCCATTT-TCT  324 

 

02430  419   CTCAGCAAGCTCAACAAACTGCTCAATCGTTAACATCACCCTATGATTGTGGAGGCGGAG  478 

              ||  ||   ||      || ||   || || ||| |  | | |  ||||           

02440  325   TTCTTCATCTTCTTTCTTCTTCTTCTTC-TTGACAGC--CATTTTCTTGTC---------  372 

 

02430  479   GTGTAGGTCATAGTCGTATTCACAGTTTAACTCCTC-CACATGACTCAACGAACCAGCAA  537 

                    |||    | || || |   |||  ||||| | | |  ||||             

02440  373   -------TCA----CCTAATCTC---TTAT-TCCTCTCTCCTTTCTCA------------  405 

 

02430  538   TATGTTAGTTGTAAAATGCAACAAATTCAACACCCTCATAGAGATATAATGGCCGGTCCT  597 

                |||  || | ||   |||||||    ||    || ||||  |||||            

02440  406   ---GTTT-TTATCAA---CAACAAA----ACTGAATC-TAGATCTATAA-----------  442 

 

02430  598   CAGGGACACATGCTACAAGTATCGGGTTCAACATCACCGCCAATGTCTGGCAACCAAAGT  657 

                      ||| ||    ||| || |||                                

02440  443   ---------ATGATAA---TATAGG-TTC-------------------------------  458 

 

02430  658   GGTAATCAAATGTATCCTGGTCCAGTAGAAAGTCCTAGTGAACCCAATTCAAGTTCATCA  717 

               | ||  | || |||||              ||||  |||| |  |||   |      | 

02440  459   --TTAT--ACTGCATCCT--------------TCCTCTTGAAAC--ATTTGGG------A  492 

 

02430  718   ATTGCACCAAATTATTTTCCCTGGATGAAAAGTCAGTTTGAACGTAAAAGAGGTCGTCAA  777 

             ||| |                     ||||            |||||||||||||||||| 

02440  493   ATTTC---------------------GAAA------------CGTAAAAGAGGTCGTCAA  519 

 

02430  778   ACATACACTCGATATCAAACCCTGGAACTGGAAAAAGAGTTTCATTATAATCGTTATTTG  837 
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             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

02440  520   ACATACACTCGATATCAAACCCTGGAACTGGAAAAAGAGTTTCATTATAATCGTTATTTG  579 

 

02430  838   ACTCGTCGACGGCGCATTGAAATAGCCAACATTTTATGTTTAACTGAACGTCAAATTAAA  897 

             ||||||||| |||||||||||||||||||||||||||||||||||||||||||||||||| 

02440  580   ACTCGTCGAAGGCGCATTGAAATAGCCAACATTTTATGTTTAACTGAACGTCAAATTAAA  639 

 

02430  898   ATTTGGTTTCAAAATAGACGAATGAAGTGGAAAAAGGAGAATAACAAGAAAGACATGAAT  957 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

02440  640   ATTTGGTTTCAAAATAGACGAATGAAGTGGAAAAAGGAGAATAACAAGAAAGACATGAAT  699 

 

02430  958   TCAGGTGTAACATTGATGGTAGGTAATGATGGAAATGGTTCATCAGGAGCCAATGGAAAC  1017 

             |||||||||||||||||||||||||||||||||||||||||||||||||||||||||||| 

02440  700   TCAGGTGTAACATTGATGGTAGGTAATGATGGAAATGGTTCATCAGGAGCCAATGGAAAC  759 

 

02430  1018  AATTCAAGTTCACACTCAACCGGTAATCCAGGTTCAGGAGGTAGTAATAATAGCAACAAT  1077 

             |||||||||||||  ||| ||   ||||                  ||| |  ||||    

02440  760   AATTCAAGTTCACTGTCAGCCACAAATC------------------ATATTT-CAAC---  797 

 

02430  1078  AATACAAGTGGCCCTATTGGTGGACCACTAGTAAGTAAACTGGAACACTAA  1128 

                 |||       |||            |||   | | ||      |||  

02440  798   ----CAA-------TAT------------AGT---TTATCT------CTAG  816 

 

 

 

Tetranychus urticae Antennapedia paralogs protein alignment 

 

NW Score Identities Positives Gaps 

326  126/387(33%) 155/387(40%) 128/387(33%) 

 

02430  1    MCD-MSPYFTNTSTYGSGSNGHETYGSETHHHHGLSQCHENGRGPVTGTGHYASYQQMQY  59 

            M   +S +F  +                    HGLSQ                        

02440  1    MLHALSTFFLCS--------------------HGLSQ-----------------------  17 

 

02430  60   SPGLTSSSQQPHPRFPPFDRLTLRELEATNSHEVKYEPTIPYYNCSSNGVPSGPPAPDDN  119 

                                L +++ E T S  +K+ P     N                 

02440  18   --------------------LYVQQKERTVSTTIKFFPLFQIRN----------------  41 

 

02430  120  SHQQTSIPPSQLTSPQQATVSQQAQQTAQSLTSPYDCGGGGVGHSRIHSLTPPHDS----  175 

                       L     +++         S T  Y      +    +HSL    +      

02440  42   -----------LDELFSSSILYSLLYIIISFTHFYH---SSISSYNLHSLLTQFNLYLSL  87 

 

02430  176  TNQQYVSCKMQQ---IQHPHRD----IMAGPQGHMLQVSGSTSPPMSGNQSGNQMYPGPV  228 

                Y+   +       HP       ++     H L      SP +      +        

02440  88   EGSFYLFLDLFSTFLFLHPFSFFIFFLLLLLDSHFL-----VSPNLLFLSPFSVFINNKT  142 

 

02430  229  ESPSEPNSSSSIAPNYFPWMKSQFERKRGRQTYTRYQTLELEKEFHYNRYLTRRRRIEIA  288 

            ES S  ++  S   ++        +RKRGRQTYTRYQTLELEKEFHYNRYLTRRRRIEIA 

02440  143  ESRSINDNIGSYTASFLLKHLGISKRKRGRQTYTRYQTLELEKEFHYNRYLTRRRRIEIA  202 

 

02430  289  NILCLTERQIKIWFQNRRMKWKKENNKKDMNSGVTLMVGNDGNGSSGANGNNSSSHSTGN  348 

            NILCLTERQIKIWFQNRRMKWKKENNKKDMNSGVTLMVGNDGNGSSGANGNNSSS S    

02440  203  NILCLTERQIKIWFQNRRMKWKKENNKKDMNSGVTLMVGNDGNGSSGANGNNSSSLSA--  260 

 

02430  349  PGSGGSNNSNNNTSGPIGGPLVSKLEH  375 

                 +N+ + N            +   

02440  261  -----TNHISTNI-----------VYL  271 

 

 

 

Tetranychus urticae fushi tarazu paralogs nucelotide alignment 

 

NW Score Identities Gaps  Strand 
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939  930/1251(74%) 207/1251(16%) Plus/Plus 

 

02520  1     ATG------GCCATGAGTTCGTTTTTGATGAACCCAGCGGCATATATGGCTGCTGCAGCC  54 

             |||      ||||||||||||||| ||||||||||||||||||||| ||||||||||||| 

02530  1     ATGAGTATTGCCATGAGTTCGTTTGTGATGAACCCAGCGGCATATACGGCTGCTGCAGCC  60 

 

02520  55    GCGGCGGATGCTGCCAGTGGC---TATTCCCTGTCAAGTTATTATGATGTTACTGCAAGT  111 

             |||| ||||||||| ||||||   |||||      |||||| ||||||||||| | |||| 

02530  61    GCGGAGGATGCTGCGAGTGGCGGCTATTC------AAGTTACTATGATGTTACGGGAAGT  114 

 

02520  112   GCATCGGGACTTGGTGGTGTCAGTGGTGGCGGTGGTGGTGGTGGGTCTAGTGTTGTTGTC  171 

              |||| |||||||||||||   ||||||| || |||||          |||||   |||  

02530  115   TCATCTGGACTTGGTGGTG---GTGGTGGTGGAGGTGGA---------AGTGTAAGTGTA  162 

 

02520  172   AATTCATCGGTCAACAGTGTGCTTGGTGGCAACTCAAATGGATCTGTAAATGGTGGTAAC  231 

             | |||      |||||||               |||||||  ||             ||| 

02530  163   AGTTC------CAACAGT---------------TCAAATG--TC-------------AAC  186 

 

02520  232   AATGGAGGTTCAAACGGGAATCCTGGTAATGACAATTCAACTGTCAACTCTGGACACCTT  291 

             | |     ||             |||        ||||||   |||               

02530  187   ACT-----TT-------------TGG--------ATTCAA---TCA--------------  203 

 

02520  292   TCACCAGTGACTTCGTCTTGTGTTGGCAACTCTTTTGGATTTAACCATCATTC---CCAT  348 

             |||        ||| ||||                         |||||||||   | || 

02530  204   TCA--------TTCCTCTTC------------------------CCATCATTCATTCAAT  231 

 

02520  349   CATCATCAAAGTTCACCCATTCCCGGTTATCCTACCCATGTCAACGATCCTCGATCACAC  408 

             ||||| |||||| |||| ||||||||||||| ||| |||||||||||| | |  ||  || 

02530  232   CATCACCAAAGTACACCGATTCCCGGTTATCATACTCATGTCAACGATTCCCTTTCCAAC  291 

 

02520  409   TATGGATCACCTCATCATCCCCATCATCCTCACCACACTCACCATCCTCATCACAATCAT  468 

             |||||||||||||| ||||| || ||||   ||||  |||| ||| | |  || |||||| 

02530  292   TATGGATCACCTCACCATCCGCACCATCTCAACCATTCTCAACATTCCCTGCAAAATCAT  351 

 

02520  469   CACTCACAATTGACTAATCATCA--TG-CTCACCATTCACCT---CACCATCCA-CTCTC  521 

             |  |||  || |    |||| ||  || ||||||||||||||   |||||| || | | | 

02530  352   CT-TCA--ATCGCACCATCAACACTTGACTCACCATTCACCTGGACACCATTCATCGCCC  408 

 

