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II. ABSTRACT 

Arthropods are the most species-rich group of animals, and as such they exhibit an 

amazing diversity of morphological, behavioral, and ecological adaptations. Because of 

this diversity, the evolutionary history of this group has been, and still is notoriously 

difficult to determine because considerations of different traits invariably support 

alternative evolutionary relationships. Their nervous systems provide an invaluable set of 

characters for systematic inferences about the origins and evolutionary trajectories of 

Arthropoda. This is because nervous systems are ubiquitous and contain a wealth of 

structures from which to infer shared ancestry. Considerations of ancestral arthropod 

relationships have further provided insights into how arthropod nervous systems have 

maintained some traits through evolutionary time and how others have been modified or 

acquired as novelties.  This dissertation explores the evolution of arthropod brains within 

an interdisciplinary framework, utilizing comparative neuroanatomical, neural cladistic, 

and molecular phylogenetic analyses to support novel hypotheses of nervous system 

evolution in arthropods.    

The field of neurophylogenetics relies on the characterization of shared derived 

neural traits to infer ancestry amongst taxa.  The first portion of this work describes 

highly conserved neural elements from the lamina, or first optic neuropil, of several 

crustaceans.  This study is followed by a neural cladistic study that infers evolutionary 

relationships amongst major arthropod groups based solely on neural traits.  The results 

of this study are then compared to those from a large-scale molecular phylogenomic 

analysis of hundreds of conserved orthologous genes. Results from neural cladistic and 
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molecular phylogenetics suggest several species whose neuroanatomical characterization 

would provide support for novel evolutionary hypotheses.  The last portion of this 

dissertation details a comparative neuroanatomical study on one such diagnostic taxa, the 

copepod Tigriopus californicus. 

Two principles of arthropod nervous system organization and evolution are 

repeatedly supported with this approach: 1) many complex neural structures shared 

amongst arthropod groups have been inherited from ancient common ancestors, 

suggesting that the neural arrangements seen today have been carried over from antiquity; 

and 2) these same complex attributes are absent in numerous late-diverging lineages, 

supporting the hypothesis that secondary simplification of nervous systems is a common 

property of arthropods.  
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III. CHAPTER 1: INTRODUCTION 

1.1 Arthropod diversity and the advent of neurophylogenetics 

Arthropods are undoubtedly the most diverse group of extant animals in terms of the 

number of currently identified species and the types of ecological roles that they occupy.  

Although estimates vary, modern studies on species richness highlight the abundance of 

arthropod taxa, particularly insects, when compared to other phyla: of ~1.9 million 

described species of plants and animals, ~1.2 million (greater than 60%) are arthropods 

(Chapman, 2009), which in itself represents only a portion of the true number of species 

as an estimated 70% of arthropod taxa have yet to be described (Hamilton, 2010).  How 

has this ancient group of organisms been able to persist through several mass extinctions 

and diverge to radiate into nearly every conceivable ecological niche?  Their evolutionary 

success, at least in part, can be attributed to their nervous system, which confers the 

abilities to sense, process, and appropriately respond to environmental stimuli.  

Researchers have long realized this fact, and accordingly the comparative study of the 

structure, development, and evolution of arthropod nervous systems has a rich history 

(Strausfeld, 2012).   

Interest in arthropod comparative neuroanatomy has recently garnered widespread 

attention with the resurgence of the field of “Neurophylogenetics” (Paul, 1989; Harzsch, 

2006), i.e. the inference of evolutionary relationships on the basis of shared neural 

structures.  This discipline is generally considered to trace its roots to seminal works from 

the early 20th century from the laboratory of two Swedish scientists, Nils Holmgren 

(1916) and later his student Bertil Hanström (1928, 1928a).  These researchers 
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recognized that the brain and central nervous systems of organisms provide a powerful 

set of characters from which to infer evolutionary relationships.  Although the methods 

were not formalized until the work of Willi Hennig decades later (1950, 1966), these 

pioneers were performing a rudimentary type of phylogenetic systematics.  That is, they 

recognized the presence and absence of neuroanatomical characters in taxa and drew 

relational trees, or cladograms, showing probable evolutionary scenarios that likely gave 

rise to extant groups.  These early trees were built with an adherence to the principle of 

parsimony, the idea that the most plausible trees invoke the fewest number of 

evolutionary changes, despite the fact that this idea wasn’t given its formal definition 

until much later (Edwards and Cavalli-Sforza, 1963).  These early studies necessarily 

focused on a small number of characters, such as the number and arrangement of optic 

lobes, but nonetheless paved important inroads for future studies of arthropod 

relationships utilizing neural traits and considerations of arthropod brain evolution. 

Since these early studies many researchers have continued the tradition of 

utilizing neural and sensory structures for discussions of evolutionary relationships 

among arthropods.  Harzsch’s extensive review on the field of neurophylogenetics (2006) 

offers a comprehensive view of the literature to that date, and summarizes the main 

findings of several important studies.  This review, however, and subsequent 

neurophylogenetic studies, discuss their results in the context of a debate on arthropod 

relationships that has a remarkably rich and contentious history.  Before a more detailed 

exploration of how neurophylogenetics has shaped this debate it is necessary to set the 

context by introducing the diversity of arthropods and elaborating on some of the main 
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and continuing debates regarding their evolution.  Further, as this dissertation contains an 

abundance of terms and concepts that relate to evolutionary theory, and are quite outside 

the realm of non-evolutionary neuroscience, I have provided a brief glossary of relevant 

terms on page 100.

 

1.2 A brief history on the history of arthropods 

“The challenge of attempting to understand the past history of arthropodan phyla cannot 

be met by studies of paleontology or of embryology or of functional morphology alone.  

It is only by a synthesis of sound information from all three sources that progress can be 

made.” – Sidnie M. Manton, The Arthropoda, 1977, pg. 494. 

 This sentiment, by one of the 20th century’s premier students of arthropods, 

particularly in regard to their mechanisms of locomotion, succinctly captures the inherent 

difficulty of unraveling the evolutionary history of Arthropoda.  Arthropods may have 

been some of the first metazoan creatures to inhabit the earth and constitute a large 

portion of the fossil remains from the Cambrian explosion (Gould, 1989; Budd, 1997; 

Walossek and Müller, 1997).  That they as a phylum persist to this day is a testament to 

their versatility, adaptability, and resilience as a group.  Modern arthropods are generally 

considered to exist in four widely recognized sub-phyla (although exact contingents of 

these sub-phyla are still debated; Stys and Zrzavy, 1994; Giribet and Edgecombe, 2012): 

Chelicerata, Myriapoda, Crustacea, and Hexapoda.  Onychophora have often been 

included in “Arthropoda,” but accumulating evidence (Edgecombe, 2010) generally 

supports their placement as the sister-group to the monophyletic clade comprising these 
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other main groups, sometimes called the “Euarthropoda”.  The relationships of organisms 

within these major subdivisions, and between these subdivisions as a whole, are still 

vigorously debated.  Several classic and widely cited collections of studies have provided 

comprehensive views on arthropod relationships, and continue to be invaluable resources 

for students of arthropod phylogenetics (Gupta, 1979; Fortey and Thomas, 1997).  For the 

purposes of this dissertation, only a brief introduction to these major sub-phyla and their 

relationships is necessary. 

 Extant Chelicerata comprise Xiphosura (horeshoe crabs), Arachnida, and most 

likely Pycnogonida (sea spiders), although inclusion of this last group is still contentious 

(Maxmen et al., 2005; Regier et al., 2008; Dunlop, 2010).  The interrelationships of the 

major chelicerate orders have been discussed for more than a century, but a modern 

consensus has arrived at the relationship Pycnogonida + (Xiphosura + Arachnida) 

(Wheeler, 1998; Dunlop, 2010).  Chelicerates are generally defined by the presence of 

two primary tagma, the protostome and opisthosoma (i.e. head and thorax), with the first 

appendage being the chelicerae.  With the exception of Pycnogonida, Xiphosura and the 

marine mites Halacaridae, the majority of the ~100,000 chelicarate species (Chapman, 

2009) are terrestrial and carnivorous. 

 Centipedes (Chilopoda) and millipedes (Diplopoda), along with their less-well-

known cousins Symphyla and Pauropoda, comprise the group Myriapoda (Edgecombe 

and Giribet, 2002).  This group is defined by the presence of a single pair of antennae, 

multiple leg-bearing segments, and general lack of tagmosis.  Also notable, with regard to 

arthropod phylogenetics, is the presence of trachea, a braching system of tubes that carry 
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air to tissues.  Myriapoda is by far the smallest group of arthropods in terms of extant 

taxa, with only ~16,000 recognized species (Chapman, 2009).  It is generally accepted 

that Myriapoda represent a monophyletic clade, with a single common ancestor 

(Edgecombe and Giribet, 2002).   

Crustacea are considered to be the most morphologically diverse group of 

arthropods in that they show a huge diversity in the number of appendages and tagma (a 

distinctive grouping of segments), types of development, and general size.  There are 

~47,000 described species belonging to several major groups (Chapman, 2009).  Because 

of this diversity it is difficult to describe a general “crustacean” body plan, and most 

discussions of such relate to the patterning of head segments.  In general, crustaceans 

exhibit two pairs of antennae (the first, which is uniramous, called the antennules and the 

second pair, which are birmaous, called antennae), other biramous appendages 

comprising mouthparts, limbs, swimmerets, genitalia, and other derivatives. Crustaceans 

mostly have mobile swimming larvae, and often two sets of visual system: simple 

naupliar eyes most readily seen in larval forms and the compound eyes of later larval 

stages and adults.  The incredible diversity of Crustacea has led to an active and long-

held debate on the interrelationships of their major groups (Koenemann et al., 2010; 

Jenner, 2010).  This debate will be considered in more detail throughout this work.   

For the purposes of this dissertation it is important to mention a few of these 

major crustacean classes and place them in context.  Martin and Davis (2001) recognize 

six major subdivisions of Crustacea, only some of which will be considered in the 

remainder of this dissertation: Malacostraca, Branchiopoda, Remipedia, Maxillopoda, 
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Ostracoda, and Cephalocarida.  Remipedia are the most recently discovered class of 

crustaceans, first found in 1979 in anchialine caves of the Bahamas (Yager, 1981).  Their 

phylogenetic position remains enigmatic (Fahrbach, 2004; Ertas et al., 2009; Regier et al., 

2010), and they are most well known for their lack of tagmosis and, despite this, the 

possession of elaborate brains (Fanenbruck et al., 2004; Fanenbruck and Harzsch, 2005).  

Branchiopoda contains several well-known taxa including members of the genera 

Daphnia, Artemia, and Triops.  They exhibit a wide diversity of form, but most of the 

~1,000 known taxa are small, short-lived, lack walking appendages, and show reduced 

tagmosis (Brusca and Brusca, 2001).  Their lack of tagmosis and generally simplified 

life-cycles and body plans has often relegated them to a hypothesized basal position with 

Crustacea, but, as illustrated throughout this dissertation, this is likely to be an erroneous 

placement.  The traditionally recognized class Maxillopoda is incredibly diverse in form 

and has recently come under criticism as likely representing a paraphyletic group 

(Schram and Koenemann, 2004; Spears and Abele, 1997; Regier et al., 2005, 2008).  

Nonetheless, a few important “maxillopods” contribute to the discussion of arthropod 

brain evolution, most notably the subclass Copepoda.  Copepods are a very species-rich 

and morphologically diverse group (~12,000 described species; Brusca and Brusca, 2001) 

and are defined by their cephalic shields, lack of compound eyes (but often presence of a 

median, naupliar eye), and often conspicuously large antennules.  And finally, the most 

well-recognized class of crustacea is Malacostraca, which comprises (in part) 

Phyllocarida, Hoplocarida (mantis shrimp), Peracarida (amphipods and isopods), and 

well-known Decapoda.  The ~20,000 species of Malacostraca (Wheeler et al., 2004) are 
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generally recognized as being the most apomorphic group of crustaceans, with many and 

interesting morphological, behavioral, and ecological specializations. 

Hexapoda are by far the most species-rich group of arthropods, with the 

~1,000,000 described species (Chapman, 2009) likely representing only a fraction of 

actual number of species (Hamilton, 2010).  Despite this incredible species diversity, and 

in stark contrast to Crustacea, the hexapod body plan is very stereotyped, containing three 

tagma (head, thorax, and abdomen), three pairs of legs, a single pair of cephalic antennae, 

trachea, and a combination of simple (ocellar) and compound eyes.  There are typically 

33 recognized Orders of Hexapods (30 of which are insect orders as sorted by Brusca and 

Brusca, 2001).  Of note for this dissertation is the fact that the term “Insecta” and 

“Hexapoda” are often used interchangeably at the expense of non-insect hexapods, such 

as Collembola, Protura and Diplura.  These three Orders represent diminutive species 

with highly reduced and simplified body plans that may represent secondary simplified 

forms. 

These major sub-phyla (Chelicerata, Myriapoda, Crustacea, and Hexapoda) have 

been variously grouped throughout the history of arthropod phylogenetics such that 

nearly every hypothesized combination of groupings has a distinct name (see Fig. 1 in 

Backer et al., 2008).  There are suites of characters that variously support these 

groupings, many of which have waxed and waned in their popularity and support.  There 

is a strong emerging consensus that Chelicerata, Myriapoda, and Hexapoda are 

monophyletic groups and that Crustacea is paraphyletic with regard to hexapods.  Indeed 

some authors have proposed that the term “Crustacea” be enclosed in parentheses to 
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indicate their paraphyletic nature, a practice that this author rejects in favor of historic 

continuity and clarity.  There is ample evidence that Crustacea and Hexapoda constitute a 

monophyletic group called Tetraconata (Dohle, 2001) or Pancrustacea (Zrzavy and Stys, 

1997).  The main current debates center around three questions, each of which has 

bearing on the evolution of arthropod nervous systems: 1) the sister-group of 

Euarthropoda (either Tardigrada or Onychophora), 2) the placement of Myriapoda with 

either the Chelicerata (i.e. the Paradoxopoda (Mallatt et al., 2004) or Myriochelata (Pisani 

et al., 2004) hypothesis) or Tetraconata (known as the Mandibulata hypothesis), and 3) 

the crustacean sister-group to Hexapoda.  Many recent large-scale molecular 

phylogenetic studies have purported to resolve the first two issues in favor of 

Onychophora being the Euarthropod sister-group (reviewed by Edgecombe, 2010) and an 

increasing confidence in Mandibulata (Myriapoda + Tetraconata; Rota-Stabelli et al., 

2010; Caravas and Friedrich, 2010).  The resolution of the crustacean sister-group to 

Hexapoda, however, remains quite contentious (Meusemann et al., 2010; Regier et al., 

2010; Andrew, 2011), and is a major component of section 2.2 and 2.3 of this 

dissertation. 

 

1.3 Contributions of Neurophylogenetics to the debate on arthropod relationships 

As alluded to earlier, the nervous systems of Arthropoda have long been recognized as 

having several characters that are useful in attributing evolutionary relationships.  This 

section highlights several of these characters and their influence on the debate of 
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arthropod phylogenetics, particularly in regard to the most well-known example of 

phylogenetically informative neural systems linking Crustacea and Hexapoda. 

 Arthropod eyes, and their underlying neuropil, provide several characters that 

have been well received as containing pertinent phylogenetic information.  Paulus (1979) 

used the structure of the both the median and lateral eyes to support the idea of Arthropod 

monophyly, and to further underpin the idea provided by Lankester (1904) that the 

crustacean and insect eye evolved only once (Paulus, 1979).  Paulus further regarded 

commonalities of insect, crustacean, and myriapod ommatidia as evidence for 

Mandibulata.  Similarities in the four-part crystalline cone cells that are an integral part of 

each ommatidium of compound eyes (i.e. tetra-partite conata) are the apomorphic basis of 

the name of this well-accepted group, Tetraconata, as proposed by Dohle (2001). 

 One of the most often cited, and also one of the first observed similarities between 

insect and malacostracan crustacean optic lobes is the presence of nested optic neuropil 

connected by chiasmata, a character suite that is absent in Branchiopoda and Maxillopoda 

(Hanström, 1928; Elofsson and Dahl, 1970; Nilsson and Osorio, 1997).  This character, 

elaborated upon in Sections 2.2 and 2.3, has been used to suggest that insects and 

malacostracan crustaceans share a common ancestor at the exclusion of the other types of 

crustaceans that don’t show this same trait, i.e. Branchiopoda (Strausfeld, 1998, 2009; 

Strausfeld et al., 2006).   

 The central body of arthropods is an unpaired midline neuropil, which is present 

in every group of arthropods and thus traditionally presumed to be homologous 

(Holmgren 1916; Hanstöm, 1928; Loesel et al., 2002; Homberg, 2008; Strausfeld, 2012) 
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although Loesel et al. (2011) contend that there is still a debate as to correspondence of 

the arcuate body found in chelicerates.  The central body is found to various degrees of 

specialization in the different groups, with insects possessing the most elaborate central 

bodies and several linked centers that together comprise a system referred to as the 

central complex.  Harzsch and Glötzner (2000) examined the central bodies of the 

branchiopod Artemia salina and the decapod Cherax destructor at a cellular level, taking 

note of the location and projections of histaminergic and serotoninergic neurons.  They 

concluded that these structures are indeed well-conserved and have many similarities to 

insect central bodies, thereby allowing for the general consensus that the central body is 

part of the tetraconate ground plan (Strausfeld, 1998; Utting et al., 2000; Harzsch and 

Glötzner, 2000). 

 Olfactory neuropil are another obvious area where Tetraconata can be supported, 

as reviewed in detail by Schachtner et al. (2005).  Briefly, the olfactory lobes of 

crustaceans (supplied by the antennules or first antennae) and the antennal lobes of 

insects are considered to be homologous primary olfactory centers, having arisen at (or 

prior to) the base of Tetraconata.  The crustacean and hexapod taxa that lack several of 

the anatomical elaborations associated with these neuropil, such as a glomerular 

organization, a single large serotonin-immunoreactive neuron, and projection neurons 

with similar morphology and projection profiles, are presumed to have been lost in these 

taxa.  Indeed, Schachtner et al. (2005) allow the possibility that these elaborations have 

been lost several times in different tetraconate lineages, foreshadowing a recurring theme 

of this current work. 
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 These few examples of neural systems previously used to suggest evolutionary 

relationships within arthropods are only a small portion of those discussed in the 

literature.  Several following sections of this dissertation elaborate upon these and other 

conserved and presumed homologous neural characters.  As mentioned previously, the 

review of Harzsch (2006) is extensive in its dealing with examples of neurophylogenetic 

studies, and the recent tome by Strausfeld (2012) deals at length with both historical and 

contemporary examples of neurophylogenetic and neural cladistics studies. 

 

1.4 Uncovering principles of arthropod brain evolution 

In his book “Principles of Brain Evolution” Georg F. Streidter (2005) readily admits to 

ignoring the vast majority of organisms that have brains or central nervous systems to 

instead focus nearly entirely on the brains of vertebrates.  If one is to sincerely attempt to 

elucidate principles of brain evolution, as that work’s title purports, then an examination 

of more diverse creatures is absolutely necessary.  Often the problems of interpreting 

vertebrate brain evolution revolve around differences in size (absolute or relative) and 

scaling (regional versus global proportionality), ontological alterations, network 

connectivity, and the definition of homologous structures.  These same problems also 

permeate the field of arthropod (and invertebrate) nervous system evolution, but are often 

magnified by problems associated with defining structural and functional homologies.  

One can argue that the differences between the brains of a human and a tree shrew are 

miniscule compared to those between a fly and a spider.  I don’t wish to belittle the 

efforts of comparative vertebrate neuroanatomists with these analogies, rather I want to 
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highlight the difficulties inherent in attempting to homologies neural structures. The same 

challenges pertain to the identification of structural or functionally conserved brain 

regions or networks, and proposing principles that explain these differences in 

arthropods, a group of organisms whose evolutionary history is still contentious.   

 In attempting to elucidate some principles of arthropod brain evolution one must 

be transparent in presenting some potentially tautological arguments.  As described 

above, many neural characters have been used to support evolutionary relationships 

between groups of arthropods in a phylogenetic systematics framework.  At the same 

time, these very characters have been used to explain how the brains of certain groups 

have changed over time, simply as a matter of possessing a certain suite of characters.  

When conflicting data are presented, the instinct is to inherently choose one result over 

another and find reasons to exclude or explain away conflicting results.  At the other 

extreme would be the strict adherence to character-trait mapping, where morphological 

characters are simply mapped back onto a tree formed by another means in order to infer 

where traits have been gained or lost.  Both of these approaches are slightly myopic in 

their view and tend to exclude many evolutionary possibilities, albeit slightly less 

parsimonious ones.   

Although parsimony is generally considered to be a safe assumption to explain 

evolutionary change (Sober, 1983), it is important to note that there are many instances 

where parsimony delivers ambiguous and even incorrect answers (Felsenstein, 1978; 

Kolaczkowski and Thornton, 2004).  For instance, Kolaczkowski and Thornton (2004) 

showed that parsimony methods are statistically inconsistent and produce erroneous 
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results when evolution is heterotachous, or occuring at different rates along different 

lineages or over time.  Parsimony also fails to elucidate phylogenetic signals when 

homoplasies outnumber informative apomorphies (Felsenstein, 1978).  

 Because of the difficulties inherent in inferring arthropod relationships, 

recognizing neural homologies, and attributing generalities to such a diverse radiation, 

this dissertation takes the view that numerous sources of evidence must be considered 

and evaluated in order to more strongly support evolutionary scenarios.  It is with this 

approach in mind that the following experiments were undertaken and in the light of 

which the results are interpreted. 