02520  522   --TCATCCTCACCATCCTCATCAACAATATTATGGAAGCCAAAGTGTTCCCGGTTCGGGT  579 

               ||| ||||||||||||||||||||||||||||||| |||||||||||||||| | ||| 

02530  409   CTTCACCCTCACCATCCTCATCAACAATATTATGGAACCCAAAGTGTTCCCGGTGCTGGT  468 

 

02520  580   CCAATGGGCTCCATTGGTCAACATGTTTCACTTGGTTCAACCGATTCTTCCCTTGAACCT  639 

             || ||||| ||  |||||||| |||||||||||||||||||||||||||||||||||||| 

02530  469   CCCATGGGATCACTTGGTCAAAATGTTTCACTTGGTTCAACCGATTCTTCCCTTGAACCT  528 

 

02520  640   TCACCAGAGATTTTAACTCATCCTCATCACCTTTTAGCTACTTCATCTGGTCTCTTATCA  699 

             |||||||  ||||||||||||||||||||||||||||||||||||||||||||| ||||| 

02530  529   TCACCAGGAATTTTAACTCATCCTCATCACCTTTTAGCTACTTCATCTGGTCTCCTATCA  588 

 

02520  700   CACCATCATCATCCCAATGTTTCATCGCCTTCACCTTCATCTA---ATCACCATCAACAA  756 

             |||||||||||||||||||||||||| ||||| || ||| |||   |||| || || ||| 

02530  589   CACCATCATCATCCCAATGTTTCATCACCTTCGCCCTCACCTAGTCATCAACAGCAGCAA  648 

 

02520  757   CAACAATCATCTTCATCATCCCTTCGACATCAAACAGGATCCAATCATCACCATCAAACA  816 

             ||||||  ||| || ||||| ||||   ||||||| ||||| ||||||||         | 

02530  649   CAACAACAATCATCTTCATCTCTTC---ATCAAACTGGATCAAATCATCA---------A  696 

 

02520  817   CAACAGTTAGATATTAAATC---------AGAAGTTAAATCAATTATCAGTGATTCTCCA  867 

             |||   |||||| |||||||         |||  || ||||||| |   ||||| ||||  

02530  697   CAA---TTAGATGTTAAATCTAATCTATTAGACATTCAATCAATGA---GTGATCCTCCC  750 

 

02520  868   TCTCCACCGGACTGTGCAATCTCAGGAAACAGTGGAAGTAATTCAGGTGCTTCAGGTGCT  927 
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             |||||||||||||||||||||||||| ||||| |||||||||||||||||||||||| || 

02530  751   TCTCCACCGGACTGTGCAATCTCAGGGAACAGCGGAAGTAATTCAGGTGCTTCAGGTACT  810 

 

02520  928   GGTCAACCTGTTATTTATCCATGGATGAAAAAAGCTCATGATAATCAAGTCACTCCAGGT  987 

             |||||||| || || ||||| |||||||||||||||||||||||||||  |||||||||| 

02530  811   GGTCAACCCGTCATCTATCCTTGGATGAAAAAAGCTCATGATAATCAAACCACTCCAGGT  870 

 

02520  988   TCAAAACGGACTCGTCAAACTTACACCCGTTATCAAACATTGGAGCTTGAAAAGGAATTT  1047 

             ||||||||||||||||||||||| |||||||||||||||||||||||||||||||||||| 

02530  871   TCAAAACGGACTCGTCAAACTTATACCCGTTATCAAACATTGGAGCTTGAAAAGGAATTT  930 

 

02520  1048  CATTCAAATAAATATTTAACTCGACGCAGACGGATTGAAATAGCTCATACACTTCATCTA  1107 

             ||||||||||||||||||||||||||||||||  |||||||||||||||||||||||||  

02530  931   CATTCAAATAAATATTTAACTCGACGCAGACGAGTTGAAATAGCTCATACACTTCATCTC  990 

 

02520  1108  ACTGAGCGACAGATAAAAATTTGGTTCCAAAATCGACGGATGAAACAGAAAAAAGAGTCA  1167 

             || || |||||||||||||||||||||||||||||||||||||||||||| || ||| || 

02530  991   ACCGAACGACAGATAAAAATTTGGTTCCAAAATCGACGGATGAAACAGAAGAAGGAGCCA  1050 

 

02520  1168  AAAGTACCTGC-------------AATCAAC-TTTAGT----------TAG  1194 

             || |||||||              || |||  |||  |          ||  

02530  1051  AATGTACCTGACCTTTATTTAGAGAAACAATATTTTCTAACTCAAACATAA  1101 

 

 

 

Tetranychus urticae fushi tarazu paralogs protein alignment 

 

NW Score Identities Positives Gaps 

1345  278/417(67%) 301/417(72%) 71/417(17%) 

 

02520  1    M--AMSSFLMNPAAYMAAAAAADAASGYSLSSYYDVTASASGLGGVSGGGGGGGSSVVVN  58 

            M  AMSSF+MNPAAY AAAAA DAASG   SSYYDVT S+SGLGG    GGGGG SV V+ 

02530  1    MSIAMSSFVMNPAAYTAAAAAEDAASG-GYSSYYDVTGSSSGLGG----GGGGGGSVSVS  55 

 

02520  59   SSVNSVLGGNSNGSVNGGNNGGSNGNPGNDNSTVNSGHLSPVTSSCVGNSFGFNHHS---  115 

            S+ ++V                                          N+FGFNHHS    

02530  56   SNSSNV------------------------------------------NTFGFNHHSSSH  73 

 

02520  116  ---HHHQSSPIPGYPTHVNDPRSHYGSPHHPHHPHHTHHPHHNHHSQLTNHHAHHSPHHP  172 

               +HHQS+PIPGY THVND  S+YGSPHHPHH +H+ H   NH      H  HHSP H  

02530  74   HSFNHHQSTPIPGYHTHVNDSLSNYGSPHHPHHLNHSQHSLQNHLQSHHQHLTHHSPGHH  133 

 

02520  173  LS--HPHHPHQQYYGSQSVPGSGPMGSIGQHVSLGSTDSSLEPSPEILTHPHHLLATSSG  230 

             S  HPHHPHQQYYG+QSVPG+GPMGS+GQ+VSLGSTDSSLEPSP ILTHPHHLLATSSG 

02530  134  SSPLHPHHPHQQYYGTQSVPGAGPMGSLGQNVSLGSTDSSLEPSPGILTHPHHLLATSSG  193 

 

02520  231  LLSHHHHPNVSSPSPSSNHHQQQQSSSSSLRHQTGSNHHHQTQQLDIKSEVKSI--ISDS  288 

            LLSHHHHPNVSSPSPS +H QQQQ  SSS  HQTGSNH    QQLD+KS +  I  +SD  

02530  194  LLSHHHHPNVSSPSPSPSHQQQQQQQSSSSLHQTGSNH----QQLDVKSNLLDIQSMSDP  249 

 

02520  289  PSPPDCAISGNSGSNSGASGAGQPVIYPWMKKAHDNQVTPGSKRTRQTYTRYQTLELEKE  348 

            PSPPDCAISGNSGSNSGASG GQPVIYPWMKKAHDNQ TPGSKRTRQTYTRYQTLELEKE 

02530  250  PSPPDCAISGNSGSNSGASGTGQPVIYPWMKKAHDNQTTPGSKRTRQTYTRYQTLELEKE  309 

 

02520  349  FHSNKYLTRRRRIEIAHTLHLTERQIKIWFQNRRMKQKKESKVPAINF--------S  397 

            FHSNKYLTRRRR+EIAHTLHLTERQIKIWFQNRRMKQKKE  VP +          + 

02530  310  FHSNKYLTRRRRVEIAHTLHLTERQIKIWFQNRRMKQKKEPNVPDLYLEKQYFLTQT  366 

 

Supplemental File 2.  
 

 



 134 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 135 

APPENDIX D 
 
 
 
 

Changes in Hox gene clustering correspond with shifts in chelicerate Hox gene 
expression domains 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
- Manuscript prepared for publication - 

 
 
 
 
 
 
 
 
 
 
 
 



 136 

Changes in Hox gene clustering correspond with shifts in chelicerate 
Hox gene expression domains  
 
Running title: Spider mite Hox gene expression domains 
 
Authors & Affiliations 
 
Ryan M. Pace1, Vladimir Zhurov2, Miodrag Grbić 2,3, Lisa M. Nagy1* 
 

1Department of Molecular and Cellular Biology, University of Arizona, Tucson AZ 
85721, USA 
2Department of Biology, University of Western Ontario, London, Ontario, N6A 5B7, 
Canada 
3Instituto de Ciencias de la Vid y del Vino CSIC, Universidad de la Rioja, Logroño 
26006, Spain 
 
*Corresponding author contact information: lnagy@email.arizona.edu, 520-626-2368 
(phone), 520-621-3709 (fax) 
 
 
Abstract 

Background: Most arthropods contain a nearly identical set of Hox genes that function 

to promote segment identity along the anteroposterior body axis. Changes in the relative 

boundaries of expression and the downstream targets of Hox genes, but not the loss of 

Hox genes, have been linked to morphological diversification along the arthropod 

anteroposterior body axis. We recently reported that the two-spotted spider mite 

Tetranychus urticae contains a reduced complement of Hox genes: no evidence for 

orthologs of either abdominal-A or Hox3 was found in the genome. The absence of the 

posterior class Hox gene abdominal-A corresponds with an extreme reduction in the size 

of and segment number in the posterior body region of the spider mite, while the absence 

of Hox3 has no morphological correlate. 

Results: We analyzed the expression of the anterior class Hox gene Deformed, and the 

posterior class Hox genes Antennapedia, Ultrabithorax, and Abdominal-B during early 

spider mite development. Both Deformed and Antennapedia are expressed in novel 

domains in the anterior body region: the expression domains of both genes are shifted 

anterior and span a reduced number of segments relative to other chelicerates, for 

example scorpions, spiders, and harvestman. The anterior borders of Ultrabithorax and 
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Abdominal-B expression are also shifted anterior relative to their expression in other 

chelicerates.  