 

1.5 Dissertation outline  

This dissertation approaches the question of arthropod nervous system evolution from 

four main tacks: 1) a descriptive study that highlights a conserved synapomorphic neural 

system, using as an example cell types from the most peripheral visual neuropil of 

Tetraconata, called the lamina; 2) the utility of using morphological neural characters to 

infer phylogenetic relationships in a cladistics framework; 3) a consideration on how 

large-scale molecular phylogenetic approaches support various evolutionary scenarios in 

the context of the nervous system; and 4) the description of the brain and ventral nervous 

system in a novel, phylogenetically informative taxon.  Each of these approaches 

highlights a different aspect of how nervous systems change and adapt over evolutionary 

time and these approaches contribution to the goal of elucidating some of the general 

principles of nervous system evolution in this enormously diverse clade.   
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 The first approach focuses on describing an example of highly conserved neuron 

types in anciently diverged lineages.  Although insects and crustaceans last shared a 

common ancestor more than 500 million years ago (Rehm et al., 2011), many aspects of 

their visual systems show conservation (Osorio and Bacon, 1994), as evidenced by this 

group being named Tetraconata, after a retinal character of their visual system (Dohle, 

1997, 2001).  The first visual neuropil of tetraconates, the lamina, likewise shows 

numerous similarities in its component cell types among even widely diverged taxa.  The 

organization of insect optic lobes, particularly the lamina, has been well documented in a 

wide variety of orders (i.e. Diptera: Strausfeld, 1971, 1976; Buschbeck and Strausfeld, 

1996; Hymenoptera: Greiner et al., 2005), but comparatively fewer crustacean taxa have 

been studied (Hafner 1973; Nässel, 1975, 1977; Nässel and Waterman, 1977; Strausfeld 

and Nässel, 1981).  In this chapter I examine the laminae of several related decapod 

species, detailing examples of conserved cell types.  This study, along with the associated 

Appendix A (Sztarker et al., 2009), exemplifies how neural elements from anciently 

diverged lineages can show a remarkable degree of conservation.   

 The observation that multiple neural characters have been recognized as being 

conserved in distantly related arthropods supports the idea that these types of characters 

provide a useful diagnostic for inferring evolutionary relationships (Strausfeld et al., 

1995; Strausfeld, 1998, 2006).  The third chapter of this dissertation is therefore a study 

on neural cladistics, which takes advantage of shared neural characters to infer the 

evolutionary history of arthropods.  A character matrix of discrete neural traits from a 

wide variety of arthropods was used for parsimony-based cladistic analysis (Strausfeld 
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and Andrew, 2011).  Similar to previous neurophylogenetic studies, which generally 

examine nervous system evolution based on the comparison of a small set of often 

complex morphological characters in few taxa (reviewed extensively by Harzsch, 2006), 

this chapter adopts a parsimony framework for determining evolutionary relationships 

based solely on the described neuromorphic characters.  To expand upon previous studies 

(Strausfeld, 1998, 2006), the character matrix has been much broadened and includes 

data from a wider and more diverse group or arthropods, including several additional 

crustacean taxa.  

 In contrast to traditional, morphology-based cladistics, molecular phylogenetics 

relies on comparisons of molecular sequence data to infer evolutionary relationships.  

Often the results from morphological analyses differ from those that employ 

computational analyses of molecular sequence data, particularly with regard to 

Arthropoda (Edgecombe, 2010). In morphological analyses, the “characters” are (often 

binary) physical traits expressed by the taxa in question.  Molecular approaches consider 

the diverged sequence of orthologous, or commonly inherited, genes as the physical 

manifestation of “characters”, with alterations in nucleotide or amino acid sequences the 

telltale sign of evolutionary change (Felsenstein, 2004).  Both types (i.e. morphological 

and molecular) of characters are amenable to multiple phylogenetic inference methods, 

such as maximum parsimony and model-based parametric methods of phylogenetic 

inference (Lewis, 2001; Felsenstein, 2004).  Yet the results inferred from these two 

different types of data are often in conflict (Jenner, 2004), particularly with regard to 

Arthropoda (Stys and Zrzavy, 1994; Edgecombe, 2010).  There are numerous reasons for 
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such evolutionarily incompatible scenarios, and the fourth chapter of this dissertation 

provides one such example: apomorphic loss, the secondary simplification of 

morphological traits.  In this chapter I present the second from a pair of companion 

papers (Andrew, 2011) that employs large-scale phylogenomics to support the hypothesis 

that branchiopods, a subset of extant crustaceans, have undergone secondary character 

loss of large portions of their nervous system from a complex ancestor they shared with 

hexapods and malacostracan crustaceans. 

 The fifth chapter of this work expands upon the idea that malacostracan 

crustaceans and hexapods shared a common ancestor that had a complex nervous system 

with many of the anatomical attributes of extant arthropod brains.  This chapter presents a 

detailed description of the brain and ventral nervous system of the copepod taxon 

Tigriopus californicus.  Copepods occupy an important position within Crustacea, being 

an incredibly diverse, yet basal branch to Malacostraca.  This placement enables us to 

deduce that neural characters shared by copepods, malacostraca, and hexapods were 

present in the most recent common ancestor (MRCA) of all these groups.  This ancestor, 

based on neural cladistics and large-scale phylogenomics studies (Strausfeld and Andrew, 

2011; Andrew, 2011), is the MRCA of all extant Tetraconata.  Therefore, the complex 

traits exhibited by this minute copepod taxon and shared with malacostracans and 

hexapods are truly ancient, and further bolster the hypothesis presented in sections 2.3 

and 2.4 that branchiopods indeed possess secondarily simplified central nervous systems 

and are not necessarily representative of a plesiomorphic state of Crustacea. 
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 Finally, this work concludes with a brief synthesis of the main points presented 

throughout this thesis and an account of some of the directions comparative anatomical 

work might take in the near future, including references to new techniques and 

approaches that will enable more thorough comparisons of neuroanatomical traits.  Far 

from being relegated to the dustbin of scientific inquiry by advances in genomic 

sequencing techniques, comparative anatomical studies continue to provide integral 

support for novel evolutionary hypotheses and thereby secure their place in the future of 

scientific inquiry of evolutionary processes. 

 

1.6 Significance of research 

Very few researchers have attempted to reconcile the multifarious evolutionary scenarios 

provided by prior comparative neuroanatomical studies and molecular phylogenetics.  

Indeed, prior to this work, the two disciplines were rarely considered simultaneously 

except to mention that one or the other technique failed to support the observations made 

in a particular study.   

 The primary contributions that the research presented herein provide to the 

scientific community are fourfold and stem from the main findings of the associated 

studies presented in the appendices: 1) a further example of ancient and highly conserved 

neural systems in the visual systems of Tetraconata; 2) an expansion and reevaluation of 

a neural morphological data matrix for cladistic analysis; 3) the reconciliation of large-

scale phylogenomics and morphological studies with the novel hypothesis of secondary 
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simplification in Branchiopoda; and 4) the most detailed contemporary account of the 

brain and ventral nervous system of a copepod taxon viewed in an evolutionary vein. 

 The second and third contributions are inherently complementary and rely on 

each other to support the primary hypothesis that Branchiopoda are secondarily 

simplified Crustacea.  Prior to this interpretation, branchiopods were generally considered 

basal representatives of Crustacea, having retained several plesiomorphies and thereby 

representing, in part, the ancestral form of the more highly derived Malacostraca.  This 

view is the hallmark of traditional morphological analyses (Brusca and Brusca, 2001), but 

does not correspond to results from more contemporary molecular phylogenetics.  The 

hypothesis that Branchiopoda, which repeatedly resolves as the sister-group to Hexapoda 

in molecular analyses (and by doing so cannot possibly represent a basal, plesiomorphic 

crustacean lineage), is secondarily simplified reconciles years of conflict in the literature 

and provides a parsimonious interpretation of molecular and morphological data sets. 

 The portion of this dissertation pertaining to the copepod Tigriopus californicus is 

important for several reasons.  First, it provides a starting point from which to compare 

nervous systems of other species of copepod.  As copepods are the most diverse subclass 

of crustaceans, comparative studies between diverse species will certainly be necessary in 

the future.  Second, it provides an invaluable resource to a large community of copepod 

researchers (World Association of Copepodologists: http://www.monoculus.org/) that 

have expressed interest in and the desire for studies of copepod nervous systems.  And 

finally, it bolsters the conclusions of the previous studies presented in this dissertation by 

supporting the view that the brain of the MRCA of Copepoda, Malacostraca, 
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Branchiopoda, and Hexapoda (i.e. the ancestral tetraconate) was more complex than often 

considered, containing a suite of neural systems that were previously thought to be 

apomorphic to Malacostraca and Hexapoda alone.   

 

1.7 Specific contributions of author 

This dissertation contains four appendices that represent three manuscripts that have been 

published (Appendices A–C) and one currently in press at the time of submission of this 

thesis (Appendix D).  As per the guidelines set forth by the Graduate College at the 

University of Arizona, I have described the specific contributions of this author to each 

manuscript in appropriate sections of this dissertation.  I will therefore provide here only 

a brief account of my specific contributions to these studies.   

Appendix A details the neural organization of the lamina in two crab species.  I 

was responsible for collecting all specimens of Hemigrapsus oregonensis, processing 

their tissue for Golgi, reduced silver, and tract tracing experiments, and composing 

figures for publication from micrographs of these preparations.  I played a minor role in 

drafting the original text of the manuscript, but contributed to the re-writing and editing 

of subsequent drafts.   

Appendix B and C were published as companion papers in a special issue of the 

journal Arthropod Structure and Development.  Appendix B is a manuscript published in 

collaboration with Dr. Nicholas J. Strausfeld describing a neural cladistics study of 

arthropods.  Dr. Strausfeld and I collaborated extensively on this work, jointly 

supplementing a previously studied matrix of neural characters with data I produced from 
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several original taxa.  I was responsible for running all computational analyses and 

producing final cladograms, character mapping trees, and tables for final publication.  

Although Dr. Strausfeld composed the principal draft of this work, and is accordingly 

listed as first author, I contributed significantly during subsequent editing and final 

preparation of the manuscript.  Appendix C, as a companion to Appendix B, is a 

molecular phylogenetic study of arthropod relationships that considers the results of 

large-scale phylogenomic analysis in the context of nervous system evolution.  As sole 

author of this study, I developed and implemented the bioinformatics approach, 

composed all figures, tables, and supplementary information, drafted the original 

manuscript, which Dr. Strausfeld aided in editing prior to submission, and corresponded 

with the journal’s editors through to publication.   

Appendix D is a study on the organization of the brain and central nervous system 

of the copepod species Tigriopus californicus.  I performed all anatomical experiments 

described in the manuscript, including light microscopical analysis, 

immunohistochemistry, and digital reconstructions.  Dr. Sheena Brown was responsible 

for providing transmission electron micrographs.  I composed the primary draft of this 

manuscript, organized subsequent edits by myself and coauthors, and acted as 

corresponding author.
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IV. CHAPTER 2: PRESENT STUDY 

2.1 The lamina of Tetraconata: Observations in Decapoda and similarities to insects 

2.1.1 Introduction 

Although they are estimated to have diverged greater than 500 million years ago (Rehm 

et al., 2011), insects and crustaceans have conserved organization in many parts of their 

visual pathways, making them an attractive group for the study of visual system 

evolution.  Pterygote insects and malacostracan crustaceans share four nested optic lobe 

neuropils, which are connected by two optic chiasmata. From the periphery inward these 

are the lamina, medulla, and lobula complex (Fig. 2.1.1B–D), the latter divided into a 

lenticular lobula and a flat tectum-like lobula plate. In some taxa the lobula plate is 

miniscule, in others has been incorporated as a single sub-neuropil of an undivided lobula 

and in one coleopteran (Cicindelidae) it appears precociously in the larva and degenerates 

during adult development.  The organization of these large, complex neuropils has been 

used to infer phylogenetic affinities between insects and malacostracan crustaceans 

(Osorio and Bacon, 1994; Harzsch, 2006; Strausfeld, 2009; Strausfeld and Andrew, 

2011).  Despite these recognized similarities at the neuropil level, in-depth analyses of 

the cellular architecture of visual information pathways remain relatively uncharacterized 

in crustacean lineages. 

 Peripherally in the visual system, at the levels of the compound eye and lamina, 

insects and crustaceans share well-characterized anatomical and physiological 

similarities.  The compound eyes of insects and crustaceans are equipped with multiple 

facets each lying above a group of 8 photoreceptor neurons.  Insects and crustacean 
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ommatidia are homologous, distinguished from other arthropod ommatidia by having 

four crystalline cone cells (Paulus, 2000).  These eponymous cells are the synapomorphy 

that unites Crustacea and Hexapoda into the group Tetraconata (Dohle, 1997, 2001). 

Across the Tetraconata, photoreceptors are divided into two classes: short visual fibers 

(usually six per ommatidium), which project to the lamina, and 2-3 long visual fibers that 

send their axons through the lamina into the second visual neuropil, the medulla (Paulus, 

2000).  The lamina consists of a sheet-like neuropil composed of retinotopically arranged 

optic cartridges.  Each cartridge comprises a group of photoreceptor endings that “view” 

one point in space accompanied by a standard group of interneurons (Kirschfeld, 1967; 

Shaw, 1984).  Although there can be subtle differences in morphology amongst these 

neurons even between closely related species (Shaw, 1990), the general cell classes are 

remarkably consistent between crustaceans and insects (Strausfeld et al., 2006; Sztarker 

et al., 2009).  Conserved cell types also show similar physiological properties (Wang-

Bennett and Glantz, 1987; Laughlin, 1981), further suggesting that they were present in 

the common ancestor of these two groups.   

  Early work on crustacean laminae focused on aquatic malacostraca, particularly 

crayfish, prawns, and stomatopods (Hafner, 1973, 1974; Nässel, 1975, 1976, 1977; 

Elofsson et al., 1977; Stowe et al., 1977; Strausfeld and Nässel, 1980; Wang-Bennett et 

al., 1989; Glantz et al., 2000; Kleinlogel et al., 2003).  These animals, particularly 

Stomatopoda, are highly reliant on their visual systems despite inhabiting widely 

disparate ecological niches.  Indeed, the visual requirements are remarkably different for 

taxa inhabiting opaque water (as crayfish are want to do), deep and open pelagic 



 

 

34 

environments (many prawns), and bright shallow tropical seas (stomatopods).  Where 

then do the anatomical specializations that enable these taxa to survive in these 

environments manifest themselves in the neural pathways that process visual 

information?  Work on insects shows that peripheral layers of the optic lobes across 

different species share highly conserved early processing elements (Osorio and Bacon, 

1994), whereas deeper levels that process higher-order information reveal taxon-specific 

adaptations that relate to specific behaviors and ecologies (Buschbeck and Strausfeld, 

1997).  Because of their behavioral, ecological, and taxonomic diversity, decapod 

crustaceans provide an excellent opportunity to assess whether these observations in 

insects can be extended to Tetraconata as a whole.   

 As with many decapod crustaceans, grapsoid crabs are markedly visual creatures 

as evidenced by their large and elaborate optic lobes and preponderance of diverse visual 

behaviors, such as active visual foraging, landmark assisted homing, courtship displays, 

and defensive maneuvering (Nalbach, 1990; Cannicci et al., 2000; Backwell et al., 2000; 

Zeil and Hoffmann, 2001).  The study provided in Appendix A describes the cellular 

organization of the lamina of two related grapsoid crabs (Superfamily Grapsoidea; 

Family Varunidae), a littoral species of the Pacific Northwest Hemigrapsus oregonensis 

(Fig. 2.1.1E, 2A), and a semiterrestrial taxon from the coast of Argentina, 

Chasmagnathus granulatus.  This study is expanded upon in this current chapter with the 

inclusion of data from several new, non-grapsoid decapods in order to elaborate the 

commonalities of cell types in the lamina from a wider diversity of Decapoda.   
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2.1.2 Materials and Methods 

Data from three different taxa (Fig. 2.1.1E-H) were obtained at the same the same time in 

the same manner as described for Hemigrapsus oregonensis in Appendix A.  All animals 

were harvested at designated collecting sites or trawled from depths of ~10–25 m around 

the University of Washington’s Friday Harbor Marine Laboratories.  Specimens of the 

hermit crab Pagurus granosimanus was collected concurrently with those of H. 

oregonensis as they occur sympatrically, often sharing space under the same rocks in 

intertidal and littoral zones.  Two closely related shrimp (Caridae) taxa, Pandalus danae 

and Pandalus platyceros, were collected in trawls at depth, but can also be found in more 

shallow waters, even near the surface attached to flotsam or pylons.   

Anatomical, histological, and microscopical techniques will not be elaborated on 

extensively here as they are described in detail in Appendix A (Sztarker et al., 2009).  

Briefly, a modified Golgi Colonnier–Golgi rapid method (Li and Strausfeld, 1997) and 

double-Golgi method were used to visualize optic lobe neurons in all taxa.  Bodian’s 

original (1937) method was used with varying success in all taxa. 

The double-Golgi method produced complete cellular impregnation in far more 

cells than the former method in the two crab taxa, but staining in shrimp was not likewise 

enhanced with this approach.  Indeed, cells in the optic lobes of these taxa were 

dishearteningly recalcitrant to impregnation by any variant of the Golgi method 

employed, suggesting that a different approach will be necessary to fully elucidate the 

contingent of cells in the laminae of these taxa.  Many of the cell types shown in H. 

oregonensis, C. granulatus, and P. garnosimanus were unable to be observed in these 
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two Caridae taxa, limiting the results and conclusions drawn by the inclusion of these 

species in this analysis.  Fortunately, the cell types that were observed support the main 

conclusions of the study by Sztarker et al. (2009), and are included here for 

completeness.  In general, the following lamina cellular elements are described in relation 

to their counterparts in the crab H. oregonensis due to the well-described anatomy of 

these elements from this taxon in the text of Appendix A (Sztarker et al., 2009), and 

which represent this author’s contribution to that manuscript. 

 

2.1.3 Cellular components and their organization in the lamina of crustaceans 

The overall architecture of the optic lobes in the surveyed taxa is typical for Tetraconata, 

comprising four nested optic neuropil arranged in successive anatomical and functional 

order.  The lamina constitutes the first neuropil and contains a variety of cell types that 

receive input from visual receptor cell terminals and centrifugally projecting cells of 

more proximal regions.  Output projections of the lamina extend primarily to the medulla.  

The lamina is arranged into repeating units of retinotopic cartridges that each receives 

stereotyped inputs from several receptor cells in the overlying retina and contains several 

lamina-specific cell types as well as the process of large cells that serve to connect 

adjacent cartridges.  Each cartridge contains processes of the following cell types: 1) 

retinula cell terminals from the retina and the axons of bypassing retinula cells destined 

for the medulla; 2) monopolar cells of several classifications; 3) efferent T-cells similar 

to those described in insects (Strausfeld, 1970); 4) the axonal processes of large 

tangential cells that laterally innervate several cartridges; 5) diffuse centrifugal cells with 
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presynaptic specializations; and 6) amacrine cells which lack axons and are contained 

almost wholly within the lamina.  As described in further detail in Appendix A, each 

cartridge of H. oregonensis contains the terminals of seven retinula cells, processes of at 

least seven monopolar cells of several types, and portions of all the other cell types 

mentioned above.  Each cell type will be discussed in turn, comparing the appearance of 

cell types from unpublished taxa with those of H. oregonensis, often via direct 

comparisons of the exact cells published by Sztarker et al. (2009). 

 The lamina itself is composed of a synaptic plexiform layer sandwiched between 

a distal pair of densely packed cell layers (CBo and CBi) and a more diffuse inner cell 

layer found among the fibers that comprise the first optic chiasm (OCh1) (Fig. 2.1.2B,C).  

From distal to proximal, the lamina contains readily identifiable strata, starting with the 

dense outer and inner cell body layers (CBo and CBi, respectively, (Fig. 2.1.2D,E)), 

continuing to a three successive and distinct tangential layers called the distal, proximal, 

and giant tangential layers (DTL, PTL, and GTL respectively, (Fig. 2.1.2F–H)), before 

being defined on the most proximal margin by processes of the first optic chiasm (Fig. 

2.1.2B).  Clusters of receptor cell axons traverse through clustered cell bodies in the outer 

cell body layer (Fig. 2.1.2D) before consolidating into precise rows that interleave with 

those of cell bodies in the inner cell body layer (Fig. 2.1.2E).  Those same receptor cell 

axons then pass through the distal tangential network, which makes a precise pattern 

reflective of the underlying cartridges (Fig. 2.1.2F), en route to two termination layers 

deeper in the lamina (Fig. 2.1.3).  The proximal (Fig. 2.1.2G) and giant tangential layers 

(Fig. 2.1.2H) are defined by the precise organization of lateral processes from large 
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centrifugal tangential neurons.  Bundles of neurons projecting to the medulla are readily 

identifiable in transverse sections of the first optic chiasm (OCh1, Fig. 2.1.2I), illustrating 

the conservation of retinotopy from optic cartridges through to higher-order visual 

neuropil. 

 

2.1.3.1 Retinula cell terminals 

As described in both C. granulatus and H. oregonensis, photoreceptor terminals from 

seven of the eight receptors per ommatidium terminate in the lamina’s plexiform layer 

(Sztarker, 2009).  These receptor terminals occur in two relative layers termed the outer 

and inner terminal layers (OT and IT, respectively; Fig 3).  There are several 

morphological types of terminals, but the general shape of the majority of golgi-

impregnated cells reveals an elongated, spatulate shape that begins as a gradual 

expansion of the axonal fiber before widening into a broad, often flat terminus (Fig. 

2.1.3A).  Small fingers of projections are generally found emanating from the proximal 

ends of these terminals and from one of the broad flat sides, while the other side appears 

devoid of specializations (Fig. 2.1.3A,C).  The photoreceptor terminals of the hermit crab 

P. granosimanus are very similar in arrangement to these more distantly related crabs, 

suggesting a well-conserved organization amongst decapods.  As shown in Figure 3, two 

distinct layers of receptor cell terminals are present in P. granosimanus, with comparable 

wide and flat spatulate endings to those found in the published crab taxa.   

 Unfortunately, receptor cell terminals were rarely impregnated in the two 

surveyed shrimp taxa leaving us to potentially limit the extent of these similarities to 
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Anomura (hermit crab) and Brachyura (true crabs).  However, studies on another 

Pandalus taxon (Pandalus borealis; Nässel, 1975) and other decapod taxa (Nässel 1976, 

1977; Stowe et al., 1977; Eloffson and Hagberg 1986) clearly reveal four types of 

photoreceptor terminals that end in several tiers of the lamina, similar to the organization 

of our surveyed crabs.  These terminal endings often correspond to the same layers of 

dendritic regions from the two types of unistratified monopolar cells (M3 and M4, 

discussed below), which in crayfish were shown to constitute two distinct channels of 

visual processing (Nässel and Waterman, 1977).  This tiered arrangement of 

photoreceptor endings, which correspond in their extent to comparable 

compartmentalization of distinct monopolar cell dendrites, is therefore considered to be 

common to Malacostraca.  Indeed, a similar arrangement is not uncommon across more 

distantly related insect taxa, such as representative Coleoptera, Odonata, and Hemiptera 

(Strausfeld, 1976), and as suggested by Sztarker et al. (2009) may represent a more 

ancient organizational principle of organization of the first optic neuropil in Tetraconata. 

 

2.1.3.2 Monopolar cells 

Monopolar cell types are defined principally by two broad categories of classification: the 

location of their cell body and the depth and spread of their dendritic arbors in the 

plexiform layer of the lamina.  Monopolar cell bodies reside in two distinct layers (outer 

and inner cell body layers, CBo and CBi respectively) proximal to the plexiform layer of 

the lamina (Fig. 2.1.2D,E).  Different monopolar cell types have dendritic arbors that 

span various region of the lamina with stereotyped precision, thereby aiding in their 
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identification from individual to individual and taxon to taxon.  Historically, some 

authors, such as Hafner (1973), named the several variations of these cells with 

seemingly arbitrary numeric designations, often splitting potentially similar cells into 

distinct “types” (such as his labeling of type B-9 and B-10 cells).  In this account, in 

accordance with the published account provided in Appendix A, cell types are likewise 

partitioned into arbitrarily numbered groups based on cell body location and dendritic 

extent, but a more conservative approach to splitting is adopted that relies on descriptive 

nomenclature of cells amended to the principal type of dendrites they possess.  For 

example, the several type 1 monopolar cells (M1) are variously described as diffuse 

(M1d), stratified (M1S), and unistratified (M1us).  This approach allows for these cell 

types to retain their uniqueness in relation to cells that possess general similarities in 

common while clearly demarking the differences between the major subdivision of this 

general class of lamina neurons. 

 Some of the most readily identifiable monopolar cell types are midget monopolar 

or M1 neurons, which have cell bodies in the inner cell body layer (CBi) immediately 

adjacent to the plexiform layers of the lamina.  These cell bodies come in various sizes 

(as shown by the contrast of Fig 1A and 1E), but each give rise to a single, thin branch 

that descends into the lamina before multifurcating into several fine and narrowly 

extending branches (Fig. 2.1.1).  The published examples from H. oregonensis (Fig 

2.1.1A, C) reveal the morphological differences between subtypes and the usefulness of 

the descriptive nomenclature.  The diffuse M1 type (M1d) has many small branches that 

extend laterally no more than a few micrometers from the main dendritic branch along a 
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large portion of the vertical extent of the lamina’s plexiform layer.  These are in contrast 

to the stratified (M1s) and unistratified (M1us) neurons that have more distinct dendritic 

arbors in one (unistratified) or both (stratified) of the tangential layers.  Comparable cell 

types are found across malacostraca, including several of the taxa used in this study (Fig. 

2.1.1D-E). 

 These miniature monopolar cells are thought to occur in each optic cartridge in 

the lamina, but it is unlikely that each of the aforementioned types occurs for every 

iteration.  As suggested in Sztarker et al. (2009), these cells may receive inputs not from 

photoreceptors, as the bulk of other monopolar cells do, but from tangential neurons.  

This arrangement is similar to the midget L5 neurons of the laminas of dipterous insects 

(Strausfeld and Nässel, 1980), the cell bodies of which lie immediately above the 

lamina’s synaptic plexiform layer. M1 neurons in Crustacea may possibly participate in 

visual motion detection circuits in a manner comparable to that ascribed to L5 neurons 

(Douglass and Strausfeld, 1995). 

 Type 2 monopolar cells (M2) have their cell bodies in the outer cell body layer 

(CBo) and possess dendritic regions throughout the vertical extent of the lamina’s 

plexiform layer.  The variation in this type of cell resides in the horizontal extent and 

density of dendritic arbors.  Two exemplar types from H. oregonensis reveal the subtle 

differences between M2 subtypes (Fig. 2.1.5A).  The narrow variety (M2n) possesses 

tightly packed, reticular dendritic region with a very narrow lateral extent, whereas the 

narrow diffuse variety (M2nd) shows a likewise narrow lateral extent of dendrites, but 

with sparcer branching (Fig. 2.1.5A).  The physiological differences between these subtle 
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types are, if any, unknown.  Comparable M2n types are apparent in all taxa examined in 

this study, with only minor variations (Fig. 2.1.5 B, F–H).  More wide-field varieties are 

designated by the monikers M2b and M2bd for the diffuse variety (Fig. 2.1.5 C, D).  A 

final potential variety is the bistratified cell observed in P. danae (Fig. 2.1.5E), with the 

caveat that the apparent bistratification may not be real, but may be a variety similar to 

those described as M6 wide field monopolar cells shown in Figure 8 of Sztarker et al. 

(2009).   

 There are two monopolar cell types (M3 and M4) that have dendritic regions 

mirroring the two-tiered organization of photoreceptor terminals in the lamina.  Similar to 

M2 cells, both have cell bodies restricted to the CBo, with M3 cells having dendrites 

restricted to distal regions and M4 arborizations occupying proximal zones of the 

lamina’s plexiform layer. These cells in H. oregonensis show obvious spatial separation 

between inputs (Fig. 2.1.6A,B, Fig. 2.1.7), and are easily identifiable in other taxa, such 

as P. granosimanus (Fig. 2.1.6C–E) and P. platyceros (Fig. 2.1.6F).  The lateral extent of 

the dendrites of these cells is rather narrow, presumably restricted to a single cartridge, 

with the exception of proximal branches in M4 cells (highlighted with arrows in Fig. 

2.1.6A,B,E), which extend lightly further laterally than other branches.  There are some 

minor varieties of these cells, notably the “crook-neck” variant of the M3 cell (M3cr; Fig. 

2.1.7A), that have been observed in a variety of taxa (Stowe et al., 1977; Sztarker et al. 

2009).  The differentiation of two regions in the deceptively uniform appearing plexiform 

layer of the lamina for both photoreceptor terminals and subsets of monopolar cells 

suggests a functional separation of lines of optical information.  Indeed, Nässel and 
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Waterman (1977) showed through electron microscopical analysis of re-embeded (and 

thereby pre-identified) monopolar cells and terminals that these two distinct subsets 

represent two parallel and exclusive channels capable of parsing orthogonal polarization 

information from photoreceptors of the same ommatidium.  This previous work, done in 

the crayfish Pacifastacus leniusculus, compares well with our light-microscopical 

observations in a larger variety of crustaceans, suggesting that this separation of parallel 

channels early in the visual processing stream may be shared widely among Tetraconata. 

 The remaining monopolar cells present in the two crab species examined by 

Sztarker et al. (2009) (i.e. M5 and M6 cells) were not observed in the other taxa 

examined in this study.  It is currently unknown if these cell types, which represent more 

wide-field monopolar cells, are unique to the crab taxa used in that study, missing in the 

other taxa examined here, or simply failed to impregnate in notoriously stochastic Golgi 

preparations.   

 

2.1.3.3 Centrifugal neurons: large-field tangential cells 

There are several cell types that have dendritic arbors within the neuropil of the medulla 

and provide axonal processes to the lamina.  These cell types are generically called 

centrifugal cells based on the general polarity of the cell and are divided into wide-field 

tangential neurons and small-field centrifugal cells.  This current account deals 

exclusively with two types of wide-field tangential neurons, as small field centrifugal 

endings were not observed in the taxa specific to this study.  The reader is referred to 
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descriptions of beaded centrifugal endings in the two crab species described by Sztarker 

et al. (2009) and in Appendix A. 

 Unlike monopolar cells, lamina tangential neurons have their cell bodies located 

proximal to the lamina, residing close to the distal surface of the medullary neuropil.  

Type 1 tangential neurons (Tan1) in H. oregonensis and P. granosimanus are very similar 

in their morphology, readily identifiable in both taxa, and share similar specializations 

previously only observed in Bracyura.  A large axon from the medulla enters the 

proximal surface of the lamina and provides large lateral trunks in two layers that 

correspond to the proximal and distal tangential layers (Fig. 2.1.8A,C).  Several of these 

lateral trunks depart the main axonal branch in each layer and extend laterally across 

several optic cartridges.  Along their length they give rise to smaller branches that project 

approximately perpendicularly from these lateral branches to reach vertically into the 

plexiform layers of the lamina, thereby providing a roughly rectilinear arrangement of 

axonal branches (apparent in Fig. 2.1.8A).  Atop the primary central branch of each Tan1 

neuron lies a crest of projections that extend slightly beyond the DTL.  This unique 

cellular character has only been observed in crab taxa, and is shown in Fig. 2.1.8 in both 

P. granosimanus and H. oregonensis.  Although the physiological importance of this 

concentrated bundle of terminals is unknown, it provides a useful character in assessing 

the density of tangential supply to the lamina, particularly in H. oregonensis.  In this 

taxon the lamina innervation of Tan1 cells is remarkably dense, with one of these cells 

provided to each optic cartridge (Sztarker et al., 2009).  This dense innervation of 

tangential cells is observable via two means: 1) fortuitous golgi preparations that reveal 
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in several Tan1 neurons from adjacent cartridges (Fig. 2.1.8C), and 2) the presence of 

similar crests at each cartridge in reduced silver preparations (Fig. 2.1.8D and better in 

Sztarker et al. (2009) Fig. 2.1.9E).  Although several examples of Tan1 neurons from the 

hermit crab P. granosimanus were revealed through golgi impregnation, no preparations 

revealed adjacent cells, and as such it is currently unknown if tangential innervation in 

this taxon is as dense as in the brachyura presented by Sztarker et al. (2009).   

 The second type of wide-field tangential neurons (Tan2) are less numerous than 

the former type and extend lateral branches more widely in a planar manner such that 

along the long axis terminals span across several cartridges whereas the short axis shows 

extensions of approximately one cartridge length (Fig. 2.1.9).  These cells have very large 

principal trunks that give rise to large lateral fibers that run along the giant and proximal 

tangential layers (GTL and PTL) (Fig. 2.1.9B).  These lateral fibers then give rise to 

relatively regularly space vertical climbing fibers that reach through the extent of the 

plexiform layers (Fig. 2.1.9A).  In brachyurans, these cells constitute a network of large 

parallel lateral processes each separated by the distance of approximately one optic 

cartridge (as shown in Fig. 10F of Sztarker et al. (2009) that run along the length of the 

lamina.  The smaller orthogonal branches are evenly spaced and give rise to the climbing 

fibers.  A similar arrangement is suggested in P. granosimanus by the presence of the a 

single impregnated Tan2 cell (Fig. 2.1.9C), viewed in a plane parallel to the surface of 

the lamina, that extends for >100 µm in the long axis and <25 µm in the short axis.   
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2.1.3.4 T-cells 

Lamina T-cells get their name from the T-shape of the junction of secondary branches 

from the primary trunk.  There are two general types observable in the crustacean taxa in 

this study, namely the more narrow-field type 1 T-cell and the more wide-field type 2 T-

cell.  These cell types are well conserved in decapods and several insect taxa, and are 

often said to possess “basket-like” dendrites that envelop components of a single 

cartridge.  T-cells are apparent in many decapod and insect taxa (Strausfeld et al., 2006), 

an observation that supports conserved inheritance from a common ancestor at the base 

of Tetraconata.  These cells are efferents of the lamina and are thought to be involved in 

motion computation as part of a small-field elementary motion detection circuit (Higgins 

et al., 2004).  The organization of type 1 cells in P. granosimanus is very similar to those 

in H. oregonensis, but the few type 2 cells revealed in the hermit crab show large 

differences to the littoral species.  Unfortunately, these cell types did not impregnate in 

the caridae taxa examined. 

 Type 1 T-cells in both H. oregonensis and P. granosimanus exemplify the T-

shape from which these cells derive their name (H. oregonensis cells shown in Sztarker et 

al. (2009) Fig. 11C; Fig. 2.1.10B,C).  They generally have a small axon which leaves the 

lamina at a junction point of two main branches that extend vertically through the extent 

of the plexiform layer and provide a network of smaller neurites that extend horizontally 

to the width of approximately a single cartridge.  As seen in the contrast of dendritic 

spread in Fig. 2.1.10B and C there appears to be variations in this base organization of 
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this cell type, but they are nevertheless generally considered to be a single type (Sztarker 

et al., 2009).   

 Type 2 T-cells have a wider and often more diffuse branching patterns often quite 

diverged from the eponymous T pattern.  In general, these cells display a larger axon and 

wider branching pattern then their type 1 counterparts, and are thereby considered to be a 

distinct subtype of these lamina efferents.  The type 2 T-cell of H. oregonensis shows a 

cell with three primary branches off the main trunk that turn to reach through the vertical 

extent of the lamina, apparently directed along the lengths of three adjacent cartridges 

(brackets in Fig. 2.1.10A).  This is in contrast to the shape of type 2 cells in P. 

granosimanus that are much more similar to those of other studies decapod taxa, 

including C. granulatus (Sztarker et al. (2009) Fig. 11D).  This more conventional form 

shows a wider branching pattern than type 1 cells with a less apparent “T” shaped 

junction near the PTL (Fig. 2.1.10D). 

 

2.1.4 Summary and Discussion 

The lamina of tetraconata is a well-characterized neuropil with conserved cell types 

readily identifiable between highly diverged malacostracan crustaceans and pterygote 

insects.  Within one order of crustaceans, Decapoda, several diverse taxa have been used 

to identify these conserved cellular elements.  A recent study by Sztarker et al. (2009; 

Appendix A) examined this neuropil in two related, but ecologically distinct species of 

brachyurans (i.e. crabs), toward the goal of understanding how early processing centers 

of visual pathways may be altered to adapt to widely different visual ecologies.  This 
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current study expands upon the observations made by Sztarker et al. (2009) to include the 

descriptions of stereotypical lamina neurons in several novel decapod taxa, including 

another crab (the anomuran P. granosimanus) and when possible two caridea taxa (the 

shrimps P. platyceros and P. danae).  The lamina of P. granosimanus was shown to 

contain similar cell types described by Sztarker et al. (2009) in very comparable 

arrangements to the crab H. oregonensis.  These cell types include several varieties of 

lamina monopolar cells (M1–M4), two distinct types of wide-field tangential neurons 

(Tan1 and Tan2), and efferent T-cells (T1 and T2).  Varying success with Golgi-

impregnation methods in the caridea enabled comparisons of a smaller number of cell 

types, limited to specific subtypes of monopolar cells. 

 The hermit crab P. granosimanus and the true crab H. oregonensis are sympatric 

species, which suggests that they share the same visual ecologies.  Accordingly, they 

show remarkable similarity in the morphology and arrangement of cell types in their 

laminae, including special cellular apomorphies only previously seen in more closely 

related brachyurans.  For instance, each Tan1 neuron in both taxa shares the same crest of 

axonal terminals immediately above the main vertical axon branch (Fig. 2.1.8).  As 

mentioned above, this specialization has not previously been seen in other malacostracans 

and may therefore be specific to these taxa or the Brachyura + Anomura group more 

widely.  The functional implications of such morphological specializations will require 

further study to elucidate.  Nevertheless, the highly conserved organization of the 

majority of cell types in these two taxa strongly suggests that similar processing of visual 

information is occurring at this most peripheral visual neuropil.  



 

 

49 

 The fact that such anciently diverged taxa as malacostracan crustaceans and 

pterygote insects share such similarity in the most peripheral visual neuropil suggests that 

the function conferred by this neuropil are crucial, general, and highly conserved through 

vast swaths of evolutionary time.  Where, then, do the anatomical and physiological 

differences reside that allow taxa with very disparate visual ecologies to thrive and 

succeed?  Studies in insects suggest that these differences first arise at deeper levels of 

the optic lobes, which process higher-order visual information, and confer taxon-specific 

adaptations that relate to specific behaviors and ecologies (Buschbeck and Strausfeld, 

1997).  This is also likely the case between the more distantly related insects and 

crustaceans.  For example, the lobula complex, comprising the lobula and lobula plate, 

represent the first anatomical level where there are stark anatomical differences in 

organization between insects and crustaceans.  The first of these distinctions is that in 

most insects, the retinotopic mosaic is coarsened in the lobula whereas in malacostracans, 

the lobula has a 1:1 organization with respect to lamina and medulla retinotopic columns 

(Strausfeld and Nässel, 1981). This means that each pyramidal-like output neuron in the 

insect medulla is widely spaced and has a dendritic tree that subtends an oval field 

equivalent to 9-12 visual sampling points whereas in malacostracans, neurons have the 

same spacing as the peripheral retinotopic mosaic and have narrow field dendritic trees. 

This organization predicts that there is finer angular discrimination by outputs from the 

crustacean optic lobes than in insects.  These types of higher-order differences are likely 

the source of adaptive visual processes that enable taxa to inhabit specific ecologies, and 

provide major differences between the visual systems of insects and crustaceans. 
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 This study and the associated work of Sztarker et al. (2009; Appendix A) support 

the idea that the brains of anciently diverged organisms can contain several highly 

conserved neural elements.  Because of their high degree of conservation, not just in the 

gross organization of large neuropil but also in the detailed arrangement of component 

cell types, these ancient circuits must be crucial for the success of these organisms 

through evolutionary time.  Thus, the ability to recognize homologous neural elements, as 

those shown throughout the lamina, in widely diverged taxa enables the ability to not 

only infer what neural elements the brains of ancient common ancestors possessed but 

also how different taxa have altered these ancient components as they have evolved novel 

environmental and behavioral specializations.  These themes recur throughout the 

remainder of this dissertation. 

 

2.1.5 Specific contributions of author 

The author was responsible for collecting all specimens, creating all histological 

preparations, imaging and compiling all figures for this chapter.  In addition, for the 

preparation of the manuscript presented in Appendix A (Sztarker et al., 2009), the author 

collected all specimens of H. oregonensis, processed their tissue for Golgi, reduced 

silver, and tract tracing experiments.  In addition, several figures from that publication 

were composed in part by this author, including Fig. 2.1.2, and the portions of Figs. 4–13 

that relate to H. oregonensis.  This author did not participate heavily in drafting the first 

version of the Sztarker et al. (2009) manuscript, but did play a role in re-writing and 

editing subsequent pre-submission drafts and revisions after initial peer-review.  
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2.1.6 Figure Legends 

Figure 2.1.1. Overview of high-level arthropod relationships, optic lobe organization of 

Tetraconata, and taxa used in this study.  A: The modern consensus of evolutionary 

relationships between the major extant arthropod groups shows insects and crustaceans as 

close sister-groups called Tetraconata.  This group, together with Myriapoda constitute a 

larger clade dubbed Mandibulata after the presence of similar mouthparts.  B–D: The 

optic lobes of many Tetraconata share great similarities in gross morphological features, 

as illustrated by a cartoon in B.  In order from distal to proximal the optic neuropil are the 

lamina, medulla, and lobula/lobula plate.  There are two optic chiasmata respectively 

between the lamina–medulla and the medulla–lobula.  C–D: The optic lobes of the 

shrimp Pandalus (C) appear very similar to those of a fly (D).  E–H: The taxa used in this 

study occupy a variety of ecological niches and show a wide diversity of behaviors, yet 

share cellular organization in their first optic neuropil.  These images were acquired from 

the following sources: E: Hemigrapsus oregonensis, http://commons.wikimedia.org/wiki/ 

courtesy of Walter Siegmund; F: Pagurus granosimanus, www.wallawalla.edu courtesy 

of Dave Cowles; G: Pandalus platyceros, www.seaotter.com with permission from Jon 

Gross and Keith Clements; and H: Pandalus danae, courses.washington.edu/mareco07 

image by Melissa Phipps. 

 

Figure 2.1.2. The lamina of the crab Hemigrapsus oregonensis.  This crab species, shown 

in A, lives in the low intertidal and high littoral zones under and around rocks of various 

sizes, such as the one on which this specimen is perched. At low tides it takes refuge in 
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damp areas around these rocks and is able to live for hours at a time out of water while 

avoiding desiccation.  Cross-sections through the lamina (B,C) show the various cell 

body and neuropil fiber layers, while a low-power image (C) reveals the relation of the 

lamina to distal cell body layers and the more proximal first optic chiasm (OCh1).  

Transverse sections through these layers (D–I) show the precise organization of neural 

elements of optic cartridges supplied by the overlying retina and which project to the 

underlying medulla.  These layers are, from distal to proximal, the outer and inner cell 

body layers (CBo and CBi, respectively), the distal tangential layer (DTL), proximal 

tangential layer (PTL), giant tangential layer (GTL), and most distal portions of the outer 

optic chiasm (OCh1).  Portions of this figure are adapted, with permission, from figure 2 

of Sztarker et al. (2009). 