Conclusions: Our findings reveal that the Hox genes Deformed, Antennapedia, and 

Ultrabithorax contain anterior shifts in their expression domains. Additionally, the 

expression domains of Antennapedia and Ultrabithorax are reduced along the 

anteroposterior axis. While these shifted expression domains appear to be specific to 

Tetranychus, the reduction in their domains of expression, and that of Abdominal-B, is 

consistent with previous data from a related mite. These data suggest that reduced 

expression domains are a feature of mite Hox genes and provide support for the 

hypothesis that Antennapedia represses appendage development during embryogenesis in 

chelicerates. 

 

Keywords: Hox, evolution, development, expression, arthropod, chelicerate, 

Tetranychus 
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Background 

Arthropods have enormous morphological diversity, due in large part to variation in body 

segment number and identity along the anterior-posterior (A/P) body axis (see [1] for 

review). The identity of body segments is controlled by a set of transcription factors 

known as the Hox genes, which interestingly are generally found to be arranged in a 

cluster in the genome that mirrors their expression domains along the anteroposterior axis 

[2-4]. These transcription factors and their genomic arrangement are conserved not only 

in arthropods, but also throughout the metazoan lineage. While these “master regulators” 

of segment identity are conserved, they have been shown to play a role in body plan 

evolution in two ways: their upstream regulators can change - such that the boundaries of 

their expression domains vary [5, 6] (see [1] for review); or their downstream targets can 

vary [7, 8] (see [9] for review). Both of these types of regulatory changes to Hox gene 

networks have been shown to correlate with morphological changes in segment identity. 

 

In addition to changes both upstream and downstream of the Hox genes within their gene 

networks, arthropod genes have also been known to undergo functional divergence, as is 

illustrated by the evolutionary history of the Hox3 and fushi tarazu genes. In Drosophila 

and other higher insects, Hox3 has functionally diverged, through gene duplication, from 

its classic role in promoting segment identities. The Hox3 orthologs of higher insects, 

bicoid (specific to dipterans) [10] and zerknüllt, function upstream of the Hox genes. 

bicoid is maternally transcribed and deposited in the egg whereupon it functions to 

organize the anterior body plan [11], and zerknüllt is expressed in and required for the 

proper formation of the extra-embryonic membrane [12]. Interestingly, there does not 

appear to be any correlate with morphological change due to the loss of the original Hox3 

gene function. Indeed, to date there do not seem to be any examples of the complete loss 

of genes from the Hox cluster correlate with evolutionary changes in segment identity, 

and thus morphology. 

 

Although there have been reports from PCR surveys in arthropods that individual Hox 

genes could not be found, we previously reported the first documented loss of Hox genes 

from an arthropod Hox cluster via genomic sequencing [13]. The two-spotted spider mite 
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Tetranychus urticae (Chelicerata, Acariformes) is missing both Hox3 and abdominal-A 

(abd-A). While the absence of Hox3 has no apparent morphological correlate, the loss of 

abd-A does correlate with a reduction in the segmentation of the posterior body region. 

Of particular interest, abd-A is also believed to be missing from several other arthropod 

taxa that contain reduced posterior segmentation, including a related mite- the oribatid 

mite Archegozetes longisetosus [14-18].  

 

In chelicerates, the posterior body region is known as the opisthosoma, a region 

homologous to the insect abdomen [19]. In spiders, scorpions, and horseshoe crabs, the 

opisthosoma contains eight to twelve segments, excluding the telson [20]. However, in 

mites, including Tetranychus and Archegozetes, the opisthosoma contains as few as two 

segments, as defined by the embryonic expression of the segmental marker engrailed [13, 

21]. While the opisthosoma typically bears no walking legs, it does contain specialized 

appendages such as the book gills of horseshoe crabs, the pectines of scorpions (present 

on opisthosomal segment 3, O3), and the silk spinnerets of spiders (present on O4 and 

O5). Thus, as the opisthosoma varies greatly in both the number of segments and 

segmental identities, it makes for an attractive model for use in studies of the evolution of 

morphological diversity due to changes in Hox gene expression.  

 

A subset of the Hox genes are typically expressed in the chelicerate opisthosoma 

including Antennapedia (Antp), Ultrabithorax (Ubx), abdominal-A (abd-A), and 

Abdominal-B (Abd-B). While their expression domains are mostly overlapping, they are 

not identical; the anterior expression borders of these genes are in a staggered 

arrangement [22-25]. Antp is expressed from the first walking leg segment or the first 

opisthosomal segment to the terminus (Figure 1 and 3). Ubx is expressed from the second 

walking leg segment or the first opisthosomal segment to the terminus (Figure 1 and 3). 

abd-A and Abd-B are expressed from the second and third opisthosomal segments to the 

terminus (Figure 1 and 3). This staggered arrangement of the anterior expression border 

of this group of genes is inferred to contribute to the unique segmental identities of the 

opisthosoma [24, 25].  
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In insects, the Bithorax complex genes Ubx, abd-A and Abd-B function to maintain a 

limbless abdomen [8, 26-29]. In the spider Parasteatoda tepidariorum, the Antp and Ubx 

genes controls this function [19]. The spider Parasteatoda Antp demarcates the boundary 

between the anterior and posterior body regions through repressing appendage 

development in the first opisthosoma segment [19]. Interestingly, while it is unknown if 

this is a conserved function in chelicerates, Antp was demonstrated to be expressed as far 

anterior as the posterior compartment of the L4 segment in Archegozetes [30]. This 

expression domain is of note as mites (e.g. Tetranychus and Archegozetes) from the 

acariformes assemblage of chelicerates only pattern three pairs of walking legs during 

embryogenesis [21]; the fourth pair of walking legs do not emerge until a nymphal moult. 

If Antp has a conserved function in repressing appendage development in chelicerates, it 

might be expected that a shift in the anterior domain of expression of Antp, and thus its 

downstream targets, into the L4 segment has occurred in mites with a developmental 

delay of the fourth pair of walking legs. However, it is not clear if the Archegozetes Antp 

expression domain is derived or representative of mites.  

 

Here, in light of the absences of Hox3 and abd-A from the genome, and the reduced 

opisthosoma and developmental delay in walking legs of the two-spotted spider mite 

Tetranychus urticae, we tested whether the loss of Hox genes correlate with changes in 

the expression of the Hox genes that flank the missing genes. Through in situ 

hybridization, we show that the remaining posterior class Hox genes Tu-Antp, Tu-Ubx, 

and Tu-Abd-B, as well as the anterior class Hox gene Tu-Deformed contain unique 

domains of expression during embryogenesis. Taken together, these data correspond to 

changes in segmental identities along the A/P axis and suggest several potential 

evolutionary scenarios that should be tested through future functional analyses in 

chelicerates. 

 

Methods 

Animal husbandry 

Two-spotted spider mites were cultured as previously described [31]. 
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Isolation of Tetranychus Hox genes 

Tetranychus urticae Hox gene sequences were collected from the Online Resource for 

Community Annotation of Eukaryotes (OrcAE) [32]. Portions of the Tetranychus 

orthologs of Antennapedia (819 bp), Ultrabithorax (550 bp), Abdominal-B (1304 bp), and 

Deformed (501 bp) were amplified from genomic DNA using primers designed with 

PRIMER3, and cloned into pCR2.1-TOPO vectors with the TOPO TA cloning kit 

(Invitrogen) or pSC-A-amp/kan vectors with the StrataClone PCR cloning kit (Agilent). 

Putative clones were verified through sequence analyses. The following primers were 

used: TuAntp Forward (5’-ATGGCTCTGGTTCAAATGGA-3’), TuAntp Reverse (5’-

TCATCCAGGGAAAATAATTTGG-3’), TuUbx Forward (5’-

CATTTGCCTAATCTGATGTTTTCTT-3’), TuUbx Reverse (5’-

TTTCGAGTATTTTCACCTGTCG-3’), TuAbdB Forward (5’-

AAATTGAAACCTCTTTGGCAAG-3’), TuAbdB Reverse (5’-

CACCCAGAGGCAACATCTTT-3’), TuDfd Forward (5’-

TTCGCACAGTTCAAAATGGA-3’), and TuDfd Reverse (5’-

ATCCATATGCTGCTGCTTCA-3’). 

 

Whole mount in situ hybridization 

Antisense digoxigenin labeled riboprobes were prepared from PCR templates using T7 

RNA polymerase (Roche) and DIG RNA labeling mix (Roche). Whole mount in situ 

hybridization was performed as previously described [31, 33, 34], with the following 

modifications. Fixed embryos stored in methanol were stepped into phosphate-buffered 

saline with 0.1% Tween 20 (PBSTw). In KIMAX 51 borosilicate glass culture tubes (12 

x 75 mm) embryos were devitellinized using several brief pulses (1-5 seconds) in a 

Branson B-220 ultrasonic cleaner. Embryos were checked under a dissection scope to 

verify vitelline membrane removal. Devitellinized embryos were then post-fixed and 

gently digested with Proteinase K (5 µg/ml) at room temperature for 30-60 seconds. 

Finally, embryos were re-fixed (4% formaldehyde in PBS for 20 minutes) and stepped 

into PBSTw for prehybridization.  
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Results and Discussion 

Tu-Antennapedia expression 

During embryogenesis, the Tetranychus Antp homolog Tu-Antp (tetur20g02430) mRNA 

expression has an anterior boundary in the most posterior segment of the prosoma, which 

in Tetranychus does not bear a segment at this time. Expression is observed strongly 

throughout the fourth walking leg segment and extends more faintly throughout the two 

opisthosomal segments. Higher levels are detected in the posterior compartments of both 

opisthosomal segments (Fig. 2A). We omitted the duplicate Tu-Antp (tetur20g02440) 

homolog from this analysis based on its reduced RNAseq expression profile (Pace et al, 

manuscript in submission). The expression domain of Tu-Antp is consistent with previous 

observations in chelicerates, where Antp expression extends anteriorly from the most 

posterior segment, past the tagmata boundary, into the first walking leg segment in 

several taxa (Fig. 3). Furthermore, the strong expression of Tu-Antp in the fourth walking 

leg segment is consistent with the proposed role for chelicerate Antp in repressing limb 

development [19].  