 

Figure 2.1.3. Photoreceptor terminals in the lamina of two crab taxa.  A, C, D: P. 

granosimanus photoreceptors, like those of H. oregonensis (B), terminate in two distinct 

layers in the lamina, the inner and outer terminal layers (IT and OT, respectively).  These 

endings are often spatulate (as in A), but can make more diffuse endings, such as those 

shown in the IT layer in C.  The proximal and distal limits of the lamina are revealed by 

the extension of branches from monopolar cells (M2n in A, C) and the extensions 

tangential cells in the distal (DTL) and proximal tangential layers (PTL).  Panel B is 

adapted in part from Sztarker et al. (2009).  Scale bars = 25 µm. 
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Figure 2.1.4. M1 monopolar cells.  Although this cell type displays several different 

cellular morphologies, they can nonetheless be defined by their short dendritic lengths 

and the presence of a cell body in the inner cell body layer (CBi).  A-C: Those from H. 

oregonensis show the general pattern for the different types.  Diffuse type (M1d) have 

branches either throughout the lamina (A), as shown by the approximate location of the 

distal and proximal tangential layers (DTL and PTL respectively), or more restricted to a 

single layer similar to the position of photoreceptor inputs (B).  Stratified cells (C–E) are 

apparent in all taxa examined, with examples here showing both unistratified (M1us from 

P. granosimanus in D) and bistratified cells (M1s from H. oregonensis and P. platyceros 

in C and E).  Panels A and F adapted from Sztarker et al. (2009). Scale bars = 10 µm. 

 

Figure 2.1.5. M2 monopolar cells.  These cells are defined by the location of their cell 

body in the outer cell body layer (CBo) and dendritic arborizations throughout the 

vertical extent of the lamina as defined by the extent of the distal (DTL) and proximal 

tangential layers (PTL).  A: The difference between the narrow (M2n) and narrow diffuse 

(M2nd) varieties are apparent in H. oregonensis.  B–D: The hermit crab P. granosimanus 

shows very similar narrow (M2n) varieties (B), and two types of M2 cells with more 

broad dendrites, one with more diffuse dendrites (M2bd in C) and the other with more 

condensed, yet broad arbors (M2b in D).  E–H: We were able to identify several types of 

comparable M2 cells from the two shrimp taxa, including a broad stratified variety (M2bs 

in E) and several narrow cells (M2n in F-H).  CBi = inner cell body layer; OCh1 = first 

optic chiasm.  Panel A adapted in part from Sztarker et al. (2009).  Scale = 10 µm.   
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Figure 2.1.6: M3 and M4 monopolar cells.  A,B: H. oregonensis clearly shows cells that 

have dendritic arbors through only the outer (M3) or inner (M4) portions of the plexiform 

layer in the lamina.  The M4 cells often have arbors in the proximal tangential layer 

(PTL) that extend to margins beyond a single optic cartridge (arrows in A, B).  C–E: Both 

M3 and M4 types are apparent in P. granosimanus, with the same wide reaching 

branches on a portion of M4 cells (E).  F: Although we observed these cell types less 

often in the shrimp taxa, several obvious examples were discovered, such as this M4 cell 

from P. platyceros.  Panels A, B adapted in part from Sztarker et al., (2009).  Scale bars = 

10 µm. 

 

Figure 2.1.7:  Monopolar cell variety.  A: This portion of lamina from H. oregonensis 

shows a wide variety of golgi-impregnated monopolar cells, including M2B, M4, and the 

crooked neck variety of M3 cells (M3cr), in addition to lamina T-cells.  The 

compartmentalization among the dendritic territories between inner and outer layers in 

the lamina plexiform layer is apparent.  B,D: Similar relationships between lamina 

monpolar cells are apparent in several preparations from P. granosimanus.  C: As 

illustrated in this image from H. oregonensis, the classification of monopolar cells can 

often be difficult to determine.  Panels A, C adapted in part from Sztarker et al. (2009). 

Scale bars = 10 µm. 
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Figure 2.1.8:  Type 1 tangential cells (Tan1).  A–B: The terminals of these cells in the 

lamina of the hermit crab P. granosimanus closely resemble those of the crab H. 

oregonensis (in C–D).  Arborizations in the lamina begin with a few large branches that 

spring from the large main trunk (arrows in C) and spread laterally across several optic 

cartridges in the proximal and distal tangential layers (PTL and DTL respectively), 

forming an obvious bistratified arrangement of lateral processes.  These large primary 

branches give rise to smaller fibers that project vertically across the extent of the 

plexiform layer of the lamina forming a dense network of processes.  The central 

component of these large cells show a crested arrangement in both taxa (boxed in B–D) 

that are apparent in reduced silver preparations at every optic cartridge (D).  C: This 

fortuitous golgi preparation reveals the Tan1 cells of several adjacent optic cartridges, 

supporting the observations based on reduced silver preparations (D) that these cells 

occur in each cartridge and thereby supply an extensive network of lateral connections 

between cartridges and provide the cellular organization of the two laminar tangential 

layers.  Panel C adapted in part from Sztarker et al. (2009).  Scale bars = 25 µm. 

 

Figure 2.1.9: Wide field, unistratified type 2 tangential cells (Tan2).  A: A single wide 

field Tan2 cell is revealed in this Golgi preparation from P. granosimanus to consist of a 

wide primary axonal projection from the medullary dendrites that branches into several 

large branches that run laterally in the giant and proximal tangential layers (GTL and 

PTL respectively).  These large lateral branches give rise to regularly spaced, slender 

rising fibers that extend through the extent of the lamina toward the distal tangential layer 
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(DTL).  A, B:  The vertical extent of these fibers can be seen in relation to an M2 

monopolar cell in A and B.  These cells have a wide lateral extent in the long axis of the 

lamina, but more restricted branches in the orthogonal direction as shown in C, which 

reveals this particular cell from a top down orientation, with the plane of image parallel to 

the surface of the lamina.  Scale bars = 10 µm. 

 

Figure 2.1.10: Lamina T-cells.  A–D: These cells come in a variety of forms, with both 

wide-field (Type 2: A, D) and small-field (Type 1: B, C) varieties, all defined by their 

initial branches at the base of the proximal tangential layer (PTL) upon entry into the 

lamina.  A: This typical example of a type 2 T-cell from H. oregonensis reveals that these 

cells extend across several optic cartridges, with large clustered branches dedicated to 

each cartridge (brackets in A) replete with axonal swellings.  B,C: Small-field cells are 

more often restricted to one cartridge, with their initial “T” branches projecting vertically 

through the cartridge (B, C) to give rise to more slender branches with short, spine-like 

terminals (particularly as in C), as these examples from P. granosimanus.  Panel A 

adapted from Sztarker et al. (2009).  Scale bars = 10 µm. 
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2.1.7 Figures 

Figure 2.1.1: Overview of high-level arthropod relationships, optic lobe organization of 

Tetraconata, and taxa used in this study. 
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Figure 2.1.2: The lamina of the crab Hemigrapsus oregonensis. 
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Figure 2.1.3: Photoreceptor terminals in the lamina of two crab taxa. 

 

 

 

 

 

  



 

 

60 

Figure 2.1.4: M1 monopolar cells. 
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Figure 2.1.5: M2 monopolar cells. 
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Figure 2.1.6: M3 and M4 monopolar cells. 
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Figure 2.1.7: Monopolar cell variety. 
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Figure 2.1.8: Type 1 tangential cells (Tan1). 
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Figure 2.1.9:  Wide field, unistratified type 2 tangential cells (Tan2). 
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Figure 2.1.10: Lamina T-cells. 
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2.2 A New View of Insect-Crustacean Relationships I. Inferences from Neural 

Cladistics and Comparative Neuroanatomy 

2.2.1 Introduction 

Early observers of insect and crustacean visual systems realized that these two groups 

share nearly identical organization of retinal structure (Lankester, 1904) and a 

comparable arrangement of underlying visual neuropil (Hanstöm, 1928).  Indeed, E. Ray 

Lankester proposed what he termed “a community of origin of Hexapods and Crustacea 

in regard to the complicated ommatidia of the compound eye” (Lankester, 1904, page 

561) nearly a century earlier than oft cited work of Dohle (1997). The latter study 

recognized common attributes of retinal cone cells that led to the coining of the term 

“Tetraconata” to unite Hexapoda and Crustacea (Dohle, 2001).  As seen in the previous 

section, these similarities of structure are further apparent at more detailed levels, with 

comparable cell types populating the laminae of insects and crustaceans.  Holmgren 

(1916) was the first to use commonalities in underlying neural structure to infer 

relationships between major arthropod groups, and his erstwhile student Hanström (1928) 

made the observation that insects and malacostracan crustaceans share similar structure in 

the organization of their optic lobes.  Clearly, the idea of using shared apomorphic 

features of the nervous system to draw evolutionary affinities between arthropod groups 

has a historical precedent. 

 Paul (1989, op. cit. p. 488) was the first to employ the term “neuronal phylogeny”  

to describe the study of assigning evolutionary relationships based on neuronal correlates 

of behavioral adaptations, particularly with regard to identified neurons responsible for 
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tail flip behavior among Reptantia, a group of decapod crustaceans.  In her study, Paul 

recognized the fact that “neural circuits which evolved for particular specialized 

behaviors can continue to mediate behaviors in animals whose external forms, habits and 

habitats have diverged substantially” (Paul, 1989, op. cit. p.502).  That is, similarities in 

underlying neural organization can provide evidence for common origin despite 

divergence in external form and behavior.   

In the broadest sense, the term “neurophylogeny” (and its cognates) relates to the 

use of neural character to infer evolutionary relationships.  This approach has been used 

widely in the last few decades for arthropods (Harzsch, 2006), and has continued to 

garner attention from a wider community of comparative anatomists beyond those who 

study arthropods (as evidenced by the inclusion of a “Neurophylogeny” symposium at the 

International Congress on Invertebrate Morphology in the Summer of 2011 

(http://icim.harvard.edu/)).  It is often the case that individual neurophylogenetic studies 

focus on a single morphological or developmental trait in a small number of 

representative taxa and extrapolate those observations to the larger arthropod subphyla.  

Despite attempted impartiality, these types of studies are often more along the lines of 

character-mapping studies, where morphological characters are mapped onto existing 

relational trees to deduce the polarity of morphological change.  This mapping approach 

is quite different from a true cladistics study, such as those pioneered by Strausfeld et al. 

(1998, 2006), which employ the principle of parsimony to maximize the congruence of 

characters, and hence confers the ability to more readily distinguish between 

synapomorphy (relatedness by descent from a common ancestor) and homoplasy (similar 
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appearance by convergent evolution from separate ancestors).  This present study follows 

directly from the earlier studies by Strausfeld et al. (1998, 2006), expanding the types of 

characters and inclusive taxa, and implementing more rigorous heuristic parsimony 

searches and Bayesian phylogenetic analyses of the compiled matrix.   

Several lines of evidence, including an increasing number of molecular 

sequencing studies (Regier et al, 2005, 2010; Roeding et al., 2009; Koenemann et al., 

2010; Rota-Stabelli et al., 2011; Andrew, 2011), provide converging support for the 

hypothesis that insects derived from a crustacean-like ancestor.  The question that is still 

contentious is, which group of crustaceans represents the sister-group to hexapods: 

Malacostraca or Branchiopoda (Budd and Telford, 2009; Edgecombe, 2010)?  Based on 

several neural cladistics studies, the general consensus in the field of arthropod 

neurophylogenetics was that insects derived from a malacostracan-like crustacean 

(Strausfeld, 2009).  This supposition was based on the presence of several shared traits 

between these two large groups, including aspects of olfactory pathways and higher order 

olfactory neuropils, optic lobe organization, and the complexity of central unpaired 

neuropil (Strausfeld, 2009).  The relative simplicity of Branchiopoda, both in terms of 

their nervous system and body segmentation (Wills, 1998; Brusca and Brusca, 2001), led 

researchers to suppose that these organisms represent the plesiomorphic state of 

crustaceans.  Because the simplified form was traditional taken to represent the ancestral 

morph, commonalities of Malacostraca and Hexapoda were interpreted as being shared 

apomorphies, or a group of congruent characters that could thereby define the sister-

group status of Malacostraca and Hexapoda in a cladistics sense.  The present study was 
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carried out in part to address and, if required, to question the general supposition that 

Branchiopoda represent the plesiomorphic state, which recent molecular phylogenetic 

have begun to question.   

 

2.2.2 Summary 

The methods, results, discussion, and conclusions of this study are given in detail in 

Appendix B.  This section recounts its most important findings, which were previously 

published with me as their equal co-author. 

 The results of this neural cladistics analysis, in conjunction with comparative 

anatomical observations, support the hypothesis that Malacostraca, Hexapoda, 

Remipedia, and Copepoda share several neural elaborations presently lacking in 

Branchiopoda.  The cladograms resulting from both parsimony and Bayesian analysis of 

the neuromorphological character matrix support monophyly of the major recognized 

arthropod groups (i.e. Chelicerata, Myriapoda, Tetraconata, Hexapoda) and at deeper 

levels the monophyly of Mandibulata (Myriapoda + Tetraconata) (Appendix B, Fig. 3).  

As with previous neurophylogenetic studies, a monophyletic Malacostraca is resolved as 

the sister group to Hexapoda.  In contrast to these previous studies, however, 

Branchiopoda nest within Tetraconata and is not resolved as the most basal crustacean 

lineage. Indeed, Branchiopoda nests between Malacostraca and a clade containing the 

copepod Tigriopus californicus and the remipede Godzilliognomus frondosus.   

 Although this study obviously supports the union of Malacostraca and Hexapoda 

(Appendix B, Fig. 3), it also provides the first evidence from a strictly neural cladistics 
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study that Branchiopoda are secondarily simplified.  Support for this hypothesis is 

provided by character mapping analysis, where characters from the final matrix are 

mapped back onto the consensus cladograms produced through parsimony and/or 

Bayesian inference (Appendix B, Figs. 5 and 6).  Although Branchiopoda nest within the 

larger assemblage of Tetraconata (i.e. not as the basal-most clade), they are the only 

tetraconates that lack olfactory glomeruli with an associated ascending pathway to lateral 

protocerebral neuropil (Appendix B, Fig 5C) and elaborations of the central complex into 

several components (Appendix B, Fig. 6D).  Apart from remipedes and copepods, which 

anyway lack compound eyes, branchiopods further lack four nested optic lobes connected 

by chiasmata, having only two optic neuropils connected by uncrossed axons.  Thus, 

there is blossoming evidence that these deficits, which have previously been attributed to 

the plesiomorphic state of Branchiopoda, are indeed indicative of an evolved (secondary) 

loss.   

 The principle conclusions of this study therefore support the hypothesis that the 

branchiopod brain had its evolutionary origins in a much more complex, malacostracan-

like brain.  The evolved secondary loss exhibited by Branchiopoda therefore relates to 

both external features (such as simplified antennules and reduced tagmosis) as well as 

internal nervous system features.  Branchiopods, then, do not retain strict plesiomorphic 

traits, nor do they represent the antecedent of Malacostraca (and thus Hexapoda as well). 

Rather, they exhibit novel apomorphic loss of complex neural characters that have been 

retained in these other tetraconate lineages.   
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Reversal of character elaboration over evolutionary time, be it through novel 

simplification or atavistic reversion, is not uncommon in the animal world (Porter and 

Crandall, 2003).  As Jenner (2004) points out, adaptive simplification of morphological 

characters is often the cause of apparent incongruences between morphological and 

molecular phylogenies.  This is because the absence of characters is generally presumed 

to be the plesiomorphic state, and when numerous characters used in parsimony 

phylogenetic analyses are lost in unison or sequentially along a lineage, parsimony 

dictates that a single gain of characters, even in widely divergent lineages, may be more 

likely than several losses.  In such scenarios, the failure to differentiate between 

plesiomorphic absences and secondary simplification leads to the erroneous interpretation 

of morphological data and an apparent, but misguided, conflict with phylogenetic 

inferences based on molecular sequence data. 

The question then arises, if Branchiopoda does not represent the plesiomorphic 

state of Crustacea where does this group belong in the tetraconate radiation?  Although 

useful for aiding in the interpretation of neural character evolution in arthropods, this 

study highlights one of the potential limitations of using morphological data alone and 

suggests that several sources of evolutionary signal should be considered in parallel.  One 

way to do this is with a “total evidence” approach, which combines molecular and 

morphological data into a single computational analysis (i.e. Giribet et al., 2001; Jenner 

et al., 2009).  These types of studies inherently suffer from problems of character 

weighting, meaning whether the researcher considers morphological data inherently 

weaker, meaning less reliable and thus of smaller import, than molecular data. That some 
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workers assume greater or lesser importance to different kinds of data is of concern, 

given that the signals from molecular data often easily overwhelm those from the 

generally less well-sampled morphological characters.  Differential character weighting 

within a sample is also inherently unverifiable and suffers from the inability to rigorously 

test basic assumptions that are attached to character weighting (Kluge, 1997). Thus, 

better not to weight at all and with these cautions in mind, an appropriate and attractive 

alternative is to perform large-scale phylogenomic analysis of molecular sequence data 

and consider its results in the light of those arising from neural cladistics.  This approach 

considers the contributions of both molecular and morphological data, but avoids 

problems of weighting and subsequent confounding of evolutionary signals.  I undertook 

such analysis, which constitutes the following section (2.3). 

 

2.2.3 Specific contributions of the author and coauthors 

The manuscript presented in Appendix B was published as a companion paper set in a 

special issue of Arthropod Structure and Development dedicated to the evolution of 

arthropod nervous systems (Volume 40, Issues 3–4, 2011).  The work provided in 

Appendix B is the result of collaboration between the author of this dissertation and Dr. 

Nicholas J. Strausfeld.  Together, we supplemented a previously published neural 

character matrix (Strausfeld et al., 2006) with data from new and phylogenetically 

informative taxa, including Remipedia, Copepoda, several Coleoptera, a mantid, a wasp, 

several Decapoda (anomurans and brachyurans) and an additional outgroup, the 

nemertine speces Paranemertes peregrina.  The present author was responsible for 
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collecting the anatomical data from the new taxa, implementing all computational 

analyses, creating first drafts of several figures (particularly Figs. 1, 5, 6, and expanding 

Fig. 3 from Strausfeld et al., 1998), producing the final cladograms, collaborating on 

character trait mapping analysis, and preparing all tables for publication.  Dr. Strausfeld 

and I wrote the manuscript. 
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2.3 A New View of Insect-Crustacean Relationships II. Inferences from Expressed 

Sequence Tags and Comparisons with Neural Cladistics 

2.3.1 Introduction 

In part because of the shear abundance and diversity of arthropod taxa, systematists have 

long been engaged in an often contentious debate as to the true evolutionary history of 

the four major arthropod groups: Chelicerata, Myriapoda, Crustacea, and Hexapoda.  

Indeed, different researchers have supported a variety of alternate hypotheses regarding 

ancient evolutionary relationships (see Fig. 1 in Strausfeld and Andrew, 2011 or Bäcker 

et al., 2008). Early work in molecular phylogenetics contributed ambiguity to these 

evolutionary interpretations as the first studies to use molecular sequence data to infer 

evolutionary relationships often resulted in contradictory and speculative relationships 

depending on the gene(s) and taxa used in the analysis (Turbeville et al., 1991; Ballard et 

al., 1992; Friedrich and Tautz, 1995; Giribet et al., 1996; Regier and Shultz, 1997; Shultz 

and Regier, 2000; Giribet et al., 2001).  As alluded to in the previous section (2.2), these 

studies often contradicted traditional views of arthropod relationships based on 

morphological cladistic analysis and researchers were left wanting a unified view of 

arthropod evolutionary history.   

 Fortunately, recent advances in molecular inference techniques, the proliferation 

of genetic sequence data from multiple homologs, and the advancement of sequencing 

technologies have resulted in large-scale studies that are converging on a more 

consensual view of arthropod phylogeny (Edgecombe, 2010).  Modern large-scale 

molecular sequence phylogenies tend to take two forms: directed gene sequencing 
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approaches (Giribet et al., 2001; Hassanin, 2006; Mallatt and Giribet, 2006; Carapelli et 

al., 2007; Gao et al., 2008; Regier et al., 2008, 2010; Aleshin et al., 2009; Koenemann et 

al., 2010) and those based on sequences derived from genomic transcripts, or expressed 

sequence tags (ESTs; Bourlat et al., 2006; Roeding et al., 2007; Dunn et al., 2008; 

Philippe et al., 2009; Hejnol et al., 2009; Roeding et al., 2009; Meusemann et al., 2010; 

Andrew, 2011).  Both approaches have benefits over the other, but the prospect of large 

EST projects to provide a greater wealth of genomic information from an ever-increasing 

number of taxa suggests that this approach may more rapidly advance the field.   

 Despite the increase in taxon and molecular sequence sampling various internal 

arthropod relationships are still quite contentious, particularly support for the group 

Mandibulata (Myriapoda + Tetraconata; Rota-Stabelli and Telford, 2008; Rota-Stabelli et 

al., 2010; Regier et al., 2010), and the identity of the crustacean sister-group to Hexapoda 

(Regier et al., 2010; Meusemann et al., 2010; Andrew, 2011).  This latter relationship is 

one of the primary focuses of this study because of the relevance of these relationships on 

interpretations of arthropod nervous system evolution.   

 Several relatively recent large-scale molecular phylogenies have shown evidence 

for a grouping of hexapods with the crustacean group Branchiopoda (Roeding et al., 

2007, 2009; Dunn et al., 2008; Meusemann et al., 2010; Andrew, 2011).  This 

monophyletic grouping has no precedent in the morphological literature so is either 

blatantly overlooked (Roeding et al., 2007, 2009), or relegated to an incomplete result 

due to the lack of certain crucial crustacean orders in the analysis (Meusemann et al., 

2010).  Yet these several studies independently and strongly converge on this grouping, 
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often with excellent support (i.e. Bayesian posterior probabilities of 1.0 and/or likelihood 

bootstrap support values in excess of 95%).  The goal and purpose of conducting another 

EST-based large-scale molecular phylogenetic study was to verify this relationship of 

Hexapoda + Branchiopoda, evaluate the integrity of previous studies in their methods by 

employing more stringent criteria for ortholog prediction and matrix culling, expand the 

number of outgroup (i.e. non-Ecdysozoan) taxa in order to evaluate the effects of 

outgroup choice on internal arthropod relationships, and interpret the resulting 

relationships in the context of nervous system evolution.  Therefore, although the results 

presented below (Andrew, 2011) are quite similar to those from previous EST 

phylogenies of arthropods (Roeding et al., 2009; Meusemann et al., 2010), the 

interpretation of them is novel and relate to those results from its companion paper 

(Strausfeld and Andrew, 2011). 

 

2.3.2 Summary 

As with the previous section (2.2), this portion of this dissertation relates a previously 

published manuscript, which is provided in Appendix C.  The methods, results, 

discussion, and conclusions of this study are provided therein.  Here, only the most 

important findings are recounted. 

 This study presents a phylogenetic analysis of molecular sequence data obtained 

from publicly available EST libraries.  At the time of its initial submission it represented 

the largest molecular data set for arthropod phylogenetics, but was subsequently eclipsed 

in scope by a later study (Meusemann et al., 2010).  The matrix was composed of the 
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sequences of 1902 highly conserved core ortholog (CO) genes from two non-exclusive 

sets of taxa: the extended outgroup set (EOS) of 156 taxa, and the lophotrochozoa 

outgroup set (LOS) of 142 taxa.  Two outgroup sets were used to explore the 

consequence of including more diverged outgroups, which consequently retain fewer 

conserved orthologs, versus retaining more sequence data at the expense of wider 

taxonomic sampling.  Because of the stochastic nature of EST collection, the final matrix 

showed only a portion of the entire CO set present in each taxon.  For example, the final 

EOS group contained an average of 699 orthologs per taxon.  Consequently, the final 

alignments were quite “gappy”, retaining an average coverage of 45.91% for the EOS 

group.  This is to be expected of EST-based alignments and is in line with those of 

previous studies (Roeding et al., 2007, 2009; Meusemann et al., 2010). 

 The large size of these alignments limited the study to maximum likelihood 

analysis.  The resulting best-known likelihood trees were used to show bootstrap support 

values from several independent analyses (Appendix C, Fig. 1).  As preliminary evidence 

of the efficacy of these analyses, all alignments consistently resolved generally accepted 

higher-level metazoan relationships such as a monophyletic Deuterostomia and 

Protostomia, with the well-supported protostome sub-groups Lophotrochozoa and 

Ecdysozoa.  Several power analyses were performed to test the veracity of likelihood 

anslyses, including bootstrap analysis, leaf stability measures, and several approaches for 

matrix trimming to remove under-represented taxa.  All of these analyses indicate that the 

results of this study are robust and represent well-supported evolutionary relationships, 

given the input data and models employed. 



 

 

79 

 The most important results of this study relate to the well-supported internal 

arthropod relationships, particularly regarding the resolution of monophyletic Myriapoda, 

Chelicerata, and Hexapoda, and the paraphyly of “Crustacea”.  Tetraconata (the union of 

all included crustacean and hexapod taxa) was resolved with 100% bootstrap support in 

every analysis in agreement with the modern consensus of this clade as a real entity.  

Within, Crustacea, Copepoda, Cirripedia, Malacostraca, and Branchiopoda all resolve as 

monophyletic clades with good support.  Within Hexapoda, most traditionally recognized 

orders resolve with excellent bootstrap support, including Diptera, Lepidoptera, 

Coleoptera, Hymenoptera, and Hemiptera.  Deeper in the Hexapod clade Entognatha and 

Ectognatha resolve as the base division, with Ectognatha divided into Pterygota + 

Archaeognatha.  There are several conflicting signals at the base of Hexapoda regarding 

the placement of a few taxa, including the louse Pediculus, representative Ephemeroptera 

and Odonata species, and basal Orthoptera (see Supplementary Figure 9 from Andrew 

(2011), which shows a web at the base of Hexapoda in the consensus network of 

maximum likelihood bootstrap replicates). 

In agreement with other EST phylogenetic analyses (Regier et al., 2005; Roeding 

et al. 2007, 2009; Dunn et al., 2009; Philippe et al., 2009; Mallatt et al., 2010; 

Meusemann et al., 2010), the crustacean sister-group of Hexapoda is resolved as 

Branchiopoda.  Several of these other studies have noted that this relationship may be an 

artifact caused by incomplete taxon sampling.  Indeed, there are several important 

crustacean groups missing in the publicly available EST databases that were scoured for 

this current study, most notably Remipedia, Cephalocarida, and Leptostraca (Stillman et 



 

 

80 

al., 2008).  To compensate for this dearth of data, Regier et al. (2010) employed a 

directed sequencing approach to include several of these neglected taxa in their recent 

analysis, and arrived at a slightly different relational topology whereby the Hexapod 

sister-group is resolved as a grouping of Remipedia + Cephalocarida (two taxa absent 

from the current analysis), and Branchiopoda groups together with the remaining 

crustacean groups.  Although these seem like potentially incompatible results, these 

outcomes, and the interpretations thereof, particularly in regard to nervous system 

evolution, remain justified. 

 If we consider the sister-group relationship of Hexapoda and Branchiopoda as the 

true evolutionary relationship, then two distinct possibilities exist to explain the 

observations that the nervous systems of insects and malacostracan crustaceans share 

much in common (as described in the previous section (2.2) and several recent studies 

(Harzsch, 2006; Strausfeld et al., 2006; Strausfeld, 2009, 2012)).  These are: 1) the 

possibility that insects and malacostracan crustaceans have independently evolved 

numerous neural systems with remarkable similarity of structure, connectivity, and 

function, or alternatively 2) the most recent common ancestor (MRCA) of insects and 

malacostraca possessed a nervous system that contained these shared attributes, which 

were subsequently lost in various crustacean lineages during the course of evolution.  As 

stated in the previous section, and supported here, the latter scenario is likely the case. 

 Indeed, no matter which recent large-scale phylogenomic analysis one may 

choose as representing the “true” evolutionary history of these various extant groups, this 

same interpretation of nervous system evolution in Malacostraca, Insecta, and 
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Branchiopoda is well supported.  For example, the study of Regier et al. (2010) 

mentioned above would show the MRCA of insects and Malacostraca as also having 

given rise to modern Remipedia, Cephalocarida, and Branchiopoda.  When one considers 

the fact that Remipedia also share several of the neuroanatomical traits common to 

Malacostraca and insects – such as elaborate olfactory glomeruli connected to a lateral 

protocebral neuropil via ascending second order olfactory fibers and a complex, multi-

component central complex (Fanenbruck et al., 2004; Fanenbruck and Harzsch, 2005) – 

the scenario whereby these complexities are common to the MRCA is more robustly 

supported.  These similarities are so pervasive in the brains and ventral nervous systems 

of Malacostraca, Insecta, and Remipedia (Fahrbach, 2004; Strausfeld, 2009, 2012) that 

their independent evolution in each lineage is regarded as highly unlikely.  Moreover, the 

robustness of results from EST studies such as this one suggest that the inclusion of these 

missing taxa would not dramatically alter the relationship of Malacostraca and Hexapoda 

to one of sister-group status, and therefore secondary simplification of the branchiopod 

nervous systems would still represent the most parsimonious interpretation of 

comparative neuroanatomical data in the context of molecular phylogenetics. 

  

2.3.3 Specific contributions of the author 

This study is the original work of the author, who devised the methods, implemented the 

bioinformatics approaches, devised the figures, composed the manuscript for publication, 

and acted as corresponding author throughout the publication process.  Dr. Nicholas J. 

Strausfeld was instrumental in providing helpful and poignant editorial suggestions, 
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particularly in regards to tying this study together with its companion paper (Strausfeld 

and Andrew, 2011). 
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2.4 The minute brain of the copepod Tigriopus californicus supports a complex 

ancestral ground pattern of the tetraconate cerebral nervous systems  

2.4.1 Introduction 

The novel hypothesis presented and supported in the previous sections, that 

Branchiopoda express apomorphic or evolved simplification as opposed representing a 

plesiomorphic state, is supported by both neural cladistic analysis and large-scale 

phylogenomic studies.  How can we provide further support for this hypothesis?  There 

are several crustacean taxa that have been historically neglected in terms of studies on 

their nervous systems.  If examples of brains and central nervous systems from one or 

several of these taxa were shown to similarly possess elaborations common to 

Malacostraca and/or insects, then the idea that the MRCA of Tetraconata possessed an 

already complex central nervous system would be further bolstered.  This section 

provides such support via a description of the brain and ventral nervous system of the 

copepod species Tigriopus californicus. 

 Copepods are an incredibly diverse group of crustaceans (Boxshall and Halsey, 

2004) that occupy an important evolutionary position within Tetraconata.  Although their 

exact phylogenetic position depends on the nuances of the methods employed in 

particular studies (compare, for example their placement in Andrew (2011) versus Regier 

et al., (2010)), there is a general consensus that they diverged from the branch that gave 

rise to extant Malacostraca after this larger group, called Multicrustacea (i.e. Copepoda + 

(Malacostraca + Thecostraca)) by Regier et al. (2010), diverged from an ancestor 

common to all Tetraconata.  That is, they are considered to be basal to Malacostraca.  
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More importantly, the most recent common ancestor (MRCA) of Copepoda, 

Malacostraca, Branchiopoda, and Hexapoda is most surely the MRCA of all Tetraconata.  

Therefore, traits common to Copepoda, Malacostraca, and Hexapoda most likely arose 

during the initial evolution of Tetraconata and can be considered as the ancestral, 

plesiomorphic state. 

 Because of the diversity of Copepoda, both in the sheer number of taxa and their 

variety of morphological form (Boxshall and Halsey, 2004), it is important to justify the 

specific choice of a taxon for anatomical analysis.  The species Tigriopus californicus 

(Baker, 1912; Copepoda, Crustacea) was chosen for this study in part because it has 

become the focus of several large and productive laboratories.  It has a wide supralittoral 

distribution along the West coast of North America and is extremely tolerant to 

laboratory conditions (Powlik et al., 1997; Powlik, 1999).  Further, there is support from 

the World Association of Copepodologists (WAC, www.monoculus.org) to continue 

using this taxon as a genetic model system for the environmental toxicological, 

phylogeographic, and population genetic studies (Burton, 1979, 1987, 1998; Burton and 

Feldman, 1981; Edmands, 2001; Raisuddin et al., 2007; Willett and Laddner, 2009), as 

well as promoting it as a candidate for whole-genome sequencing (Bron et al., 2011).  

These factors, along with their amenability to the employed neuroanatomical techniques 

make this species particularly attractive as a candidate for detailed neuroanatomical 

analysis. 

 The literature on copepod neuroanatomy is scarce, and detailed studies focusing 

explicitly on comparative aspects of copepod brains are often decades old (i.e. Lowe, 
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1935; Lang, 1948; Fahrenbach, 1962; Park, 1966).  The most recent literature focuses 

nearly exclusively on the species Calanus finmarchicus (Christie et al., 2008; Sousa et 

al., 2008; Wilson and Christie, 2010; Hartline and Christie, 2010), or other calanoids, 

particularly in regards to the presence and ultrastructure of myelin (Davis et al., 1999; 

Lenz et al., 2000; Weatherby et al., 2000; Wilson and Hartline, 2011a, 2011b).  

Descriptive studies on members of the order Harpacticoida (Lang, 1948; Fahrenbach, 

1962) are much older and consequently lack the resolution available with modern 

microscopical techniques such as confocal microscopy and 3-dimensional reconstructions 

of semi-thin sections.  The detailed description of the brain of Tigriopus californicus will 

complement these older studies and enable copepods to be included in and contribute to 

the debate on arthropod brain evolution. 

 

2.4.2 Summary 

The manuscript of this study is provided in Appendix D in its finalized form as accepted 

for publication in the Journal of Comparative Neurology.  Detailed methods, results, 

discussion, and conclusions from this study are provided therein.  This current section 

outlines only the most salient conclusions of this study, and the reader is referred to 

Appendix D for a more thorough account of the brain of the copepod Tigriopus 

californicus and its implications on the evolution of arthropod brains. 

 The brain of Tigriopus is divided into three main regions congruent with its 

primary sensory inputs: 1) the protocerebrum, which is innervated by the nerves of the 

triplet ocelli and contains several higher-order neuropil; 2) the deutocerebrum, containing 
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glomeruli associated with olfactory input from the antennules (or first antennae); and 3) 

the tritocerebrum, which is penetrated by the esophagus and innervated by nerves of the 

second antennae (or simply antennae).  The ventral nervous system is post-oral, 

contiguous with the post-esophageal portion of the tritocerebrum, and coalesced along the 

midline into a single cord-like neuropil enshrouded with neuronal cell bodies.   

The most important characters of the Tigriopus brain that relate to those of other 

tetraconates reside in the pre-oral brain.  These are: 1) the protocerebral bridge and 

central body, which together constitute the central complex, 2) the several olfactory 

glomeruli of the deutocerebrum and 3) their ascending connections to higher-order 

neuropil, and 4) the presence and location of the lateral protocerebral, higher-order 

olfactory neuropil.  This array of anatomically elaborate characters, discussed in turn 

below, indicate that this minute brain possesses several complex features retained from 

the brains of its ancestors. 

The central complex has not previously been observed in any harpacticoid 

copepod taxon (Lang, 1948; Fahrenbruck, 1962), but was hinted at by Lacalli (2009) with 

his observation in electron microscopic images of transverse fascicles in the anterior 

protocerebrum of larval copepods.  The central complex of Tigriopus was revealed 

through a combination of semi-thin sectioning, light microscopy, and 

immunohistochemistry.  The observation of a multi-component central complex in this 

taxon, and the well-documented existence of these protocerebral neuropil in tetraconates 

(Utting et al., 2000) and arthropods more generally (Homberg, 2008), strongly supports 

this structure as being part of the ground pattern of Tetraconata.  The absence of these 
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midline neuropil in individual taxa thus necessarily represents secondary loss of an 

ancestral neural component. 

The deutocerebrum of Tigriopus is innervated by the largest nerve in the nervous 

system, the antennular nerve.  This large nerve supplies innervation to the olfactory lobes 

of the deutocerebrum, which contain several olfactory glomeruli each distinguished as a 

large number of profiles, and their abundant synapses, clustered as a ball-like neuropil 

demarcated from others by enclosure within a glial sheath.  Early reports by Hanström 

(1928, 1929) suggested that glomeruli were present in copepods, but the present account 

describes comprehensive support for these common structural components of olfactory 

systems.  Although the precise number of glomeruli is difficult to determine, by the same 

logic applied above to the central complex, their presence indicates that these structures 

were also present in the MRCA of Tetraconata. 

The final two characters crucial for discussion of arthropod brain evolution are 

closely allied. These are the hemiellipsoid bodies (HB) of the lateral protocerebrum and 

their inputs via crossing connections from deutocerebral glomeruli.  The creation of a 

nearly complete series of semi-thin sections through the deuto- and protocerebrum of 

Tigrioupus allowed tracing of fibers that leave the deutocerebral glomeruli and cross the 

midline en route to distinct lateral protocerebral nuclei.  These projections are 

comparable to those found in remipedes and malacostracans that constitute the olfactory 

globular tract (OGT).  In malacostracans, the OGC targets collections of nuclei in the 

lateral protocerebrum, variously innervating the medulla terminalis or HB in different 

taxa (Sullivan and Beltz, 2001, 2004), or exclusively the HB as in Remipedia 
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(Fanenbruck and Harzsch, 2005).  Work by Wolff et al. (2012), and a study on the 

plesiomorphic cephalocarid crustaceans (Stegner and Richter, 2011) strongly supports the 

contention that HBs are homologous to the mushroom bodies (MBs) of insects. The latter 

are higher-order association neuropil implicated in learning and memory (Heisenberg, 

1998). The conclusion that the HBs of copepods and Malacostraca are homologous, and 

that the HBs of Malacostraca and MB of insects are homologous, strongly suggests that 

the MRCA of Tetraconata had a lateral protocerebral associative center comparable to 

either the HB or MB. Stegner and Richter’s (2011) study of the cephalocarid brain 

suggests the latter.  

Apart from the characters described above, the study in Appendix D presents 

another commonality between Tigriopus and insect brains that suggests that the 

molecular components integral for synaptic function were also jointly inherited from the 

MRCA of Tetraconata.  This is the presence of “T”-shaped presynaptic specializations 

uncovered in an ultrastructural analysis of synaptic regions of the brain (see Appendix D, 

Fig. 8).  Similarly shaped specializations are abundant in glutaminergic synapses of the 

fly Drosophila melanogaster (Koenig and Ikeda, 1999; Fouquet et al., 2009), and are 

believed to be the site of presynaptic active zones, where neurotransmitter vesicles dock, 

fuse, and release their neurotransmitter (Zhai and Bellen, 2004).  Apart from insects, 

many arthropod taxa have been shown to possess morphologically distinct presynaptic 

specializations (detailed in Appendix D).  The discovery of comparably complex 

presynaptic specializations in copepods supports the contention that the genomic and 

molecular mechanisms necessary for synaptic complexity are ancient, and likely far pre-
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date the emergence of Tetraconata, and indeed probably Arthropoda (Ryan and Grant, 

2009). 

Based on this brief recounting of results from the neuroanatomical analysis of 

Tigriopus californicus it is apparent that this tiny crustacean shares numerous complex 

neural characters with both Malacostraca and Hexapoda.  All the characters mentioned 

above, with the exception of ultrastructural specializations, are notably lacking or 

extremely reduced in form in all surveyed Branchiopoda.  These include a multi-

component central complex, deutocerebral glomeruli, ascending heterolateral connections 

of olfactory information, and hemiellipsoid bodies.  The most parsimonious explanation 

for the presence of these common traits in exemplar Copepoda, Malacostraca, and 

Hexapoda taxa is the presence in their shared MRCA.  And, as this MRCA is likely the 

MRCA of all tetraconates, this ancient arthropod had a brain comprising at least these 

neural characters.  The examination of the brain of Tigriopus, therefore, supports the idea 

that the brain of the MRCA of Tetraconata was more elaborate than previously thought. 

 

2.4.3 Specific contributions of the author and coauthors 

The manuscript presented in Appendix D has been accepted for publication in the Journal 

of Comparative Neurology and will appear in press shortly after the publication of this 

dissertation.  This manuscript was largely the work of this author, who performed all 

anatomical experiments in the study with the exception of transmission electron 

microscopy (TEM), which was kindly provided by Dr. Sheena Brown.  This author 

further drafted the principal manuscript, compiled all figures (again, with the exception of 
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those TEM micrographs provided by Dr. Brown), and coordinated subsequent edits and 

revisions of coauthors.  
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2.5 Conclusions 

2.5.1 Main summary and conclusions 

The principle observations derived from these studies can be distilled into three general 

points, each of which provides insights into how the brains of arthropods have evolved. 

First, comparative anatomical studies of arthropod nervous systems continue to provide a 

valuable source of phylogenetic signal in this species-rich group.  Second, 

neuromorphological characters provide insights into how nervous systems have evolved 

along particular lineages, particularly when considered in conjunction with molecular 

sequencing studies.  And, finally, descriptions of the brains and central nervous systems 

in new and phylogenetically important taxa provide invaluable comparisons with 

previously characterized groups.  These observations have been used throughout this 

dissertation to provide support for classic evolutionary hypotheses and have contributed 

to the development of novel evolutionary scenarios that have revolutionized how we view 

changes that several major arthropod groups have gone through in evolving their extant 

forms.  Here, I will recap these hypotheses, discuss some unresolved issues that future 

studies should address, and outline some approaches that will help refine our view of 

nervous system evolution in Arthropoda. 

  The most general idea that each of these studies supports is that many portions of 

the central and peripheral nervous systems present in extant arthropods have existed for 

hundreds of millions of years in forms similar to what is presently observed.  As stated 

previously, Arthropoda is an anciently derived group of metazoans possibly dating to the 

pre-Cambrian (Gould, 1989).  This fact in itself is not particularly interesting, as this era 
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of evolution was witness to the emergence of stem groups that presage modern phyla 

(Fortey, 1998; Knoll, 2003), during a time colloquially known as the Cambrian explosion 

(Gould, 1989).  Rather, the remarkable implications of the analyses described in this 

dissertation are that many of the neural systems we can observe now must have emerged 

during this antiquity, or soon thereafter, and have retained many of their traits over vast 

expanses of evolutionary time.  This can be inferred from several supporting 

observations.  For example, although insects and crustaceans are currently supposed to 

have diverged ~520 million years ago (mya) (Rehm et al., 2011), the cell-types, neural 

network connections, and gross organizational features that typify the first visual neuropil 

in even very diverged examples of these two major radiations show remarkable 

conservation.  This is shown in section 2.1 by a description of the cell types in the 

laminae from a collection of diverse crustacean taxa.  To be sure, each of these taxa has 

likely evolved a unique combination of these neural sub-types, and selective pressure has 

presumably “tweaked” the evolution of network properties that typify this neuropil to 

accommodate ecological constraints.  Such an example is provided by the tangential cell 

inputs of the crab Hemigrapsus oregonensis, which occur at each optic cartridge and 

thereby provide a much denser tangential innervation than is present in any insect thus far 

examined.  Yet the fact remains that a highly stereotyped group of cell-types inhabits this 

neuropil in taxa as diverse as flies and crabs.  Even if one takes the conservative view, 

and argues that the evolution of insect and crustacean laminas has independently been 

converging on similar neural solutions to the same physiological problem (i.e. 

reconstructing behavioral relevant features of the visual scene), it is still likely that the 
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laminas of crustaceans, sensu lato (section 2.1), are inherited from a common ancestor.  

Even if the view that insect and crustacean laminas are homologous were erroneous, the 

conserved aspects of these neuropils would nonetheless date to the emergence of stem 

group Malacostraca. However, there are problems still regarding the timing of these 

splits, as evidence from molecular clock estimates of divergence often contradict the 

fossil record.  Molecular clock calculations based on transcriptome data estimates 

Malacostraca to have diverged from cirripedes at ~495 mya (Rehm et al., 2011), still well 

within the Upper Cambrian. However, there are neither cirripede or malacostracan fossils 

known from this period. The first definitive malacostracan fossil dates from the Silurian 

(Briggs et al., 2004), ~50 million years after modern molecular clock estimates.  