 

Tu-Ultrabithorax expression 

Tu-Ubx is detected during embryogenesis in the first opisthosomal segment, with faint 

expression in the second opisthosomal segment (Figure 2B-B”). This expression domain 

is shifted anterior by one segment relative to all other reported Ubx expression patterns in 

chelicerates, including the mite Archegozetes (Figure 3). However, the faint expression 

domain in O2 is consistent with previous descriptions. There is no overt morphological 

feature that correlates with this shift in expression domain. In RNAi double knockdowns 

of Antp and Ubx in the spider Parasteatoda, an ectopic pair of appendages was formed on 

O1 and an appendage rudiment was formed on O2 [19]. Therefore, it might be expected 

that Ubx, like Antp, plays a role in repressing appendage development in the Tetranychus 

opisthosoma.  

 

Tu-Abdominal-B expression 

In the Tetranychus embryo, Tu-Abd-B is expressed in a single segment, confined to the 

second, or terminal, opisthosomal segment, as also reported in the Archegozetes embryo 
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(Figure 2C-C”). Interestingly, in most chelicerates sampled to date the anterior border of 

Abd-B lies within the second opisthosomal segment, the genital bearing segment, and the 

posterior border abuts the terminus (Figure 2 and 3), features that are maintained in 

Tetranychus despite the highly reduced expression domain. While the posterior borders 

of the duplicate Abd-B orthologs in the scorpion Centruroides sculpturatus remain at the 

terminus, their anterior borders extend only as far as the pectine bearing segment- O3 

[25], although it is possible that the domain of expression for Abd-B extends further 

anterior into O2 at a later developmental stage.  

 

Tu-Deformed expression 

To determine the degree to which a more anteriorly expressed Hox gene maintains 

expression patterns similar to that observed in other chelicerates, we also examined the 

expression pattern of Tu-Dfd in the Tetranychus embryo. Additionally, given the loss of a 

Hox3 ortholog from the spider mite genome, it might be expected that the expression 

domain of Dfd would change. The anterior boundary of the expression of Tu-Dfd is 

detected as far anterior as the pedipalp segment. The posterior expression boundary of 

Tu-Dfd extends through L3 (Figure 2 and 3). Thus, while Tu-Dfd maintains an expression 

domain consisting of four segments, the entire domain is shifted anterior by a single 

segment compared to descriptions in most chelicerates (Figure 2D and 3)[24, 25, 30, 35, 

36]. Only one other chelicerate is observed to contain a divergent expression domain- in 

Archegozetes, the posterior boundary of Al-Dfd extends to the terminus (Figure 3). Thus, 

in mites, at least, the domain of expression of Dfd is variable.  

 

Tetranychus Hox gene expression domains are reduced and shifted anterior 

Despite Tetranychus containing a unique arrangement of Hox genes in the genome, 

including a large intergenic gap and missing the posterior class Hox gene abd-A, we find 

that the Tetranychus Hox genes Dfd, Antp, Ubx, and Abd-B respect spatial collinearity 

(Figure 2 and 3). However, we find several exceptions to previously reported chelicerate 

Hox gene expression domains. 
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First, the Tetranychus Hox genes Tu-Antp, Tu-Ubx, and Tu-Abd-B are primarily 

segmental in their core expression domains, with minimal overlap in adjacent segments 

(Figure 2 and 3). For example, Tu-Abd-B is expressed only in the second opisthosomal 

segment. Additionally Tu-Antp is strongly expressed in the L4 segment, with faint 

expression in O1 and O2. In spiders, scorpion, and harvestman these genes share 

overlapping expression domains that encompass multiple segments (e.g. ranging from 9 

to 11 segments), with differences arising from the few anterior opisthosomal segments 

that do not express all four genes (Figure 3) [19, 22, 24, 25, 35, 37].  

 

Second, there are several cases of novel anterior shifts in the domains of expression. For 

example, Tu-Ubx is strongly expressed in the O1 segment, whereas, in the oribatid mite 

Archegozetes, Al-Ubx is expressed in the O2 segment (Figure 2 and 3)[38]. Another 

interesting shift is the expression domain of Tu-Dfd. In Archegozetes, Dfd is expressed in 

a domain that extends from L1 to the terminus [30]. In Tetranychus, Dfd contains a novel 

domain of expression, shifted anteriorly into a region that extends from the pedipalp 

segment to L3. The anterior domain of Tu-Dfd matches the anterior domain of Al-Hox3 

[39]. In Archegozetes, Hox3 is expressed in the pedipalp segment; thus, it is possible that 

the loss of Hox3 from the Tetranychus genome may have facilitated the anterior shift of 

Tu-Dfd. This shift is of note as silk spinnerets are present on the pedipalps of spider 

mites; an arachnid novelty that likely arose through convergent evolution. Although Dfd 

is not associated with or expressed in the segments that give rise to silk spinnerets in 

spiders (O4 and O5) [19, 35], the anterior shift of Tu-Dfd into the segment that gives rise 

to the pedipalps suggests a possible role in the development of pedipalpal spinnerets in 

spider mites.  

 

A potential conserved role for Antp in chelicerate limb repression 

A striking feature of Tetranychus development and other acarid mites, including 

Archegozetes, is the postembryonic patterning and emergence of the fourth pair of 

walking legs during a nymphal molt. While the developmental mechanisms of this 

patterning event are unknown, the domain of expression for Antp in the fourth walking 

leg segment of corresponds with the developmental delay in appendage patterning in both 
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Tetranychus and Archegozetes (Figure 3C-D). Therefore, it is of note, that Antp has been 

shown to repress limb development in the opisthosoma of the spider Parasteatoda [19]. 

Our observation of the expression of Antp in Tetranychus and previous observation in 

Archegozetes is consistent with this function. However, it should be noted that data on the 

presence of Antp expression in the fourth walking leg segment in chelicerates that do not 

undergo a developmental delay in appendage patterning, including the spider, Cupiennius 

salei, as well as the scorpion Centruroides sculpturatus, and opilione Phalangium opilio 

(Figure 3A,E,F), offers conflicting data towards supporting this hypothesis. Taken 

together these examples support an alternative hypothesis that Antp has been recruited 

through convergent evolution to repress appendage development in both spider and mites. 

Further functional study of Antp in these chelicerates will be informative for 

distinguishing between the two models. 

 

Conclusions 

The reduced Hox gene expression domains of mites are concomitant with the reduced 

segmentation in the mite posterior body region. However, in contrast to the mite 

Archegozetes, we find the Tetranychus posterior class Hox genes and Dfd domains of 

expression are shifted anterior, with a broader distribution of Antp and Ubx. Furthermore, 

our expression data for Antp in the Tetranychus embryo suggests two possible 

evolutionary scenarios with respect to its functional role in repressing appendage 

development during embryogenesis in chelicerates.  
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Figures and tables 

Figure 1. A generalized overview of chelicerate Hox gene expression domains. Ten 

Hox genes are present and expressed in a spatially collinear fashion. The anterior class 

(labial, proboscipedia, Hox3, Deformed, Sex combs reduced, and fushi tarazu) and 

posterior class (Antennapedia, Ultrabithorax, abdominal-A, and Abdominal-B) Hox 

genes each share a posterior expression border in the fourth walking leg segment and 

telson, respectively. Darker colors indicate strong expression and lighter colors indicate 

transient or faint expression. Abbreviations used: Oc – ocular, Ch – chelicerae, Pp – 

pedipalps, L1-L4 – walking leg segments 1-4, O1-O10 – Opisthosomal segments 1-10, 

Te – telson. 

 

Figure 2. Whole mount in situ hybridization of Tetranychus posterior class Hox 

genes Antennapedia, Ultrabithorax, Abdominal-B and the anterior class Hox gene 

Deformed. A. Lateral view of Tu-Antennapedia (Tu-Antp) expression. Tu-Antp is 

strongly detected in the fourth walking leg segment and weakly detected in the first and 

second opisthosomal segments. B. Lateral view of Tu-Ultrabithorax (Tu-Ubx) 

expression. The expression domain of Tu-Ubx is observed to extend from the first 

opisthosomal segment and into the second opisthosomal segment. C. Lateral view of Tu-

Abdominal-B (Tu-Abd-B) expression. Tu-Abd-B is strongly expressed in the second 

opisthosomal segment. D. Lateral view of Tu-Deformed (Tu-Dfd) expression. Tu-Dfd is 

expressed from the pedipalp segment to L3. A’-D’. Image of DAPI stained embryos from 

A-D. A”-D”. Merged images from A-D and A’-D’. Scale bars for all figures is 50µm. 

Abbreviations are as follows: Oc – ocular, Ch – chelicerae, Pp – pedipalps, L1-L4 – 

walking leg segments 1-4, O1-O2 – Opisthosomal segments 1-2. 
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Figure 3. Summary of the expression of the Chelicerate Hox genes Deformed, 

Antennapedia, Ultrabithorax, abdominal-A, and Abdominal-B. A. Cupiennius salei 

(Araneae)[22, 35, 37, 40]. In Cupiennius all posterior class Hox genes are known to share 

a posterior border. The anterior expression domain of Cs-Abd-B is transient, being first 

detected faintly in O3 and strongly in O4-terminus. Subsequently, Cs-Abd-B expression 

is observed in the O2 limb buds, while expression in O3-O5 diminishes, and is strongly 

expressed in O6-terminus. Also of note, Cupiennius contains two copies of Ubx with 

differing anterior expression domains, Cs-Ubx-1 extends to the entire O2, whereas Cs-

Ubx-2 extends to the posterior half of O2. Cs-Dfd-1 and Cs-Dfd2 are both expressed in 

the walking leg segments and appendages. B. Parasteatoda tepidariorum (Araneae)[19, 

36]. Pt-Antp is initially expressed in the entire opisthosoma, with peak expression in O1. 

As development proceeds, Pt-Antp expression diminishes in all opisthosomal segments 

except O1. Pt-Ubx and Pt-abd-A are expressed from the terminus to O3 and the posterior 

part of O2, respectively. An Abd-B ortholog has been identified in Parasteatoda, but has 

yet to undergone expression analysis [36]. Parasteatoda has been reported to contain two 

copies of Deformed. However, only one, Pt-Dfd-2, has had expression data reported, 

where it is expressed only in the four walking leg segments and appendages. C. 