Nevertheless, there is abundant support for the idea that these neural innovations date to 

the ancient emergence of Tetraconata. 

 As alluded to above, the argument could be made that the laminae of widely 

diverged taxa may be similar due to the constraints imposed on visual systems by 

comparable photoreceptor arrangements, i.e. the compound eyes.  A more comprehensive 

view of the nervous system, however, suggests that tetraconate brains share much more 

in common than just visual centers, and further supports the idea that these common 

complexities trace their origin to tetraconate stem lineage.  Section 2.5 deals explicitly 

with this probability by describing the incredibly tiny but elaborate brain of the copepod 

Tigriopus.  This miniscule animal was shown to possess neural attributes common to 

organisms orders of magnitude larger than itself, including a multi-component central 

complex, olfactory glomeruli connected to hemiellipsoid bodies via an heterolaterally 
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ascending tract of fibers, and generally compact and coalesced brain (Andrew et al., 

2012).  These same features are present in Copepoda, Malacostraca, Remipedia, and 

Hexapoda, all of which, it is hypothesized here, inherited these traits from an ancient 

MRCA.  Although this species has been lost to history for millennia, and inhabited a 

world that was surely much, much different then we are currently experiencing (Knoll, 

2003), the nervous system that it possessed endowed its ancestors with the ability to 

survive, evolutionarily diverge, and give rise to the multitude of Tetraconata that exist 

today.   

 The conclusion here is that the ancestral tetraconate brain was complex. And this 

allows support for the other major finding of this dissertation.  Namely, that the 

complexity of the nervous systems of several crustacean and hexapod groups have 

undergone radical secondary reduction.  The exemplar described here (section 2.3 and 

2.4) is Branchiopoda.  This finding is particularly interesting because of the evolutionary 

position that these creatures were traditionally presumed to inhabit, as plesiomorphic 

representatives of Crustacea.  The work presented in sections 2.3 and 2.4 strongly suggest 

that the true branch point of Branchiopoda may well be much nearer the tip of 

Tetraconata, and that the “simplicity” of their nervous systems is actually an adaptive 

loss.  Branchiopoda is not alone in this regard.  There are many crustacean and hexapod 

groups that, by the same logic applied to branchiopods, must also represent simplified 

states, groups like Protura, Diplura, Collembola, Cirripedia (barnacles), and other 

“Maxillopods” such as Brachyura, Tantulocarida, Pentastomida, and Mystacocarida.  

Although, to be fair, other than Collembola (Kollmann et al., 2011), nervous systems of 
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these oft-neglected animals have not yet been well surveyed.  Adaptive simplification of 

nervous systems in Arthropods, then, is most likely not contained to a few stray species, 

but may be more widespread than previously considered. 

 It is interesting for this author to note that adaptive simplification has recently been 

receiving attention from several disparate fields (Porter and Crandall, 2003).  Recent 

examples even extend beyond morphological simplification, and relate to adaptive loss at 

the most basic level of biological organization: the genome.  One striking example is the 

ability of symbiotic bacteria to shed genomic elements en masse and possess complete 

genomes orders of magnitude smaller than their free-living relatives (Moran et al., 2008).  

For example, an obligate symbiont of the cicada Diceroprocta semicincta, called 

Hodgkinia cicadicola, has a genome containing fewer than 150,000 base pairs!  One 

could argue that genomic simplification of symbiotic bacteria is a different scenario than 

the morphological simplification proposed for Branchiopoda, but this example is meant 

to illustrate that evolutionary adaptive simplification can involve genomic, metabolic, 

behavioral, developmental, and morphological traits, as they are all interrelated. 

  

2.5.2 Unresolved issues and future questions 

Despite the substantial progress made in the last few decades on phylogenetic aspects of 

arthropod brain evolution, several burning questions remain, particularly revolving 

around taxa that for one reason or another have been historically neglected in the study of 

their nervous systems.  Some of these taxa have been overlooked because of their minute 

size, such as the microscopic Tantulocarida, absolutely tiny crustaceans that rarely reach 
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sizes larger than 0.5 mm and are often much smaller (Boxshall and Lincoln, 1983).  Other 

enigmatic taxa are simply too rare or inaccessible for many researchers.  Cephalocarida 

fit into this latter category, although heroic collecting efforts have allowed the brains of 

these rare creatures to be explored (Stegner and Richter, 2011).  Other taxa simply suffer 

from being overlooked for no obvious reasons.  The myriapoda as a whole can be argued 

to fit this category, for although several researchers have explored many aspects of their 

nervous system (Kadner and Stollewerk, 2004; Chipman and Stollewerk, 2006; Pioro and 

Stollewerk, 2006; Sombke et al., 2011a, b), their inter-group neural diversity has barely 

been addressed (but see Sombke et al., 2012).  

 Fortunately, several technological advances have been and continue to be developed 

and improved for exploring the anatomy of tiny brains.  The most prevalent have been 

advances in fluorescent, particularly confocal, microscopy and 3-dimensional 

reconstructions, which have enabled a more thorough look into the brains of some 

diminutive creatures.  Confocal microscopy is particularly useful in conjunction with 

immunohistochemistry to elucidate neural structures imperceptible by any other means.  

As an example, the work of Stegner and Richter (2011), mentioned above, has enabled 

the brains of cephalocarids to be interrogated via these techniques, and has revealed that 

this animal possesses a brain with several enigmatic features, such as a multi-lobed 

complex presumably homologous in part to the mushroom bodies of insects and the 

hemiellipsoid bodies of other crustacea.  These tiny, delicate structures would otherwise 

be hidden from science.  As advances in imaging progress, it will be increasingly possible 
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and affordable to examine the brains of minute taxa and interpret their components in an 

evolutionary context. 

 One area that I regard as fertile ground for obvious exploration of comparative 

nervous system anatomy is in copepods.  During the 11th International Conference on 

Copepoda organized by the World Association of Copepodologists 

(www.monoculus.org/) I was able to present my work on Tigriopus. This was well 

received by that research community, which expressed broad interest in future studies on 

copepod neural anatomy to complement continuing studies on behavior, genomics, 

biogeography, and phylogenetics.  The sheer diversity of copepod taxa and lifestyles 

(Boxshall and Halsey, 2004) could alone provide a careers worth of comparative 

evolutionary studies to evaluate the importance of different neural systems to varying 

ecologies and behaviors.  These studies are something this author will most certainly 

pursue. 

 Apart from morphological considerations, a large portion of this dissertation deals 

with molecular phylogenetics.  Amazing advances in genome sequencing, including the 

advent and proliferation of next-generation sequencing technologies (Metzker, 2010), 

have revolutionized the study of comparative genomics and phylogenetics.  One well-

founded presumption is that as more and increasingly obscure organisms have large 

portions of their genomes sequenced with these technologies, phylogenetic hypotheses 

will grow increasingly robust and perhaps converge on the true evolutionary history, 

complete with estimates of branching events. However, as has been mentioned several 

times here, estimating the timing of such events still faces the disconnect between 
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molecular estimates and the fossil record. These advances will undoubtedly contribute to 

this debate, with the need for interpretations of new morphological data in these emerging 

evolutionary contexts. 

 As the study of arthropod brains has a rich and storied history, so to will future 

explorations of this intriguing subject.  Although there has been incredible progress in the 

past few years on comparative analysis of brains from novel and phylogenetically 

important arthropods, there remain a great number of questions yet to be answered as to 

how extant forms came to possess the brains they have and to what extent these brains 

can inform of the evolution of these amazing creatures.  Not surprisingly, the words of 

Charles Darwin still ring true: 

[…] no one ought to feel surprise at much remaining as yet unexplained on the 
origin of species, if we make due allowance for our profound ignorance on the 
mutual relations of the inhabitants of the world at the present time, and still more 
so during past ages. [C. Darwin, The Origin of Species, Mentor Edition, Penguin, 
p. 127.]. 

 

 

  



 

 

99 



 

 

100 

V. GLOSSARY 

Apomorphy. A derived state evolved de novo at the base of a clade that can therefore be 

used to define the clade.  A derived trait shared by members of a clade is considered a 

synapomorphy, i.e. shared apomorphy. 

 

Basal. Refers to the first branching node in a rooted phylogeny.  In cladistics, these first 

two clades are considered equally “basal.” This term should not be applied to traits, rather 

only to nodes, and should not be confused with the term “primitive,” as this latter term 

infers a connotation of simplicity incompatible with the purely cladistic meaning of basal. 

 

Clade. A group of organisms comprising a species, individual, or theoretical ancestor and 

all its descendants.  A clade by definition is monophyletic. 

 

Homology. A trait shared among two or more taxa inherited jointly from a common 

ancestor. 

 

Homoplasy. A trait shared by two or more taxa that was not present in or inherited from 

the most recent common ancestor of those organisms.  These independently derived traits 

are commonly called “convergent” or “analogous” traits. 
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Monophyletic (monophyly). A collection of taxa comprising an ancestor and all its 

descendants.  A monophyletic group by definition constitutes a clade and is defined by a 

collection of synapomorphies. 

 

Paraphyletic (paraphyly). In cladistics, a collection of taxa that includes a subset of a 

monophyletic clade, or a monophyletic group that is missing a portion of its taxa.  For 

example, “Crustacea” is considered a paraphyletic group because hexapods arose within a 

branch of this group, implying that hexapods are themselves a type of crustacean. 

 

Plesiomorphy. An ancestral character state present at the base of a clade that may appear 

anywhere in the clade, and is therefore not useful for defining subset groups within a 

clade.  Ancestral traits shared among members of a clade are termed 

“symplesiomorphies”. 

 

Polyphyletic (polyphyly).  A group of taxa that does not include the most recent common 

ancestor of its constituents.   

 

 

 

 

 
 
 
 



 

 

102 

VI. REFERENCES 

Aleshin VV, Mikhailov KV, Konstantinova AV, Nikitin MA, Rusin LY, et al. 2009. On 
the phylogenetic position of insects in the Pancrustacea clade. Mol Biol 43: 804–818. 

 
Andrew DR. 2011. A new view of insect-crustacean relationships II. Inferences from 

expressed sequence tags and comparisons with neural cladistics.  Arthropod Struct 
Dev 40: 289–302. 

 
Andrew DR, Brown SM, Strausfeld NJ. 2012. The minute brain of the copepod Tigriopus 

californicus supports a complex ancestral ground pattern of the tetraconate cerebral 
nervous system. J Comp Neurol (In Press). 

 
Bäcker H, Fanenbruck M, Wägele JW. 2008. A forgotten homology supporting the 

monophyly of Tracheata: The subcoxa of insects and myriapods re-visited. 
Zoologischer Anzeiger 247: 185–207. 

 
Backwell PR, Christy JH, Telford SR, Jennions MD, Passmore NI. 2000. Dishonest 

signaling in a fiddler crab. Proc R Soc Lond B Biol Sci 267: 719 –724. 
 
Bäker CF, 1912. Notes on the Crustacea of Laguna Beach. First Annual Report, Laguna 

Marine Laboratory 1:100–117. 
 
Ballard JWO, Olsen GJ, Faith DP, Odgers WA, Rowell DM, Atkinson PW. 1992.  

Evidence from 12S ribosomal RNA sequences that onychophorans are modified  
arthropods. Science 258: 1345–1348.   

 
Bodian D. 1937. A new method for staining nerve fibers and nerve endings in mounted 

paraffin sections. Anat Rec 69: 153–162. 
 
Bourlat SJ, Juliusdottir T, Lowe CJ, Freeman R, Aronowicz J, et al. 2006. Deuterostome 

phylogeny reveals monophyletic chordates and the new phylum Xenoturbellida. 
Nature 444: 85–88. 

 
Boxshall GA, Lincoln RJ. 1983. Tantulocarida, a new class of Crustacea ectoparasitic on 

other crustaceans. J Crustacean Biol 3: 1–16. 
 
Boxshall GA, Halsey SH. 2004. An introduction to copepod diversity. The Ray Society, 

London. 
 
Bron, JE, Frisch, D, Goetz, E, Johnson, SC, Lee, CE, Wyngaard, GA. 2011. Observing 

copepods through a genomic lens. Front Zool 8: 22. 
 
Briggs DEG, Sutton MD, Siveter DJ, Siveter DJ. 2004. A new phyllocarid (Crustacea: 



 

 

103 

Malacostraca) from the Silurian fossil-Lagerstätte of Herefordshire, UK. Proc Roy 
Soc B. 271: 131–138. 

 
Brusca RC, Brusca GJ, 2001. Invertebrates, (2nd Edition). Sinaur Associates, 

Sunderland, MA. 
 
Budd, GE. 1997. Stem group arthropods from the Lower Cambrian Sirius Passet fauna of 

North Greenland. Arthropod Relationships, Fortey RA, and Thomas RH eds. 
Chapman and Hall. London. 

 
Budd GE, Telford M. 2009. The origin and evolution of arthropods. Nature 457: 812–

817. 
 
Burton RS, Feldman MW, Curtsinger JW. 1979. Population-genetics of Tigriopus 

californicus (Copepoda, Harpacticoida). I. Population-structure along the central 
California coast. Mar Ecol-Prog Ser 1: 29–39.  

 
Burton RS, Feldman MW. 1981. Population-genetics of Tigriopus californicus. 2. 

Differentiation among neighboring populations. Evolution 35: 1192–1205. 
 
Burton RS. 1985. Mating system of the intertidal copepod Tigriopus californicus. Mar 

Biol 86: 247–252. 
 
Burton RS. 1987. Differentiation and the integration of the genome in populations of the 

marine copepod Tigriopus californicus. Evolution 41: 504–513. 
 
Burton RS. 1998. Intraspecific phylogeography across the Point Conception 

biogeographic boundary. Evolution 52: 734–745. 
 
Buschbeck EK, Strausfeld NJ. 1996. Visual motion-detection circuits in flies: small-field 

retinotopic elements responding to motion are evolutionarily conserved across taxa. J 
Neurosci 16: 4563–4578. 

 
Buschbeck EK, Strausfeld NJ. 1997. The relevance of neural architecture to visual 

performance: phylogenetic conservation and variation in Dipteran visual systems. J 
Comp Neurol 383: 282–304. 

 
Cannicci S, Barelli C, Vannini M. 2000. Homing in the swimming crab Thalamita 

crenata: a mechanism based on underwater landmark memory. Anim Behav 60: 203–
210. 

 
Carapelli A, Lió P, Nardi F, van der Wath E, Frati F. 2007. Phylogenetic analysis of 

mitochondrial protein coding genes confirms the reciprocal paraphyly of Hexapoda 
and Crustacea. BMC Evolutionary Biology 7, S8. 



 

 

104 

 
Caravas J, Friedrich M. 2010. Of mites and millipedes: Recent progress in resolving the 

base of the arthropod tree. Bioessays 32: 488–495. 
 
Chapman, AD. 2009. Numbers of living species in Australia and the world. 2nd Ed. 

Australian Biological Resource Study, Canberra. http:// 
www.environment.gov.au/biodiversity/abrs/publications/other/species-
numbers/2009/pubs/nlsaw-2nd-complete.pdf. 

 
Chipman AD, Stollewerk A. 2006. Specification of neural precursor identity in the 

geophilomorph centipede Strigamia martima. Dev Biol 290: 337–350. 
 
Christie AE, Sousa GL, Rus S, Smith CM, Towle DW, et al. 2008. Identification of A-

type allatostatins possessing –YXFGI/Vamide carboxy-termini from the nervous 
system of the copepod crustacean Calanus finmarchicus. Gen Comp Endocr 155: 
526–533. 

 
Davis AD, Weatherby TM, Hartline DK, Lenz PH. 1999. Myelin-like sheaths in copepod 

axons. Nature 398: 571. 
 
Dohle W. 1997. Are the insects more closely related to the crustaceans than to the 

myriapods? Entomologica Scandinavica Supplement 51: 7–16. 
 
Dohle W. 2001. Are the insects terrestrial crustaceans? A discussion of some new facts 

and arguments and the proposal of the proper name ‘Tetraconata’ for the 
monophyletic unit Crustacea+Hexapoda. Annales de la Société Entomologique de 
France 37: 85–103. 

 
Douglass JK, Strausfeld NJ. 1995. Visual motion detecting circuits in flies: peripheral 

motion computation by identified small-field retinotopic neurons. J Neurosci 15: 
5596–5611. 

 
Dunlop, JA. 2010. Geological history and phylogeny of Chelicerata. Arthropod Struct 

Dev 39: 124–142. 
 
Dunn CW, Hejnol A, Matus DQ, Pang K, Browne WE, et al.  2008. Broad phylogenomic 

sampling improves resolution of the animal tree of life. Nature 452: 745–749. 
 
Edgecombe GD, Giribet G. 2002. Myriapod phylogeny and the relationships of 

Chilopoda. In: Llorente Bousquets JE, Morrone JJ. (Eds.), Biodiversidad, taxonomía 
y biogeografía de artrópodos de México: Hacia una síntesis de su conocimiento. 
Prensas de Ciencias, Universidad Nacional Autónoma de México, Mexico D.F., pp. 
143-168. 

 



 

 

105 

Edgecombe GD. 2010. Arthropod phylogeny: an overview from the perspectives of 
morphology, molecular data and the fossil record. Arthropod Struct and Dev 39: 74–
87. 

 
Edmands S. 2001. Phylogeography of the intertidal copepod Tigriopus californicus 

reveals substantially reduced population differentiation at northern latitudes. Mol 
Ecol 10: 1743–1750. 

 
Edwards AWF, Cavalli-Sforza LL. 1963. The reconstruction of evolution. Heredity 18: 

553. 
 
Elofsson R, Dahl E. 1970. The optic neuropils and chiasmata of Crustacea. Z Zellforsch 

Mikrosk Anat 107: 343–360. 
 
Elofsson R, Nässel D, Myhrberg H. 1977. A catecholaminergic neuron connecting the 

first two optic neuropiles (lamina ganglionaris and medulla externa) of the crayfish 
Pacifastacus leniusculus. Cell Tiss Res 182: 287–297. 

 
Elofsson R, Hagberg M. 1986. Evolutionary aspects of the construction of the first optic 

neuropil (lamina ganglionaris) in Crustacea. Zoo Morphol 106: 174–178. 
 
Ertas B, von Reumont M, Wägele J-W, Misof B, Burmester T. 2009. Hemocyanin 

suggests a close relationship of Remipedia and Hexapoda. Molecular Biology and 
Evolution 26: 2711–2718.  

 
Fahrbach SE. 2004. What arthropod brains say about arthropod phylogeny. P Natl Acad 

Sci USA 101: 3723–3724. 
 
Fahrenbach WH. 1962. The biology of a harpacticoid copepod. La Cellule 62: 303–376. 
 
Fanenbruck M, Harzsch S, Wägele JW. 2004. The brain of the Remipedia (Crustacea) 

and an alternative hypothesis on their phylogenetic relationships.  PNAS USA 101: 
3868–3873. 

 
Fanenbruck M, Harzsch S. 2005. A brain atlas of Godzilliognomus frondosus Yager, 

1989 (Remipedia, Godzilliidae) and comparison with the brain of Speleonectes 
tulumensis Yager, 1987 (Remipedia, Speleonectidae): implications for arthropod 
relationships. Arthropod Struct Dev 34: 343–378. 

 
Felsenstein J. 1978. Cases in which parsimony or compatibility methods will be 

positively misleading. Syst Zool 27: 401–410. 
 
Felsenstein J. 2004. Inferring Phylogenies. Sinauer Associates. Sunderland, MA, USA. 
 



 

 

106 

Fortey RA, Thomas RH (eds). 1997. Arthropod Relationships. Chapman and Hall. New 
York. 

 
Fortey RA. 1998. Life: A natural history of the first four billion years of life on earth. 

Vintage Books. London. 
 
Fouquet W, Owald D, Wichmann C, Mertel S, Depner H, et al. 2009. Maturation of 

active zone assembly by Drosophila Bruchpilot. J Cell Biol 186: 129–145. 
 
Friedrich M, Tautz D. 1995. Ribosomal DNA phylogeny of the major extant arthropod 

classes and the evolution of myriapods. Nature 376: 165–167. 
 
Gao Y, Bu Y, Luan Y. 2008. Phylogenetic relationships of basal hexapods reconstructed 

from nearly complete 18S and 28S rRNA gene sequences.  Zool Sci 25: 1139–1145. 
 
Giribet G, Carranza S, Baguna J, Riutort M, Ribera C. 1996. First molecular evidence for 

the existence of a Tardigrada plus arthropoda clade. Mol Biol Evol 13: 76–84. 
 
Giribet G, Edgecombe GD, Wheeler WC. 2001. Arthropod phylogeny based on eight 

molecular loci and morphology. Nature 413: 157–161. 
 
Giribet G, Edgecombe GD. 2012. Reevaluating the Arthropod Tree of Life. Annu Rev 

Entomol 57: 167–186. 
 
Glantz RM, Miller CS, Nässel DR. 2000. Tachykinin-related peptide and GABA-

mediated presynaptic inhibition of crayfish photoreceptors. J Neurosci 20: 1780 –
1790. 

 
Gould, SJ. 1989. Wonderful life: The Burgess shale and the nature of history. Norton. 

New York. 
 
Greiner B, Ribi WA, Warrant EJ. 2005. A neural network to improve dim-light vision? 

Dendritic fields of first-order interneurons in the nocturnal bee Megaflops genalis. 
Cell Tissue Res 322: 313–320 

 
Gupta AP (ed). 1979. Arthropod Phylogeny. Van Nostrand Reinhold Co. New York. 
 
Hafner GS. 1973. The neural organization of the lamina ganglionaris in the crayfish: a 

Golgi and EM study. J Comp Neurol 152: 255–280. 
 