Tetranychus urticae (Acari). D. Archegozetes longisetosus (Acari)[30, 38]. In 

Archegozetes all posterior class Hox genes are known to share an expression domain in 

O2. Al-Antp and Al-Abd-B are considered to share a further posterior border in the telson 

(not shown). Antp is detected as far anterior as the posterior half of L4. Al-Ubx is detected 

exclusively in O2 and Abd-B expression is considered to extend from O2 to the telson. 

Al-Dfd detected anteriorly from the first walking leg segment through the entire 

opisthosoma. E. Centruroides sculpturatus (Scorpiones)[25]. Centruroides contains 

duplicates of each of the posterior class Hox genes. The anterior expression border of Cs-

Antp-1 and Cs-Antp-2 is in the fourth walking leg segment, including limb buds, and in 

the posterior part of L4, but absent from the limb buds, respectively. The anterior 

expression border of Cs-Ubx-1 and Cs-Ubx-2 is in the posterior part of O2 and the O1/O2 

boundary, respectively.  The anterior expression border of Cs-abd-A-1 and Cs-abd-A-2 is 

in O3 and O4, respectively. Cs-Abd-B-1 and Cs-Abd-B-2 have a strong anterior 

expression border from O8 and the posterior part of O9, respectively. Cs-Abd-B-1 and 
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Cs-Abd-B-2 are also observed expressed as far anterior as the neuroectoderm of O3 and 

O4, respectively. Centruroides is reported to contain two copies of Deformed, both of 

which have yet to undergo an expression analysis. F. Phalangium opilio (Opiliones)[24]. 

In Phalangium, the anterior expression border of Po-Antp is initially O1 and in later 

stages is detected in L4. Similarly, the anterior domain of Po-Ubx is initially delimited to 

the posterior compartment of O2 and in later stages expands to the entire O2 segment. 

Po-Abd-B and Po-abd-A are expressed from the posterior compartment of O2 to the 

terminus. Po-Dfd is detected in the walking leg segments and appendages. Embryos in A-

I are oriented with anterior left, dorsal up. Darker colors indicate strong expression and 

lighter colors indicate transient or faint expression. Abbreviations used: Oc – ocular, Ch – 

chelicerae, Pp – pedipalps, L1-L4 – walking leg segments 1-4, O1-O13 – Opisthosomal 

segments 1-13, Te – telson. 
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Abstract 

Arthropods display an exceptional amount of morphological diversity. Much of this 

diversity is attributed to variation in segment identity, generated primarily through the 

character of appendages on each segment, and segment number, which ranges from 9 to 

192 in extant taxa. While segment identity is defined during development by the 

expression of Hox genes, the developmental genetics that govern segment number are 

poorly understood. Here we present the first molecular and genetic data that reveal one 

mechanism by which segment number is regulated in a sequentially segmenting 

arthropod, the beetle Tribolium castaneum. We show that the Hox gene Abdominal-B, as 

expected, regulates segment identity of the most terminal segments. In addition, we 

uncovered a novel function for Abdominal-B in regulating axial elongation during mid-

embryogenesis by culling segments that were generated early in development through 

upregulation of caspase-mediated apoptosis. We also demonstrate a secondary role for 

Abdominal-B in the regulation of segment number and size during metamorphosis in a 

manner more consistent with the evolutionary homologs of Abdominal-B in mice. Taken 

together, our data illustrate how the expression of Hox genes can fuel arthropod 

morphological diversity beyond segment identity by also specifying segment number.  

 

Keywords: Hox, arthropod, segmentation, embryogenesis, metamorphosis 
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Introduction 

As one of the most morphologically diverse group of bilaterians, arthropods generate 

much of their morphological diversity through variation in segment number and identity. 

Segment number alone is a significant, but underappreciated, component of arthropod 

morphological diversity among its subphyla. For example, in extant chelicerates, segment 

number ranges from 9 to 21 (in the spider mite Tetranychus urticae and the scorpion 

Centruroides sculpturatus, respectively)(Shultz 2007; Grbić et al. 2011; Sharma et al. 

2014), in myriapods from 19 to 192 (in pauropods and the millipede Illacme plenipes, 

respectively)(Scheller 1985; Marek et al. 2012; Fusco and Minelli 2013), in crustaceans 

from 17 to 50 (in the barnacle Sacculina carcini and most branchiopods, 

respectively)(Schram 1986; Gibert et al. 2000; Fusco and Minelli 2013), and in hexapods 

from 14 to 19 (collembolans and orthopterans, respectively)(Matsuda 1976; Fusco and 

Minelli 2013). This diversity is predominantly attributed to differences in the number of 

segments in the posterior body region (i.e. abdomen, trunk, or opisthosoma), as the total 

number of segments in the anterior body region (i.e. head, thorax, and prosoma) is 

generally invariable within each subphylum (Minelli et al. 2013). Surprisingly little is 

known about how posterior segment number is determined during arthropod 

development.  

 

Trunk segmentation, in both vertebrates and the majority of arthropods, proceeds 

sequentially during early embryogenesis, in an anterior to posterior fashion (Davis and 

Patel 2002; Peel et al. 2005). The early segmentation process generates a species-specific 

number of segments. Interestingly, insects subsequently adjust the number of segments 

during several stages of their life history (Matsuda 1976). Segment number is also a 

sexually dimorphic character (Matsuda 1976). For example, the red flour beetle 

Tribolium castaneum (Coleoptera: Tenebrionidae) patterns ten abdominal segments (A1-

10) and the telson (A11) during the initial process of sequential segmentation (Fig. 1A). 

However, upon hatching, larvae contain eight segments plus the telson as defined by the 

number of observable dorsal and ventral sclerotized plates of tissue (tergites and 

sternites). In addition, metamorphosis in Tribolium leads to the reduction of the eight 

larval abdominal segments to five adult abdominal segments. At this stage, A1 and A2 
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become highly reduced and membranous (Matsuda 1976). A8, which gives rise to the 

genitalia, is also reduced and internalized, although it is everted by males and females 

during copulation and oviposition (Matsuda 1976). While the developmental genetic 

mechanisms that contribute to these segmental reductions are unknown, it is likely that 

multiple regulatory mechanisms regulate segment number during different stages of the 

life cycle. 

 

In contrast to the lack of knowledge about how arthropod segments are counted, segment 

number in mice is regulated by the genes from the Hox paralog group 13 (Economides et 

al. 2003; Young et al. 2009). The Hox genes are a family of evolutionarily conserved 

transcription factors. In both arthropods and vertebrates, they function to specify segment 

identities along the anterior-posterior axis. In both taxa, the genes are typically clustered 

in linear arrays on the chromosome. In insects their expression is spatially collinear with 

their genomic arrangement.  In vertebrates, the Hox genes are both spatially and 

temporally collinear - that is, genes at the 3’ end of the genomic cluster are expressed in 

the anterior and are also expressed first during somitogenesis, and the genes at the 5’ end 

of the gene cluster are expressed most posteriorly and last. The Hoxb13 and Hoxc13 

genes in mice, homologs of the Abdominal-B (Abd-B) gene in arthropods, are the most 

posteriorly expressed, as well the as last to initiate expression. Loss of function of 

Hoxb13 in mice results in the addition of more caudal vertebrae than normal; 

overexpression of mice Hoxc13 results in premature termination of axial elongation and 

thus fewer somites (Economides et al. 2003; Young et al. 2009). The degree to which 

arthropod Hox genes are temporally collinear is not well described. Nor is it known 

whether the terminally expressed Hox gene in arthropods has a similar function in 

counting segments. 

 

Although the temporal expression pattern of Hox genes in sequentially segmenting 

arthropods has not been precisely documented, we can infer from multiple isolated 

reports that Hox genes also appear to exhibit temporal collinearity in a number of 

sequentially segmenting insects (Kelsh et al. 1993; He 1996; Peterson et al. 1999). In 

particular, the expression of Abdominal-B is temporally delayed compared to more 
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anterior Hox genes, with onset of expression occurring shortly before the end of 

segmentation (Kelsh et al. 1993; He 1996; Peterson et al. 1999). In Tribolium, the onset 

of Abd-B expression is detected near the unsegmented posterior germ band shortly before 

the final segment is patterned (He 1996). Thus, the timing of Tribolium Abd-B expression 

is consistent with a model in which the onset of expression of Abd-B terminates the 

embryonic segmentation process. However, the consequences of loss of Abd-B function 

during embryogenesis in arthropods that segment sequentially (i.e. short- and/or 

intermediate-germ band elongation) are not known. 

 

There is a small body of literature that suggest a role for Abd-B in regulating segment 

number – albeit late in development. One of the phenotypes that result from loss of 

Drosophila Abd-B is an increase in the number of adult abdominal segments from six to 

eight (Sanchez-Herrero et al. 1985; Tiong et al. 1985; Karch et al. 1985; Casanova et al. 

1986). This segment reduction is a consequence of rapid, sex-specific, apoptosis and 

epithelial reorganization during pupation; a mechanism abrogated in Abd-B mutants 

(Yoder and Carroll 2006; Ninov et al. 2007; Wang et al. 2011; Wang and Yoder 2012). 

Similarly, Abd-B larval RNAi in the firefly Photuris (Coleoptera: Lampyridae) results in 

an additional terminal segment patterned during metamorphosis (personal observations, 

M.S. Stansbury and R.M. Pace) and in the milkweed bug Oncopeltus fasciatus, juvenile 

RNAi treated animals were reported to have abdomens significantly longer than controls 

(Aspiras et al. 2011).  Thus, the existing data suggest a model in which arthropod Abd-B 

does indeed regulate adult segment number, but not by terminating the process of 

generating segments early in development, instead by remodeling the terminus during 

metamorphosis. 

 

Based on the existing data, we hypothesized that a loss of Abd-B function in sequentially 

segmenting arthropods would result in a phenotype similar to that observed in mice 

deficient for Hoxb13. To test this hypothesis, we performed embryonic RNAi in an 

arthropod that undergoes sequential segmentation, the red flour beetle Tribolium 

castaneum. Our data suggest Abd-B functions to regulate the number and identity of the 
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most posterior segments during both embryonic and pupal development in Tribolium, 

although through different mechanisms.  

 

Methods 

Animal strains and maintenance 

Beetles were maintained on whole-wheat flour supplemented with yeast (5% w/w) at 

30°C. For egg lays, adult beetles were incubated on white flour for one hour. To collect 

eggs, stainless steel mesh sieves (710 µm and 300 µm) were used to remove adults and 

eggs from the flour. Collected eggs were then incubated for 4-6 hours at 30°C, 

dechorionated in a 5% bleach solution for 2 minutes and rinsed in water. Dechorionated 

eggs were aligned on a nitex screen placed on a 1% (w/v) agarose plate to prepare for 

injection. To collect late instar larvae for injections, a stainless steel mesh sieve (710 µm) 

was used to separate adults and larvae from the flour, with the larvae handpicked with a 

#5/0 spotter painter’s brush.  

 

Isolation of Tc-Abdominal-B 

A 510 bp region of the Tribolium castaneum Abdominal-B ortholog was amplified from 

mixed stage embryonic cDNA with primers designed with PRIMER3 (Untergasser et al. 

2012), and cloned into pCR4-TOPO vectors with the TOPO TA cloning kit (Invitrogen). 

Putative clones were confirmed through sequencing and subsequent sequence analysis. 

The following primers were used: TcAbdB Forward (5’-

TTTTCGAATTAGGGCCTGTG-3’), and TcAbdB Reverse (5’-

CGCGACGAAGAAAACCTATT-3). 

 

Antibody staining 

RNAi injected and control embryos were scored for segment number and apoptotic cells 

using antibodies directed against Engrailed (1:50 dilution in PBS-Triton (PBT))(4D9, 

Developmental Studies Hybridoma Bank (DSHB)) and cleaved Caspase-3 (1:50 dilution 

in PBT)(Asp175) (#9661; Cell Signaling Technologies). For the analysis of Engrailed, a 

Cy3 secondary antibody was used at a 1:200 dilution in PBT. For the detection of 

Cleaved Caspase-3, an alkaline phosphatase coupled secondary antibody (ab6722-1, 
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1mg/mL, Abcam) was used at a 1:2000 dilution in PBT. All embryonic samples were 

counterstained with DAPI (1 mg/ml) at a 1:500 dilution in PBT.  

 

RNA interference and microinjection 

Template for double-stranded RNA (dsRNA) synthesis was prepared by PCR using 

primers containing T7 promoter sequences: T7 (5’-TAATACGACTCACTATAGGG-3') 

and T7-T3 (5’-TAATACGACTCACTATAGGGAATTAACCCTCACTAAAGGG-3'). 

dsRNA was synthesized and purified with the T7 MEGAscript kit (Ambion). dsRNA was 

mixed with injection buffer (150mM KCl, 10mM HEPES, pH 7.0) and Fast Green 

solution (5%) prior to injection. Microinjection was performed under a Leica dissection 

scope. Non-injected, buffer-only, and Stealth RNAi negative control duplexes 

(Invitrogen) were used as negative controls and gave only wild type phenotypes for both 

embryonic and larval injections (Table 1 and 2). For embryonic injections all solutions 

were injected into the center of the anterior-posterior axis of each egg using a Narishige 

micromanipulator and a 1.0mm x 100mm thin wall glass capillary needle (TW100F-4; 

WPI, Inc.) pulled with a Sutter Instrument Co. needle puller (Settings= Program #14 – 

H385, P200, V100, D150). Needle tips were broken under a dissection microscope with 

the use of fine forceps. Larval injections were performed as previously reported 

(Tomoyasu and Denell 2004), using embryonic injection needle parameters. Injected and 

control samples were incubated at 30°C up to one week, or until hatched/ecdysed (from 

one to two months), for morphological analysis. For the survivability of embryonic and 

larval injections see Supplementary Figs. 1 and 2. 

 

Microscopy and image analysis 

Embryos and first-instar larvae were fixed in a glass scintillation vial with EGTA 

(25mM, pH 8.0), Phosphate Buffer Saline (0.5x), formaldehyde (4.6%), Triton (0.005%), 

and heptane (50%). Samples were shaken at 200 rpm for 30 minutes at room temperature. 

Fixative was then removed and the samples stored in 100% methanol. Embryos were 

devitellinized as previously described (Pace et al, manuscript in submission) and stored in 

100% methanol for at least 24 hours at 4°C. Embryonic and larval samples were mounted 

with 4% n-propyl gallate in 90% glycerol/10% phosphate buffered saline and imaged 
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using a Zeiss Axioplan microscope and Axiocam software. Adult abdomens were 

dissected by hand and imaged using the QCapture Pro software suite. Care was taken to 

mount all specimens the same on glass slides to ensure accuracy of measurements. Adult 

abdominal measurements were made using a Nikon 0.01mm objective micrometer and 

the segmented line function in ImageJ software. 

 

Results 

Terminal abdominal segments are reduced and fused during Tribolium 

embryogenesis 

To characterize the normal reduction of terminal abdominal segments during Tribolium 

embryogenesis we analyzed embryos staged at 24, 48, and 72 hours after egg lay (hAEL) 

and stained for the segmental marker Engrailed (EN) and morphological characters, 

including spiracles- openings on the ventral lateral surface of abdominal segments that 

lead to the respiratory system. EN expression is detected prior to the formation of the 

segment, restricted to a lateral stripe in the posterior compartment of the segment. To 

quantify relative changes in the size and shape of the terminal segments, we took direct 

measurements of the length and width of the segments and calculated the fold change (fc) 

between different time points. Upon completion of segmentation (24 hAEL) there were 

10 abdominal segments present, determined by EN expression (Fig. 1A), with an average 

length of 48 µm and width of 84 µm, (Supplemental Fig. 2). By 48 hAEL the germ band 

had initiated retraction and there is a visible reduction in the length of all segments (Fig. 

2A). A10 shrinks nearly two fold in length (from 37.8 µm to 22.1 µm). Most segments 

have undergone a nearly two-fold change in width, except for A10, which has grown 

about 50 percent in width (Fig. 2A). The unsegmented telson is reduced to fifteen percent 

of its length at 24hAEL (Fig. 2A). Additionally, spiracles are visible on all abdominal 

segments except A9 and A10 (Fig. 1B). By 72 hAEL the germ band has fully retracted, 

and the embryo appears as a pre-larva. At this time point, spiracles are no longer present 

on A9. From 48 to 72 hAEL we observed a small increase in the length and width for 

abdominal segments 1-7. A8 is slightly longer and slightly reduced in width. By contrast, 

the region corresponding to A9/A10/Te is significantly reduced to forty percent of its 

length from 48 hAEL (Fig. 2B), and an eighty-five percent reduction of its length from 
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24 hAEL (Fig. 2C). Additionally, EN expression is no longer detectable in A9 and A10, 

suggesting these segments have fused (Fig. 1C). Thus, the Tribolium embryo generates 

ten EN expressing segments, which are reduced in number to eight EN expressing 

segments during the 2nd and 3rd days of embryogenesis. 

 

Terminal abdominal segments are marked by apoptosis post-segmentation 

Given the observed reduction in size of terminal segments, we tested whether cell death 

contributes to the loss of tissue and segmental boundaries in the terminal abdomen during 

embryogenesis. We assayed for the induction of apoptosis during embryogenesis with an 

antibody that detects activated caspase-3 (Prpic and Damen 2005; Aranda et al. 2008; 

Pueyo et al. 2008; Kainz et al. 2011; Chesebro et al. 2013). At 24 and 48 hAEL we 

observed apoptotic cells in the head lobes and along the ventral midline, as previously 

reported (Fig. 3)(Aranda et al. 2008). We also observed apoptotic cells in novel locations 

in the terminus (Fig. 3). When there are less than 9 EN stripes (He 1996), caspase-

positive labeled cells were not detected in the unsegmented region that corresponds to the 

presumptive A9, A10, and telson (Fig. 3A). When 9 EN stripes are present, caspase-

positive cells were detected in the terminal region, corresponding to A9 and A10 (Fig. 

3B). During germ band retraction, at 40hAEL, caspase-positive cells were detected at the 

intersegmental region of abdominal segments nine and ten (Fig. 3C). By 48hAEL, there 

was a sharp increase in the intensity of caspase-positive cells in this region. In the tenth 

abdominal segment, caspase-positive cells also express EN, consistent with the loss of the 

A10 EN stripe (Fig. 3B). These data suggest that prior to the onset of TcAbd-B expression 

when less than nine abdominal segments are present, caspase-mediated apoptosis is not 

occurring in the terminus. Following onset of TcAbd-B expression, when more than nine 

abdominal segments are present, cells marked for apoptosis are detected in A9 and A10, 

and increase in intensity during germ band retraction.  

 

Knockdown of TcAbd-B during embryogenesis results in a failure to reduce and fuse 

terminal abdominal segments. 

To determine if TcAbd-B plays a role in promoting the termination of segmentation 

and/or segment reduction, we depleted TcAbd-B function through embryonic RNAi (Figs. 



 165 

4, 5). In wild type Tribolium, larvae hatch with eight abdominal segments and the telson 

(Fig. 4A). Animals injected with TcAbd-B dsRNA hatched with additional segments 

according to two classes of varying penetrance (Fig. 4B,C, Table 1). Most RNAi treated 

animals hatch with two additional segments (A9 and A10) and a telson that lacks both 

urogomphi and pygopods,  (Fig. 4B). RNAi treated animals that hatch with the mild 

phenotype contain an additional terminal segment (A9) and a typical telson bearing 

urogomphi and pygopods, pairs of A9 dorsal and A10 ventral outgrowths, respectively 

(Fig. 4C).  

 

We also assayed the expression of active caspase-3 and EN in RNAi injected embryos 

(Fig. 5). We did not observe more than ten abdominal EN stripes at any time point 

analyzed.  A9 and A10 lacked the apparent reduction that occurs during germ band 

retraction in wild type animals and had no detectable caspase-positive cells in the 

terminal region (Figs. 5A, B). Furthermore, in RNAi treated embryos, spiracles are well 

developed on both A9 and A10 segments (Fig. 5A). In sum, the TcAbd-B RNAi 

phenotype can be interpreted as a transformation of A9, A10, and telson to more anterior 

abdominal segment identities. 