Hafner GS. 1974. The ultrastructure of retinula cell endings in the compound eye of the 

crayfish. J Neurocytol 3: 295–311. 
 
Hamilton AJ, Bassett Y, Benke KK, Grimbacher PS, Miller SE, et al. 2010. Quantifying 



 

 

107 

uncertainty in estimation of tropical arthropod species richness. Amer Naturalist 176: 
90–95. 

 
Hanström B. 1926. Ein genetische Studie über die Augen und Sehzentren von 

Turbellarian, Anneliden und Arthropoden. Kungliga Svenska vetenskaps-akademiens 
handlingar. Trodje Series 4: 1–176.  

 
Hanström B. 1928. Vergleichende Anatomie des Nervensystems der wirbellosen Tiere. 

Berlin: Springer. p 1– 624. 
 
Hanström B. 1928a. Some points on the phylogeny of nerve cells and of the central 

nervous system of invertebrates. J Comp Neurol. 46: 475–494. 
 
Harzsch S, Glötzner J. 2002. An immnohistochemical study of structure and development 

of the nervous system in the brine shrimp Artemia salina Linnaeus, 1758 
(Branchiopoda, Anostraca) with remarks on the evolution of the arthropod brain. 
Arthropod Struct Dev 30: 251–270. 

 
Harzsch S. 2006. Neurophylogeny: architecture of the nervous system and a fresh view 

on arthropod phylogeny. Integ Comp Biol 46: 162–194. 
 
Hassanin A. 2006. Phylogeny of Arthropoda inferred from mitochondrial sequences: 

strategies for limiting the misleading effects of multiple changes in pattern and rates 
of substitution. Molecular Phylogenetics and Evolution 38: 100–116. 

 
Heisenberg M. 1998.What do the mushroom bodies do for the insect brain? an 

introduction. Learn Mem 5: 1-10. 
 
Hejnol A, Obst M, Stamatakis A, Ott M, Rouse GW, et al. 2009. Assessing the root of 

bilaterian animals with scalable phylogenomic methods. Proc R Soc Lond B Biol Sci 
276: 4261–4270. 

 
Hennig W. 1950. Grundzüge einer Theorie der phylogenetischen Systematik. Deutsche 

Zentralverlag, Berlin. 
 
Hennig W. 1966. Phylogenetic Systematics. (English Translation). Urbana: University of 

Illinois Press.  
 
Higgins CM, Douglass JK, Strausfeld NJ. 2004. The computational basis of an identified 

neuronal circuit for elementary motion detection in dipterous insects. Vis Neurosci 
21: 567–586. 

 
Holmgren N, 1916. Zur vergleichenden Anatomie des Gehirns von Polychaeten, 

Onychophoren, Xiphosuren, Arachniden, Crustaceen, Myriapoden und Insekten. 



 

 

108 

Vorstudien zu einer Phylogenie der Arthropoden. Kungliga Svenska 
Vetenskapsakademien, Stockholm Handlingar. 56: 1–303.  

 
Homberg U. 2008. Evolution of the central complex in the arthropod brain with respect to 

the visual system. Arthropod Struct Dev 37: 347–362. 
 
Jenner RA, 2004. When molecules and morphology clash: reconciling conflicting 

phylogenies of the Metazoa by considering secondary character loss. Evol Dev 6: 
372–378. 

 
Jenner RA, Dhubhghaill CN, Ferla MP, Wills MA. 2009. Eumalacostracan phylogeny 

and total evidence: limitations of the usual suspects. BMC Evol Biol 9: 21. 
 
Kadner D, Stollewerk A. 2004. Neurogenesis in thechilopod Lighobius forficatus 

suggests more similarities to chelicerates than to insets. Dev Genes Evol 214: 367–
379. 

 
Kirschfeld K. 1967. Die projektion der optischen umwelt auf das raster der rhabdomere 

im komplexauge von musca. Exp Brain Res. 3: 248–270. 
 
Kleinlogel S, Marshall NJ, Horwood JM, Land MF. 2003. Neuroarchitecture of the color 

and polarization vision system of the stomatopod Haptosquilla. J Comp Neurol 467: 
326 –342. 

 
Kluge AG. 1997. Sophisticated falsification and research cycles: Consequences for 

differential character weighting in phylogenetic systematics. Zool Scripta 26: 349–
360. 

 
Knoll AH. 2004. Life on a young planet: The first three billion years of evolution on 

earth. Princeton University Press, Princeton, USA. 
 
Koenig JH, Ikeda K. 1999. Contribution of active zone subpopulation of vesicles to 

evoked and spontaneous release. J Neurophysiol 81: 1495–1505. 
 
Kolaczkowski B, Thornton JW. 2004. Performance of maximum parsimony and 

likelihood phylogenetics when evolution is heterogeneous. Nature 431: 980–984. 
 
Kollmann M, Huetteroth W, Schachtner J. 2011. Brain organization in Collembola 

(springtails). Arthropod Struct Dev 40: 304–316. 
 
Koenemann S, Jenner RA, Hoenemann M, Stemme T, von Reumont BM. 2010. 

Arthropod phylogeny revisited, with a focus on crustacean relationships. Arthropod 
Struct Dev 9: 88–110.  

 



 

 

109 

Lacalli TC. 2009. Serial EM analysis of a copepod larval nervous system: Naupliar eye, 
optic circuitry, and prospects for full CNS reconstruction. Arthropod Struct Dev 38: 
361–375. 

 
Lang K. 1948. Monographie der Harpacticiden. 2 Vol. Nordiska Bokhandeln, Stockholm, 

Sweden. 
 
Lankester ER. 1904. The structure and classification of the Arthropoda. Quarterly Journal 

of Microscopical Science 47: 523–582.   
 
Laughlin SB. 1981. Neural principles in the peripheral visual system of invertebrates.  In 

Handbook of Sensory physiology, VII/6B: Comparative Physiology and Evolution of 
Vision in Invertebrates, ed. Autrum H. Berlin: Springer, pp. 133–280. 

 
Lenz PH, Hartline DK, Davis AD. 2000. The need for speed. I. Fast reactions and 

myelinated axons in copepods. J Comp Physiol A 186: 337–345. 
 
Li YS, Strausfeld NJ. 1997. Morphology and sensory modality of mushroom body 

extrinsic neurons in the brain of the cockroach, Periplaneta americana. J Comp 
Neurol 387: 631– 650. 

 
Lewis PO. 2001. A likelihood approach to estimating phylogeny from discrete 

morphological character data. Systematic Biology 50: 913–925. 
 
Loesel R, Nässel DR, Strausfeld NJ. 2002. Common design in a unique midline neuropil 

in the brains of arthropods. Arthropod Struct Dev 31: 77-91. 
 
Loesel R, Seyfarth EA, Bräunig P, Agricola HJ. 2011. Neuroarchitecture of the arcuate 

body in the brain of the spider Cupiennius salei (Aranea, Chlicerata) revealed by 
allatostatin-, proctolin-, and CCAP-immunocytochemistry and its evolutionary 
implications. Arthropod Struct Dev 40: 210–220. 

 
Lowe E. 1935. On the anatomy of a marine copepod, Calanus finmarchicus (Gunnerus). 

T Roy Soc Edin 58: 561–603. 
 
Mallatt JM, Garey JR, Shultz JW. 2004. Ecdysozoan phylogeny and Bayesian inference: 

first use of nearly complete 28S and 18S rRNA gene sequences to classify the 
arthropods and their kin. Molecular Phylogenetics and Evolution 31: 178–191. 

 
Mallatt J, Giribet G, 2006. . Further use of nearly complete 28S and 18S rRNA genes to 

classify Ecdysozoa: 37 more arthropods and a kinorhynch. Molecular Phylogenetics 
and Evolution 40: 772–794. 

 
Martin JW, Davis, GE. 2001. An updated classification of the recent crustacea. Natural 



 

 

110 

History Museum of Los Angeles County, Los Angeles. 
 
Maxmen A, Browne WE, Martindale MQ, Giribet G. 2005. Neuroanatomy of sea spiders 

implies an appendicular origin of the protocerebral segment. Nature 437: 1144–1148. 
 
Metzker ML. 2010. Sequencing technologies – the next generation. Nat Rev Genet 11: 

31–46. 
 
Meusemann K, von Reumont B, Simon S, Roeding F, Strauss S, Kück P, Ebersberger I, 

et al. 2010. A phylogenomic approach to resolve the arthropod tree of life. Mol Boil 
Evol 27: 2451–2464. 

 
Moran NA, McCutcheon JP, Nakabachi A. 2008. Genomics and evolution of heritable 

bacterial symbionts. Ann Rev Genet 42: 165–190. 
 
Nalbach H-O. 1990. Discontinous turning reaction during escape in soldier crabs. J Exp 

Biol 148: 483– 487. 
 
Nässel DR. 1975. The organization of the lamina ganglionaris of the prawn, Pandalus 

borealis (Kroyer). Cell Tissue Res 163: 445– 464. 
 
Nässel DR. 1976. The retina and retinal projection on the lamina ganglionaris of the 

crayfish Pacifastacus leniusculus (Dana). J Comp Neurol 167: 341–360. 
 
Nässel DR. 1977. Types and arrangements of neurons in the crayfish optic lamina. Cell 

Tissue Res 179: 45–75. 
 
Nässel DR, Waterman TH. 1977. Golgi EM evidence for visual information channeling 

in the crayfish lamina ganglionaris. Brain Res 130: 556 –563. 
 
Nilsson D, Osorio D. 1997. Homology and parallelism in arthropod sensory processing. 

In: Fortey RA, Thomas RH. (eds) Arthropod relationships. Chapman and Hall. 
London. 

 
Osorio D, Bacon JP. 1994. A good eye for arthropod evolution. Bioassays 16: 419 – 424. 
 
Park TS. 1966. The biology of a calanoid copepod Epilabidocera amphitrites McMurrich. 

La Cellule 66:129–251. 
 
Paul DH. 1989. A neurophylogenist’s view of decapod Crustacea. Bull Marine Sci 45: 

487–504. 
 



 

 

111 

Paulus HF. 1979. Eye structure and the monophyly of the Arthropoda. In: Gupta AP. 
(ed.) Arthropod Phylogeny. Van Nostrand, Reinhold, New York, London. pp. 299–
383. 

 
Paulus HF. 2000 Phylogeny of the Myriapoda-Crustacea-Insecta: a new attempt using 

photoreceptor structure. J Zool Syst Evol Res. 38: 189-208. 
 
Philippe H, Derelle R, Lopez P, Pick K, Borchiellini C, et al. 2009. Phylogenomics 

revives traditional views on deep animal relationships. Current Biology 19: 706–712. 
 
Pioro HL, Stollewerk A. 2006. The expression pattern of genes involved in early 

neurogenesis suggests distinct and conserved functions in the diplopod Glomeris 
marginata. Dev Genes Evol 216: 417–430. 

 
Porter ML, Crandall KA. 2003. Lost along the way: the significance of evolution in 

reverse. Trends Ecol Evol 18: 541–547. 
 
Powlik JJ. 1999. Habitat characters of Tigriopus californicus (Copepoda: Harpacticoida), 

with notes on the dispersal of supralittoral fauna. J Mar Biol Assoc UK 79: 85–92. 
 
Powlik JJ. 2000. Orientation of Tigriopus californicus (Copepoda, Harpacticoida) to 

natural and artificial substrata. Crustaceana 73: 197–205. 
 
Powlik JJ, Lewis AG, Spaeth M. 1997. Development, body length, and feeding of 

Tigriopus californicus  (Copepoda, Harpacticoida) in laboratory and field 
populations. Crustaceana 70: 324–343. 

 
Pisani D, Poling LL, Lyons-Weiler M, Blair S. 2004. The colonization of land by 

animals: molecular phylogeny and divergence times among arthropods. BMC 
Biology 2: 1. 

 
Raisuddin S, Kwok KWH, Leung KMY, Schlenk D, Lee J-S. 2007. The copepod 

Tigriopus: a promising marine model organism for ecotoxicology and environmental 
genomics. Aquat Toxicol 83: 161–173. 

 
Regier JC, Shultz JW. 1997. Molecular phylogeny of the major arthropod groups 

indicates polyphyly of Crustaceans and a new hypothesis for the origin of hexapods. 
Mol  Biol Evol 14: 902–913. 

 
Regier JC, Shultz JW, Kambic RE. 2005. Pancrustacean phylogeny: hexapods are 

terrestrial crustaceans and maxillopods are not monophyletic. Proc Biol Sci 272: 395– 
401. 

 



 

 

112 

Regier JC, Shultz JW, Ganley ARD, Hussey A, Shi D, et al. 2008. Resolving arthropod 
phylogeny: exploring phylogenetic signal within 41 kb of protein-coding nuclear gene 
sequences. Systematic Biology 57: 920–938. 

 
Regier JC, Shultz JW, Zqick A, Hussey A, Ball B, et al. 2010. Arthropod relationships 

revealed by phylogenomic analysis of nuclear protein-coding sequences. Nature 463: 
1079–1083. 

 
Rehm P, Borner J, Meusemann K, von Reumont BM, Simon S, Hadrys H, Misof B, 

Burmester T. 2011. Dating the arthropod tree based on large-scale transcriptome data. 
Mol Phylogenet Evol 61: 880–887. 

 
Roeding F, Hagner-Holler S, Ruhberg H, Ebersberger I, von Haeseler A, et al. 2007. EST 

sequencing of Onychophora and phylogenomic analysis of Metazoa. Mol Phyl Evol 
45: 942–951. 

 
Roeding F, Borner J, Kube M, Klages S, Reinhardt R, Burmester T. 2009. A sequencing 

approach for large-scale phylogenomic analysis of the common emperor scorpion 
(Pandinus imperator). Mol Phyl Evol 53: 826–834. 

 
Rota-Stabelli O, Telford MJ. 2008. A multi criterion approach for the selection of optimal 

outgroups in phylogeny: Recovering some support for Mandibulata over 
Myriochelata using mitogenomics. Mol Phyl Evol 48: 103–111. 

 
Rota-Stabelli O, Kayal E, Gleeson D, Daub J, Boore, JL, et al. 2011. Ecdysozoan 

mitogenomics: evidence for a common origin of the legged invertebrates, the 
Panarthropoda. Genome Biol Evo 2: 425–440. 

 
Ryan TJ, Grant SGN. 2009. The origin and evolution of synapses. Nat Rev Neurosci 10: 

701–712. 
 
Schachtner J, Schmidt M, Homberg U. 2005. Organization and evolutionary trends of 

primary olfactory brain centers in Tetraconata (Crustacea plus Hexapoda).  
Arthropod Struct Dev 34: 257–299. 

 
Schram FR, Koenemann S. 2004. Are the crustaceans monophyletic? in Assembling the 

tree of life. Cracraft J, Donoghue MJ (eds.) Oxford Univ Press. Oxford. 
 
Shaw SR. 1984. Early visual processing in insects. J Exp Biol. 112: 225–251. 
 
Shaw SR. 1990. The photoreceptor axon projection and its evolution in the neural 

superposition eyes of some primitive brachyceran diptera. Brain Behav Evol. 35: 
107–25. 

 



 

 

113 

Shultz JW, Regier JC. 2000. Phylogenetic analysis of arthropods using two nuclear 
protein-encoding genes supports a crustacean + hexapod clade. Proc Roy Soc London 
B 267: 1011–1019. 

 
Sober E. 1983. Parsimony in systematics – Philosophical issues. Ann Rev Ecol System 

14: 335–357. 
 
Sombke A, Lipke E, Kenning M, Muller CH, Hansson BS, Harzsch S.2012.Comparative 

analysis of deutocerebral neuropils in Chilopoda (Myriapoda): implications for the 
evolution of the arthropod olfactory system and support for the Mandibulata concept 
BMC Neurosci. 3. 

 
Sombke A, Harzsch S, Hansson BS. 2011. Organization of deutocerebral neuropils and 

olfactory behavior in the centipede Scutigera coleoptrata (Linnaeus, 1758) 
(Myriapoda: Chilopoda). Chemical Senses 36: 43-61. 

 
Sombke A, Rosenberg J, Hilken G, Westermann M, Ernst A. 2011. The source of 

chilopod sensory information: external structure and distribution of antennal sensilla 
in Scutigera coleoptrata (Chilopoda, Scutigeromorpha). J Morph 272: 1376-1387. 

 
Sousa GL, Lenz PH, Hartline DK, Christie AE. 2008. Distribution of pigment dispersing 

hormone- and tachykinin-related peptides in the central nervous system of the 
copepod crustacean Calanus finmarchicus. Gen Comp Endocr 156: 454–459. 

 
Spears T, Abele LG. 2000. Branchiopod monophyly and interordinal phylogeny inferred 

from 18S ribosomal DNA. J Crustacean Biol 20: 1–24. 
 
Stegner MEJ, Richter S. 2011. Morphology of the brain in Hutchinsoniella macracantha 

(Cephalocarida, Crustacea). Arthropod Struct Dev 40: 221–243. 
 
Stillman JH, Colbourne JK, Lee CE, Patel NH, Phillips MR, et al. 2008. Recent advances 

in crustacean genomics. Integr Comp Biol 48: 852–868. 
 
Stowe S, Ribi WA, Sandeman DC. 1977. The organization of the lamina ganglionaris of 

the crabs Scylla serrata and Leptograpsus variegatus. Cell Tissue Res 178: 517–532. 
 
Strausfeld NJ. 1970. Golgi studies on insects. Part II. The optic lobes of Diptera. Philos 

Trans R Soc Lond 258: 135–223. 
 
Strausfeld NJ. 1971. Organization of insect visual system (light microscopy). I. 

Projections and arrangments of neurons in lamina ganglionaris of Diptera. Z Zellfors 
Mikro Anat 121: 371–441. 

 
Strausfeld NJ. 1976. Atlas of an insect brain. Heidelberg: Springer. 



 

 

114 

 
Strausfeld NJ. 1998. Crustacean-insect relationships: the use of brain characters to derive 

phylogeny amongst segmented invertebrates. Brain Behav Evol 52: 186 –206. 
 
Strausfeld NJ. 2009. Brain organization and the origin of insects: an assessment.  

Proceedings of the Royal Society of London B 276: 486–496.   
 
Strausfeld NJ. 2012. Arthropod Brains. Evolution, Functional Elegance, and Historical 

Significance. Harvard University Press. Harvard, Mass. 
 
Strausfeld NJ, Nässel DR. 1981. Neuroarchitecture of brain regions that subserve the 

compound eyes of Crustacea and insects. In: Invertebrate Visual Centers and 
Behaviors, I (ed. H. Autrum). Handbook of Sensory Physiology, Volume VII/B. 
Springer-Verlag, Berlin, pp. 1-132. 

 
Strausfeld NJ, Buschbeck EK, Gomez RS. 1995. The arthropod mushroom body: its 

roles, evolutionary enigmas and mistaken identities. In: The Nervous Systems of 
Invertebrates: An Evolutionary and Comparative Approach. Breidbach O, Kutsch W 
(eds.) Birkhäuser Verlag, Basel, pp. 349 – 381. 

 
Strausfeld NJ, Douglass JK, Campbell H, Higgins CM. 2006.  Parallel Processing in the 

Optic Lobes of Flies and the Occurrence of Motion Computing Circuits. In 
Invertebrate Vision: Eric Warrant and Dan-Eric Nilsson (Eds), Cambridge University 
Press, pp. 349–398. 

 
Strausfeld NJ, Andrew DR. 2011. A new view of insect-crustacean relationships I. 

Inferences from neuronal cladistics and comparative neuroanatomy. Arthropod Struct 
Dev 40: 276–288. 

 
Streidter GF. 2005. Principles of brain evolution. Sinauer Associates. Sunderland, MA, 

USA. 
 
Stys P, Zrzavy J. 1994. Phylogeny and classification of extant Arthropoda – review of 

hypotheses and nomenclature. European J Entomol 91: 257–275. 
 
Sullivan JM, Beltz BS. 2001. Neural pathways connecting the deutocerebrum and lateral 

protocerebrum in the brains of decapod crustaceans. J Comp Neurol 441: 9–22. 
 
Sullivan JM, Belzt BS. 2004. Evolutionary changes in the olfactory projection neuron 

pathways of eumalacostracan crustaceans. J Comp Neurol 470: 25–38. 
 
Sztarker J, Strausfeld N, Andrew D, Tomsic D. 2009. Neural organization of first  optic 

neuropils in the littoral crab Hemigrapsus oregonensis and the semiterrestrial species 
Chasmagnathus granulatus. J Comp Neurol 513: 129–150.  



 

 

115 

Turbeville JM, Pfeifer DM, Field KG, Raff RA. 1991. The phylogenetic status of 
arthropods, as inferred from 18S rRNA sequences. Mol Biol Evol 8: 669–686. 

 
Utting M, Agricola H, Sandeman R, Sandeman D. 2000. Central complex in the brain of 

crayfish and its possible homology with that of insects. J Comp Neurol 416: 245–261. 
 
Walossek D, Müller KJ. 1997. Cambrian ‘Orsten’-type arthropods and the phylogeny of 

Crustacea. in Arthropod Relationships, Fortey RA and Thomas RH eds. Chapman and 
Hall. London. 

 
Wang-Bennett LT, Glantz RM. 1987. The functional organization of the crayfish lamina 

ganglionaris. i. nonspiking monopolar cells. J Comp Physiol [A]. 161: 131–145. 
 
Wang-Bennett LT, Pfeiffer, C, Arnold, J, Glantz, RM. 1989. Acetylcholine in the 

crayfish optic lobe: concentration profile and cellular localization. J. Neurosci 9: 
1864–1871. 

 
Weatherby TM, Davis AD, Hartline DK, Lenz PH. 2000. The need for speed. II. Myelin 

in calanoid copepods. J Comp Physiol A 186:347–357. 
 
Wheeler WC, Hayashi CY. 1998. The phylogeny of the extant chelicerate orders. 

Cladistcs 14: 173–192. 
 