 

Knockdown of TcAbd-B during metamorphosis results in abdominal patterning 

abnormalities including additional segmentation 

To determine if TcAbd-B has additional functions in the reduction of the number of 

terminal abdominal segments during the larval to adult life stage transition, we depleted 

TcAbd-B function through larval RNAi. RNAi penetrance for larval Tc-AbdB RNAi was 

high, ~98% (Table 2). Post-ecdysis, TcAbd-B RNAi treated adults contained an increased 

number of segments compared to wild type and sorted into three general phenotypic 

classes, I-III, based on abdominal morphology (Fig. 6, Table 2). Of note, RNAi injected 

larvae were observed to remain attached to their larval cuticle during pupation. 

Additionally, both class I and II adults commonly failed to shed their pupal cuticle and 

required intervention to completely remove the pupal exuvia. A failure to shed the larval 

or pupal cuticle was not observed in any of the control injected or non-injected 

specimens. RNAi class I adults were most severely affected, ecdysing with a normal rate 
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of developmental progression but retaining juvenile features (metathetely) with 

abdomens containing two additional terminal segments (A8 and A9), a lack of cuticle 

pigment, and gin traps (Fig. 6D,E). Additionally, elytra appeared underdeveloped and 

folded over ventrally.  

 

Similar heterochronic features are observed in beetles when the juvenile hormone 

resistance gene Methoprene-tolerant is knocked down (Konopova and Jindra 2007), 

suggesting normal juvenile hormone signaling is disrupted in the Tc-AbdB RNAi treated 

animals. RNAi class II adults displayed relatively moderate effects, including additional 

terminal segments (A8 and A9)(Fig. 6C). The A9 segment present in RNAi classes II and 

I is a novelty that is not present in wild type animals. A mild phenotypic effect was 

observed in RNAi class III adults, in which the adults had an additional terminal 

abdominal segment, a sclerotized A8, with an otherwise wild type abdomen (Fig. 6B).  

 

The overall length of the abdomen in the RNAi treated samples was significantly 

increased compared to wild type, as might be expected with an increase in the number of 

abdominal segments (Supplementary Fig. 2). Among the three RNAi classes, only the 

class I adults contained significantly shorter abdomens compared to class II adults 

(Supplementary Fig. 2).  

 

On a per-segment basis, we also observed that the length of segments in RNAi treated 

samples varied relative to wild type, with the exception of segment A5 (Supplementary 

Fig. 3). The remaining segments were found to be either significantly shorter or longer 

when compared to similar segments in wild type adults. Segments A3, A4, and A7 were 

found significantly reduced in length (Supplementary Fig. 3), suggesting TcAbd-B plays a 

role in the axial growth of these segments. The increase in overall abdomen length is 

mainly attributed to the additional terminal segments, A8 and A9, as well as to segment 

A6, which was found to be significantly longer in the RNAi treated samples when 

compared to wild type (Supplementary Fig. 3). Taken together these data indicate Abd-B 

plays a role in controlling the size of the abdomen and number of abdominal segments 

that are patterned during metamorphosis. 
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Discussion 

Early function of Abd-B in an insect that undergoes sequential segmentation 

Wild type Tribolium embryos generate ten EN expressing segments prior to termination 

of the embryonic segmentation process. Subsequently, the two terminal segments are 

reduced through caspase-mediated apoptosis (Fig. 3). Subsequent to cell death, the two 

terminal segments lose EN staining, and appear to have fused with the telson, such that 

A8 bears the terminal EN stripe and is followed by a single, nonsegmental region. 

Embryos injected with TcAbd-B RNAi never form more than ten EN stripes. At the same 

time TcAbd-B RNAi injected embryos show no elevation of caspase positive cells in the 

posterior and fail to eliminate the terminal two segments.  We conclude that during 

embryogenesis, TcAbd-B is required for the proper formation of terminal abdominal 

segments, which includes reducing and fusing the A9 and A10 with the telson. This 

function of TcAbd-B is not observed in Drosophila and has not been reported in other 

insects. 

 

A molecular mechanism for segment addition and reduction during metamorphosis 

TcAbd-B also regulates the number of segments formed during metamorphosis. Larvae 

injected with TcAbd-B RNAi develop de novo an additional abdominal segment (A9) 

(Fig. 6C,D). As A8 is the terminal segment at the time the larvae were injected, A9 

appears as a wholly novel segment. This suggests that a developmental mechanism to 

generate additional segments is present long after embryogenesis is complete. This 

mechanism is similar to the rapid apoptosis and epithelial reorganization observed in the 

sex-specific reduction of terminal segments in Drosophila during metamorphosis 

controlled by Abd-B and the transcription factor doublesex. (Yoder and Carroll 2006; 

Ninov et al. 2007; Wang et al. 2011; Wang and Yoder 2012). 

 

A role for Abd-B in controlling adult body size 

During insect metamorphosis, Abd-B is known to effect both the most terminal segments 

as well as more anterior, genital bearing segments in Drosophila, and as far anterior as 
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A5 in the firefly (Stansbury and Moczek 2014). However, while the function of Abd-B in 

phylogenetically basal arthropods remains untested, during embryogenesis, Abd-B 

expression is weakly detected as anterior as the first walking leg segment in a centipede 

(Hughes and Kaufman 2002). In contrast to the current insect Abd-B expression domain 

data, we document a role for Tribolium Abd-B throughout the abdomen, with the 

exception of A5. When comparing the length of individual segments of adults that 

emerge from larvae injected with RNAi to wild type, we observe some segments that are 

lengthened while others are reduced in length (Supplementary Figure 3). These data 

suggest that during metamorphosis, TcAbd-B regulates the proper formation of nearly all 

of the visible abdominal segments and thus the overall abdomen length. Thus, TcAbd-B 

not only has a role in determining segment number, but also plays a role in controlling 

overall body size.  

 

A lack of congruence between the Tribolium eu mutant and TcAbd-B RNAi 

phenotypes 

Previously, an Abd-B mutant has been proposed for Tribolium. The spontaneous eu 

mutant, was mapped to the region of the Tribolium Hox cluster that contains TcAbd-B 

(Wool and Mendlinger 1973; Beeman et al. 1989). The eu mutant develops ectopic 

urogomphi on the terminal segment, in a temperature dependent manner (Lasley and 

Sokoloff 1961; Wool and Mendlinger 1973), which our RNAi phenotype did not 

phenocopy. Interestingly, an additional segment was suggested to be present in the initial 

eu mutant report (Lasley and Sokoloff 1961), an observation that is consistent with our 

data. In Drosophila, the region surrounding Abd-B is rich in cis-regulatory elements that 

control the expression boundaries of three Abd-B transcript classes (Boulet et al. 1991). 

Taken together, these data imply that the eu mutation may exist in a cis-regulatory 

element that affects the spatiotemporal expression of TcAbd-B. 

 

A likely evolutionary scenario 

Embryonic segments in Tribolium are generated by a molecular clock, comprised of 

oscillations of the pair-rule genes driven by a gradient of caudal expression (Choe et al. 

2006; Sarrazin et al. 2012; El-Sherif et al. 2012; El-Sherif et al. 2014). However, the 
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mechanisms that stop the clock remain unknown. Here we tested the idea that the Hox 

gene Abd-B plays a role in stopping the segmentation clock in Tribolium and found that 

Abd-B functions in ‘counting’ segments, but not through a clock stopping mechanism, 

conflicting with data in mice (Economides et al. 2003; Young et al. 2009). Although, it 

remains possible that other arthropods that undergo a mode of development more 

representative of the arthropod ancestor employ the mice mechanism. 

 

Our molecular and morphological data suggest two models for the function of Abd-B 

during embryogenesis and metamorphosis in Tribolium, and may also be extended to 

other arthropods that undergo sequential segmentation. In the segment fusion model, 

Abd-B negatively regulates the maintenance of intersegmental boundaries by promoting 

caspase-mediated apoptosis in the region, leading to a reduction and fusion of the most 

posterior segments. In the segmentation suppression model, the late onset of Abd-B 

expression results in the down regulation of the gene network that generates segments 

and then follows the segment fusion model. While the former model is well supported by 

the embryonic data (i.e. reduction of engrailed stripes and upregulation of caspase 

positive cells in wild type; lack of additional engrailed stripes and caspase positive cells 

in TcAbd-B RNAi treated animals), it is clear that the segment suppression model does 

not apply to embryonic development in Tribolium. However, our current knowledge of 

the specific molecular mechanisms underlying the phenotypic changes that occur during 

metamorphosis in holometabolous insects (e.g. whether segmentation begins anew), does 

not yet allow us to completely reject the second model. Interestingly, the adult TcAbd-B 

RNAi phenotype of an additional abdominal segment (A9) believed lost during 

embryogenesis suggests segmentation begins anew during metamorphosis and that 

TcAbd-B plays a role in suppressing segmentation, in a manner more consistent with 

Hoxb13 in mice. This function is of note as several hypotheses for the evolution of 

segmented body plans suggest that arthropods and vertebrates share a common origin 

(reviewed in Davis and Patel 1999). If the segmented body plans of chordates and 

arthropods do indeed share a common origin, then it might be expected that the 

mechanisms that function to terminate the segmentation process may also be conserved. 

Therefore, it will be informative to test the function of Abd-B in other arthropods that 
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undergo a more ancestrally representative mode of development that do not undergo 

metamorphosis (e.g. spiders, crustaceans, and myriapods) to draw further conclusions 

about the function of Abd-B during embryogenesis and its role in terminating 

segmentation. 
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Figure and table legends 

Figure 1. Spatiotemporal development of the Tribolium abdomen during 

embryogenesis. (A-C) Wild-type Tribolium embryos stained with DAPI and EN 

antibody at developmental time points corresponding to (A) completion of segmentation 

(24hAEL), (B) During germ band retraction (48hAEL), and (C) after the germ band is 

fully retracted (72hAEL). A. At 24hAEL there are 10 abdominal EN stripes present.  B. 

At 48hAEL there are 10 EN stripes present in the abdomen and the germ band is 

undergoing retraction. Additionally, the A10 segment has reduced in length and failed to 

increase in width compared to A1-A9. C. At 72hAEL, the A9 and A10 EN stripes have 

vanished leaving only 8 stripes of EN in the abdomen, and the region corresponding to 

A9 to the telson has undergone an almost 10-fold reduction in length compared to the 20-

30% reduction in length of segments A1-A8. Embryos are orientated ventrally (A and B) 

or laterally (C) and anterior to the left. Abbreviations are as follows: T1-T3- thoracic 

segments 1-3; A1-A10- abdominal segments 1-10; Te- telson. Scale bars are equal to 100 

µm. 

 

Figure 2. Fold change in mean length and mean width of abdominal segments from 

24 to 72hAEL. A. Fold change in the mean length and width of abdominal segments 

from 24 to 48 hAEL. B. Fold change in the mean length and width of abdominal 

segments from 48 to 72 hAEL. C. Overall fold change in the mean length and width of 

abdominal segments from 24 to 72 hAEL. Sample sizes- 24 hAEL (n=16), 48 hAEL 

(n=7), 72 hAEL (n=4). 

 

Figure 3. Caspase-mediated apoptotic cells are evident in terminal abdominal 

segments after the onset of TcAbdB expression. (A-C) Wild-type Tribolium embryos at 

developmental time points corresponding to (A) Prior to the onset of Abd-B expression 

when nine abdominal segments are present (22hAEL), (B) Post onset of Abd-B 

expression, when fully segmented (24hAEL), and (C) During germ band retraction 

(40hAEL). A. At 22 hours caspase-mediated apoptotic cells are detected in the head 

lobed and along the A/P axis, except in the unsegmented region of the growth zone 

(denoted by the black lines). B. Post onset of Abd-B expression, apoptotic cells are 
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detected in previous locations and in a new domain corresponding to the A10 segment 

and telson. C. During germ band retraction there is an increase in the signal of caspase-

mediated apoptotic cells in the terminal segments, from A9 to the telson. All embryos are 

orientated ventrally and anterior to the left. Abbreviations used are the same as Fig. 1. 

Scale bar is equal to 100 µm. 

 

Figure 4. Tribolium Abd-B Embryonic RNAi larval phenotype. A. Wild-type 

Tribolium 1st instar larvae (also representative of buffer-only and Stealth RNAi negative 

control injected eggs). Wild type larvae contain eight abdominal segments and the telson 

that bears the dorsal urogomphi and ventral pygopods. B. Abd-B dsRNA treated 

Tribolium 1st instar larvae with RNAi Class I larval severe phenotype contain two 

additional abdominal segments, A9 and A10. Additionally, while the telson is present, 

both the urogomphi and pygopods appear missing or greatly reduced. C. Abd-B dsRNA 

treated Tribolium 1st instar larvae with RNAi Class II larval hypomorph phenotype 

contain an additional abdominal segment, A9. The telson is also present with fully 

defined urogomphi and pygopods. Abbreviations are used as in Fig. 1; u – urogomphi; p 

– pygopodia. Scale bars are equal to 100 µm. 

 

Figure 5. Knockdown of TcAbdB abrogates caspase-mediated apoptosis in terminal 

abdominal segments and terminal segment reduction during Tribolium 

embryogenesis. A-C. Abd-B RNAi treated Tribolium embryos at 40 (A, A’), 48 (B, B’), 

and 72 hAEL (C, C’). A and A’. Apoptotic cells positive for caspase activity are present 

in the head lobes and in various locations along the midline, but are absent from the 

terminal most segments in the RNAi treated embryos. B and B’. At 48 hAEL abdominal 

segment 10 is present and ectopic spiracles are present on A10 and the telson. C and C’.  

At 72 hAEL the normally reduced and fused A9 and A10 segments are still present. 

Additionally, all ectopic spiracles remain including the additional A9 spiracles that 

normally disappear along with A9 in wild type. Embryos are orientated ventrally (A and 

B) or laterally (C) and anterior to the left. Asterisks denote ectopic spiracles. Scale bars 

are equal to 100 µm. 
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Figure 6. Knockdown of TcAbdB during metamorphosis results in additional 

abdominal segments. A-D. Ventral view of abdominal sternites. A. Adult wild-type 

Tribolium abdomen (also representative of buffer-only and Stealth RNAi negative control 

injected larvae). Adults contain five visible abdominal sternites, with the first, second, 

and eighth abdominal segments reduced and/or internalized (Matsuda 1976). B-D. Adult 

TcAbd-B RNAi Classes I-III Tribolium abdomens. B. RNAi Class III phenotype. Class III 

adults ecdyse with an additional terminal segment, the eighth abdominal segment. C. 

RNAi Class II phenotype. Class II adults ecdyse with two additional terminal segments, 

abdominal segments eight and nine. D. RNAi Class I phenotype. Class I adults ecdyse 

with two additional terminal segments, abdominal segments eight and nine. E. Dorsal 

view of adult TcAbd-B RNAi Class I Tribolium abdomen. Heterochronic features are 

apparent on the RNAi Class I dorsal abdomen, such as gin traps (asterisk) and a lack of 

abdominal pigmentation. Scale bar for all images is equal to 5 mm. 

 

Table 1. Percentage of larval phenotypes scored. The phenotypic effect of RNAi on 

abdominal morphology was scored after embryogenesis on first-instar larvae. Class I-II 

indicates RNAi phenotype classes. 

 

Table 2. Percentage of adult phenotypes scored. The phenotypic effect of RNAi on 

abdominal morphology was scored after metamorphosis. Class I-III indicates RNAi 

phenotype classes. The * denotes a single individual that ecdysed with pupal features 

such as gin traps and urogomphi, but contained five abdominal segments. 

 

Supplementary Figure 1. Embryonic and larvae injection survivability. A. Percent of 

eggs injected that survived to first instar represents the mean of replicate averages for Tc-

AbdB dsRNA (16 replicates, n= 844, mean= 20.57), buffer-only (12 replicates, n=319, 

mean= 20.77), Stealth RNAi negative control (5 replicates, n= 344, mean= 16.67), and 

non-injected (17 replicates, n=396, mean= 35.93). B. Percent of larvae injected that 

survived to ecdyse as adults represents the mean of replicate averages for Tc-AbdB 

dsRNA (8 replicates, n= 210, mean= 39.58), buffer-only (3 replicates, n=56, mean= 

53.27), Stealth RNAi negative control (2 replicates, n= 54, mean= 46.69), and non-
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injected (5 replicates, n= 109, mean= 52.17). For both A and B, error bars indicate the 

standard error of the mean, and significance from non-injected was determined by 

Tukey’s multiple comparisons test; * indicates a p-value ≤ 0.05, ** indicates a p-value ≤ 

0.01. 

 

Supplementary Figure 2. Abdomen lengths of wild type adults and pupae and 

RNAi-treated beetles. Mean total abdomen length of wild type and RNAi-treated 

animals. The total abdomen length was measured from the abdominal apex to the 

terminus. Sample sizes – wild type adult (n=30) and pupal abdomens (n=20), RNAi 

adults – class III (n=20), class II (n=24), and class I (n=27). Error bars indicate the 

standard error of the mean. Tukey’s multiple comparisons test; black asterisks denote 

significant difference from wild type (adult), *** indicates a p-value ≤ 0.001, **** 

indicates a p-value ≤ 0.0001; red asterisk denotes significant difference from RNAi class 

II, p-value ≤ 0.05. 

 

Supplementary Figure 3. Individual abdominal segment lengths of Tribolium wild 

type adults and pupae and RNAi-treated adults. Sample sizes are the same as 

Supplementary Figure 2. A. Length of abdominal segment 3. B. Length of abdominal 

segment 4. C. Length of abdominal segment 5. D. Length of abdominal segment 6. E. 

Length of abdominal segment 7. F. Length of abdominal segment 8. G. Length of 

abdominal segment 9. Tukey’s multiple comparisons test; black asterisks denote 

significant difference from wild type (adult), blue asterisks denotes significant difference 

from wild type (pupae), red asterisks denotes significant difference from class I, orange 

asterisks denotes significant difference from class III; * indicates a p-value ≤ 0.05, ** 

indicates a p-value ≤ 0.01, *** indicates a p-value ≤ 0.001, **** indicates a p-value ≤ 

0.0001. 
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Injected w/ n    Class I        Class II Wild type 
Abd-B dsRNA 154 94.16 4.55 1.30 

Buffer 66 - - 100 
Stealth RNAi negative control 58 - - 100 

n/a 145 - - 100 
Table 1.  
 
 
 
 
 
 
 
 
 

Injected w/ n Class I Class II Class III Wild type 
Abd-B dsRNA 83 39.76 30.12 27.71 2.41 

Buffer 29 - - - 100 
Stealth RNAi negative control 25 - - -   100* 

n/a 51 - - - 100 
Table 2.  
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any and all claims arising out of your use of the licensed material other than as 
specifically authorized pursuant to this license. 
 
No Transfer of License 
This license is personal to you and may not be sublicensed, assigned, or transferred by 
you to any other person without Springer Science + Business  
Media's written permission. 
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No Amendment Except in Writing 
This license may not be amended except in a writing signed by both parties (or, in the 
case of Springer Science + Business Media, by CCC on Springer Science + Business 
Media's behalf). 
 
Objection to Contrary Terms 
Springer Science + Business Media hereby objects to any terms contained in any 
purchase order, acknowledgment, check endorsement or other writing prepared by you, 
which terms are inconsistent with these terms and conditions or CCC's Billing and 
Payment terms and conditions. These terms and conditions, together with CCC's Billing 
and Payment terms and conditions (which are incorporated herein), comprise the entire 
agreement between you and Springer Science + Business Media (and CCC) concerning 
this licensing transaction. In the event of any conflict between your obligations 
established by these terms and conditions and those established by CCC's Billing and 
Payment terms and conditions, these terms and conditions shall control. 
 
Jurisdiction 
All disputes that may arise in connection with this present License, or the breach thereof, 
shall be settled exclusively by the country's law in which the work was originally 
published. 
 
Other terms and conditions: v1.3 
 
Questions? customercare@copyright.com or +1-855-239-3415 
(toll free in the US) or +1-978-646-2777. 

 
 