Wills MA. 1998. Crustacean disparity through the Phanerozoic: comparing 

morphological and stratigraphic data. Biol J Linnean Soc 65: 455–500. 
 
Willett CS, Ladner JT. 2009. Investigations of fine-scale phylogeography in Tigriopus 

californicus reveal historical patterns of population divergence. BMC Evol Biol 
9:139. 

 
Wilson CH, Christie AE. 2010. Distribution of C-type allatostatin (C-AST)-like 

immunoreactivity in the central nervous system of the copepod Calanus 
finmarchicus. Gen Comp Endocr 167: 252–260. 

 
Wilson CH, Hartline DK. 2011a. Novel organization and development of copepod 

myelin. I. Ontogeny. J Comp Neurol 519: 3259–3280. 
 
Wilson CH, Hartline DK. 2011b. Novel organization and development of copepod 

myelin. II. Nonglial origin. J Comp Neurol 519: 3281–3305. 
 
Wolff G, Harzsch S, Hansson BS, Brown S, Strausfeld NJ. Neuroarchitecture and 

neuronal arrangements in the hemiellipsoid body of the land hermit crab Coenobita 
clypeatus. J Comp Neurol (in Press). 

 



 

 

116 

Yager J. 1981. Remipedia, a new class of Crustacea from a marine cave in the Bahamas. 
J of Crustacean Biol 1: 328–333. 

 
Zeil J, Hoffmann M. 2001. Signals from ‘crabworld’: cuticular reflections in a fiddler 

crab colony. J Exp Biol 204: 2561–2569. 
 
Zhai RG, Bellen HJ. 2004. The architecture of the active zone in the presynaptic nerve 

terminal. Physiology 19: 262–270. 
 
Zrzavy J, Stys P. 1997. The basic body plan of arthropods: insights from evolutionary 

morphology and developmental biology. J Evol Bio 10: 353–367. 
 

 

  



 

 

117 

Reprinted with permission of John Wiley & Sons, Inc, 
License number 2824991309207 dated January 09, 2012 

 
 

VII. APPENDIX A 
 
 

NEURAL ORGANIZATION OF FIRST OPTIC NEUROPILS IN THE 

LITTORAL CRAB HEMIGRAPSUS OREGONENSIS AND THE 

SEMITERRESTRIAL SPECIES CHASMAGNATHUS GRANULATUS 

 
Julieta Sztarker1, Nicholas Strausfeld2, David Andrew2, and Daniel Tomsic1 

 
 
1. Laboratorio de Neurobiología de la Memoria, Depto. Fisiología, Biología Molecular y 

Celular, Facultad de Ciencias Exactas y Naturales, Universidad de Buenos Aires, 

IFIBYNE-CONICET, Buenos Aires 1428, Argentina 

2. Arizona Research Laboratories, Division of Neurobiology, University of Arizona, 

Tucson, Arizona 85721 

 
 
Indexing terms: visual processing, ecological constraints; evolution; Eumalacostraca 
 
 

 

Published as: 

Sztarker, J., Strausfeld, N., Andrew, D., Tomsic, D. (2009) Neural organization of first 

optic neuropils in the littoral crab Hemigrapsus oregonensis and the semiterrestrial 

species Chasmagnathus granulatus. Journal of Comparative Neurology 513: 129–150. 



 

 

118 

ABSTRACT 

Crustaceans are among the most extensively distributed arthropods, occupying many 

ecologies and manifesting a great variety of compound eye optics; but in comparison 

with insects, relatively little is known about the organization and neuronal morphologies 

of their underlying optic neuropils. Most studies, which have been limited to descriptions 

of the first neuropil – the lamina – suggest that different species have approximately 

comparable cell types. However, such studies have been limited with regard to the types 

of neurons they identify and most omit their topographic relationships. It is also uncertain 

whether similarities, such as they are, are independent of visual ecologies. The present 

account describes and compares the morphologies and dispositions of monopolar and 

other efferent neurons as well as the organization of tangential and smaller centrifugal 

neurons in two grapsoid crabs, one from the South Atlantic, the other from the North 

Pacific. Because these species occupy significantly disparate ecologies we ask whether 

this might be reflected in differences of cell arrangements within the most peripheral 

levels of the visual system. The present study identifies such differences with respect to 

the organization of centrifugal neurons to the lamina. We also identify in both species 

neurons in the lamina that have hitherto not been identified in crustaceans and we draw 

specific comparisons between the layered organization of the grapsoid lamina and 

layered laminas of insects.  
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INTRODUCTION 

Evolutionary relationships within the Arthropoda, particularly between crustaceans and 

hexapods, are a subject of continuous debate. Osorio and Bacon (1994) proposed that it is 

the organization of their respective visual systems that suggests close phylogenetic 

affinities between insects and crustaceans, reestablishing a claim originally made by 

Hanström in the 1920s. The idea that insects might have arisen from within crustaceans 

has also been proposed from molecular studies (Nardi et al., 2003; Regier et al., 2005) 

and genetic and developmental analyses have suggested specific homologies between 

insects and malacostracan crustaceans (Patel et al., 1992). Retinal commonalties and 

neuroanatomical analyses of optic lobe morphologies support an origin of the Insecta 

from within the malacostracan lineage (Strausfeld, 1998, 2005; Dohle, 2001) but others 

have argued for an entomostracan origin (Regier et al., 2005; Glenner et al., 2006). 

Whereas the general organization of the optic lobes of higher malacostracans, such as the 

possession of two successive optic chiasmata and the presence of four nested optic 

neuropils, has further supported a malacostracan origin for the insects (Strausfeld, 1998, 

2005; Sinakevitch et al., 2003; Sztarker et al., 2005), less attention has been paid to 

neuron-based characters that have been shown to be powerful for high-level phylogenetic 

analyses (Buschbeck and Strausfeld, 1996; Buschbeck, 2000). These include neuron 

morphologies, layer relationships through successive neuropils, and the planar 

organization of networks that extend across the retinotopic mosaic. 

The optic lobe’s lamina is the simplest and the most studied of the four nested 

retinotopic neuropils in tetraconeate arthropods (eumalacostracans + insects) and is thus 
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likely to provide neuroanatomical data from which to evaluate relationships within and 

between eumalacostracans and insects. Although greatly outnumbered by studies on 

insect optic lobes, species used for describing the lamina of malacostracans include the 

crayfish (Hafner, 1973, 1974; Nässel, 1976, 1977; Elofsson et al., 1977; Wang-Bennett et 

al., 1989; Glantz et al., 2000), and species of prawn (Nässel, 1975), crabs (Stowe et al., 

1977), and stomatopods (Strausfeld and Nässel, 1980; Kleinlogel et al., 2003). Three 

studies have focused on branchiopod laminas (Retzius, 1906; Nässel et al., 1978; 

Strausfeld, 2005). 

Taxa used for these surveys have been predominantly aquatic and it is likely that 

vision is an important, if not the most important, sensory modality. Stomatopod 

crustaceans are notoriously visual; crayfish live in turbid water and are active in dim 

light; investigated species of prawns either live in deep water, where adaptations of the 

compound eye to increase light capture may be at the expense of visual acuity, or are 

pelagic in conditions where high-level vision may not confer any advantage. It is unclear 

at what level optic lobe organization might relate to different behaviors and ecologies. 

Might such correlates, if they exist, be already apparent in the most distal level of the 

system? Or would ecology- and behavior-related differences pertain to deeper 

computational levels, as is evident from dipterous insects (Buschbeck and Strausfeld, 

1996)? Decapod crustaceans are a good group in which to address such questions. They 

can be found in almost every possible niche, including land, shallow and deep sea, fresh 

water, and even deserts (Diesel et al., 2000). There exist a number of reports about 

anatomical and behavioral adaptations of their visual systems to different habitats (see 
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Nunnemacher, 1966; Zeil et al., 1986; Nalbach and Nalbach, 1987; Tomsic et al., 1993). 

For instance, the eyestalk length, eye separation, and acute zones for vertical resolving 

power have been shown to correlate with the structure of specific environments (Zeil et 

al., 1986). Accordingly, the vertical distribution of optokinetic sensitivity varies 

significantly within different habitats (Nalbach and Nalbach, 1987). The brains of 

malacostracans can show major differences. For example, whereas most crabs and 

shrimps have eyestalks, isopod compound eyes are integrated as part of the head cuticle, 

as they are in insects. Optic lobes of littoral species are equipped with large lobula plates 

equipped with giant tangential cells that approach the size of those of dipterous insects 

(Sinakevitch et al., 2003). In addition, the number of ommatidia also shows wide 

variation across the Malacostraca, from less than 200 in the ghost shrimp Callianassa 

(N.J.S., pers. obs.) to around 18,000 in land crabs such as Grapsus grapsus 

(Nunnemacher, 1966). 

Such ecological constraints or gross differences in brain anatomy do not limit, 

indeed they amplify, the identification of general principles of organization that might 

apply across the Arthropoda, particularly those taxa whose behavior is largely driven by 

visual cues, such as grapsoid crabs, salticid spiders, and numerous orders of fast flying 

insects. Here we focus on two species of grapsoids that have large and elaborate deep 

optic lobe neuropils, and in which vision is a dominant sensory modality eliciting reactive 

and active visual behaviors. Crabs exhibit visually guided homing, courtship, and 

defensive behaviors (Nalbach, 1990; Cannicci et al., 2000; Backwell et al., 2000; Zeil and 

Hoffmann, 2001). The estuarine South Atlantic species Chasmagnathus granulatus is a 
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semiterrestrial crab that lives in colonies, socially interacts, and is subject to attack by 

aerial predators (Bachmann and Martinez, 1999; Berón, 2003). At low tide it is a 

terrestrial forager, viewing in clear air, whereas during intermediate and high tide it lives 

in turbid water. The North Pacific species, Hemigrapsus oregonensis, is likewise an 

active visual forager, uses vision for place recognition and homing, is highly territorial, 

and is nonsocial. It lives mostly submerged and occupies usually clear waters irrespective 

of tide. 

Among insects, related species can show differences of neuronal morphologies 

and disposition, even at distal levels of the optic lobes. Such differences do not 

necessarily reflect major ecological differences, as for example in nocturnal or diurnal 

foraging bees (Greiner et al., 2005), but are apparent even among species that are 

sympatric, such as certain syrphid and calliphorid flies (Strausfeld, 1970). Here we 

determine whether related species of grapsoid crabs, which are vastly separated 

geographically, and which occupy similar but by no means identical habitats, share 

common or distinct neural arrangements in their optic lobe laminas. 

 

MATERIAL AND METHODS 

Animals 

Adult male C. granulatus, measuring 1.8–3.0 cm across the carapace, were collected in 

narrow coastal inlets (rías) of San Clemente del Tuyú, Argentina. Crabs were maintained 

in the laboratory in plastic tanks (35 x 48 x 27 cm) filled to 2 cm depth with diluted 

marine water prepared using hw-Marinex (Winex, Hamburg, Germany), having a salinity 
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of 10–14% and a pH of 7.4 –7.6 and maintained at 22–24°C and on a 12-hour light/dark 

cycle. Adult male H. oregonensis (carapace width 1.5–2.5 cm) were collected from rock 

pools tidal mills at designated collection sites belonging the University of Washington’s 

marine reserve on San Juan Island. Crabs were maintained in running seawater tanks at 

the University of Washington’s Friday Harbor Marine Laboratories.  

 

Coordinates of the optic lobe and planes of sectioning 

The eyestalks of C. granulatus and H. oregonensis are oriented at about 45–70° from 

horizontal. Descriptions here are from longitudinal and transverse sections cut parallel to 

the anteroposterior or lateromedial axes, respectively (see Fig. 1). Due to the curvature of 

the lamina, the first sections of a longitudinal or transverse series offer tangential (top–

down) views of the neuropil. 

 

Histology and anatomical reconstructions 

Both species are amenable to reduced-silver techniques and selective impregnation by the 

Golgi method. Optic lobes were impregnated using the combined Golgi Colonnier–Golgi 

rapid method (Li and Strausfeld, 1997). Eyestalks were removed and under fixative the 

optic lobes were partially exposed beneath the overlying muscles and cuticle. Tissue was 

fixed for 1–3 hours in 2.5% potassium dichromate (with 10% w/v sucrose) and 25% 

glutaraldehyde (5:1 vol). Some C. granulatus were alternatively fixed in 2.5% potassium 

dichromate (with 10% w/v sucrose), 25% glutaraldehyde, and 37% formaldehyde (5:1:1 

vol). After about 3 hours fixation, eyestalk neuropil (optic lobes and the lateral 
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protocerebrum) was cleaned of cuticle, surrounding muscles, and connective tissue. 

Neural tissue was fixed for another 3–4 days in the dark at room temperature, then rinsed 

in several changes of 2.5% potassium dichromate and placed in 99 volumes of 2.5% 

potassium dichromate with one volume of 1% osmium tetroxide for 3 days, omitting 

sucrose. Next, under 2.5% potassium dichromate, areas of retina were exposed and parts 

of the surface of optic lobe neuropils were scraped free of the overlying perineural sheath 

to allow entry of silver nitrate. This was done by swirling the tissue in several changes of 

0.75% silver nitrate and then leaving it in 0.75% silver nitrate for 3 days, in the dark. 

Hemigrapsus oregonensis were subjected to a second chromation and silver impregnation 

cycle. After the first silver impregnation, tissue was briefly washed in distilled water and 

returned to the dichromate–osmium admixture. After 3 days, tissue was again swirled in 

0.75% silver nitrate and incubated in this for another 2 days. Finally, tissue was rinsed in 

distilled water, dehydrated, transferred to propylene oxide, and embedded in Durcupan 

plastic (Fluka, Heidelberg, Germany). Tissue was serially sectioned in the longitudinal or 

transverse planes at 35–40 µm on a sliding microtome. Sections were mounted under 

coverslips in Permount (Electron Microscopy Sciences, Fort Washington, PA). Drawings 

were made at 1,000x magnification using a camera lucida attachment to an Olympus or 

Leitz Dialux microscope. Except for some tangential and amacrine elements that had to 

be traced through 2–3 sections, reconstructions were made from elements within a single 

section. Photographs of C. granulatus laminas were made using an Infinity 2 CCD digital 

camera (Lumenera, Canada) linked to a computer equipped with graphics software. 

Dendritic trees and terminals of Golgi impregnated neurons in H. oregonensis were 
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reconstructed from stacked optical sections captured with a Sony DKC 5000 CCD digital 

camera linked to an Apple G4 computer equipped with graphics software. For both 

species, images were captured at an initial magnification of x600 using planapochromat 

oil immersion objectives. For any 35-µm-thick section, between 5 and 30 optical images 

were captured and layered in register. These were made transparent using the Photoshop 

(Adobe, San Jose, CA) darkening function. Shadows were removed and the images then 

flattened. For larger areas, between two and four such reconstructions were made 

separately and then seamlessly montaged. These procedures result in images of Golgi-

impregnated neurons that show each process in focus throughout a maximum depth of 40 

µm. In some cases the contrast of images was enhanced using the image adjust tools from 

the same software. Due to the distance and trajectory of the first optic chiasma of C. 

granulatus, medulla components could not be confidently matched to lamina elements 

simply by following the axon across the chiasma. However, medulla counterparts could 

sometimes be identified on the basis of a corresponding axon diameter or by reverse 

matching the number and sequence of elements viewed separately in the lamina and 

medulla. The smaller optic lobes of H. oregonensis, in which axons could be more 

readily followed through successive sections, provided confirmatory data regarding 

medullary components of monopolar cells and centrifugal neurons. 

 

Reduced silver preparations. Bodian’s original 1937 method was used to stain neuropils, 

relying on the reducing properties of cytoskeletal proteins. 
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Receptor cell tracing. A small pellet of Texas red-conjugated to dextran (7,000 MW) was 

placed in the living eyes of H. oregonensis. Animals were kept immobilized, half 

submerged in seawater, overnight at 4°C. Eyestalks were then removed, opened under 

4% paraformaldehyde in phosphate buffer (pH. 7.4) containing 10 g sucrose / 100 mL, 

and then fixed for 5 hours. Cuticle and muscle were then removed and the tissue 

embedded in gelatin for vibratome sectioning at 25 µm. Sections were incubate in 

antisera raised against rabbit anti-α-tubulin, and then in anti-rabbit conjugated to Cy5, to 

reveal the retinotopic organization of the neuropil. Sections were scanned using a 3-line 

Zeiss Pascal confocal. 

 

Terminology 

Neurons that originate from cell bodies above the lamina are termed monopolar cells, 

following the convention used for insects. Neurons that originate from cell bodies above 

the medulla and which connect the medulla and lamina are termed centrifugal neurons if 

their medullary branches are decorated with spines and their lamina arbors appear 

varicose or beaded. However, at least two cell types originating from cell bodies beneath 

the lamina have distal processes equipped with spicule- or spine-like specializations, 

suggestive of postsynaptic sites. The designation “amacrine cells” applies to neurons that 

lack an axon (Cajal and Sanchez, 1915). 

 

RESULTS 

Cytological organization of the lamina 
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The eyes of both species, C. granulatus and H. oregonensis, surmount movable 

appendages (called “eye stalks”) that extend obliquely from the anterior margin of the 

carapace. An eye of an adult C. granulatus typically consists of about 7,000 ommatidia; 

of H. oregonensis about 5,000 ommatidia. The visual field of each eye subtends almost 

the entire visual panorama. In both species, ommatidia are distributed all around the tip of 

the eyestalk except for a narrow isthmus of cuticle located toward the medial side of the 

stalk where, when at rest, it lies within the groove of the carapace. 

The general architecture of the optic lobes of C. granulatus (Sztarker et al., 2005) 

and H. oregonensis is similar, with four retinotopic neuropils arranged in succession 

distal to the several neuropils of the lateral protocerebrum (Fig. 1). In both species, the 

lamina’s long axis extends from the anterolateral to the posteromedial part of the eye (Fig. 

1). The lamina extends over the medulla, partially covering it, with the long axis of the 

lamina corresponding to the vertical axis of the retina’s mosaic of facets. Photoreceptor 

axons leave the base of each ommatidium, collect into bundles, and project toward the 

lamina, above which single axons sort out to penetrate into the lamina’s neuropil. 

The two species reveal extraordinary precision with regard to the partitioning of 

lamina neuropil (see Sztarker et al., 2005; and Fig. 2). As in other descriptions of 

malacostracans, the lamina is composed of primary receptor terminals of retinal 

photoreceptors, several discrete morphologies of first-order relay neurons (monopolar 

cells) that terminate in the second optic neuropil, the medulla, and T-cells (also first-order 

relays) that carry information from the lamina to the medulla but which originate from 

cell bodies situated between the lamina and medulla. Wide- and narrow-field neurons that 
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provide terminal arbors in the lamina are interpreted as centrifugal elements that carry 

centrifugal information peripherally from the medulla. 

The dendrites and terminals of all these elements comprise the lamina’s synaptic 

plexiform layer. Reduced silver preparations reveal these as a series of discrete strata (Fig. 

2A,D). In H. oregonensis (Fig. 2A), two well-separated layers of monopolar cell 

perikarya lie above a distal stratum that is composed of tangential fibers followed by a 

tangential-free zone that is succeeded by an inner (proximal) tangential layer. This is 

followed by a deep stratum of wide-diameter tangentially directed elements which are 

here referred to as the “giant” tangential layer. All of these tangential components derive 

from axons that ascend out to the lamina from the medulla. In C. granulatus and H. 

oregonensis tangential neurons contribute either to both layers (the type 1 tangential) or 

they provide ascending processes through part or the whole of the plexiform layer. For 

example, the giant tangential layer provides a delicate filigree of collaterals that ascend 

and descend through the lamina, constrained to the lamina’s external plexiform layer (Fig. 

2C). Despite minor differences in tangential cell morphology (and thus possible 

functional relationships; see Discussion) the same stratified organization of the lamina is 

seen in both species, except that in C. granulatus the monopolar cell bodies are not 

arranged in such quite well-defined layers as in H. oregonensis (Fig. 2D). Thus, the 

laminas of H. oregonensis and C. granulatus show no overt cytoarchitectural differences, 

although certain types of neurons do have subtle differences in the two species, as is 

evidenced by amacrine cells and certain monopolar cells, which will be described in 

detail below. 
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As shown in a previous study, top-down views of Bodian preparations of the 

South Atlantic species reveal a quasiorthogonal arrangement of tangentially directed 

processes above and beneath the lamina. The lamina of H. oregonensis reveals exquisite 

precision layer by layer through the lamina (Fig. 2E–K). As in C. granulatus, the lamina 

of the North Pacific species is divided into an isomorphic organization of units, each of 

which represents a facet of the compound eye. Progressing inward from the base of the 

ommatidia the observer first encounters two distinct levels of neuronal perikarya (neuron 

cell bodies). An outer layer (Fig. 2E) is characterized by scattered clusters of 4–5 cell 

bodies, among which project the axons of photoreceptor cells. Immediately beneath this 

level (Fig. 2F) are neatly arranged horizontal clusters of between 2 and 3 cell bodies, 

between which projects the now orderly rows of receptor axons (Fig. 2G). Following this 

level inward, the distalmost layer of tangential processes provides the beautiful rectilinear 

network alluded to above (Fig. 2H). At the center of each lozenge are clustered 6–7 

argyrophilic profiles that represent the axial fibers of monopolar cells and the through 

going axon of a long visual fiber, one provided by each ommatidia and ending in the 

medulla. These lozenge-shaped partitions define the outer ends of discrete units of 

neuropil called “optic cartridges,” a term that follows the convention used to describe 

retinotopic columns in the insect lamina. 

Deeper still, proximal tangential fibers are organized predominantly along the 

retinotopic mosaic’s vertical axis with fine collaterals providing the proximal tangential 

layer’s horizontally directed processes (Fig. 2I). This contrasts with the deep “giant” 

tangential fibers, which are aligned exclusive along the vertical axis of the lamina (Fig. 
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2J). Immediately beneath this layer are clusters of argyrophilic profiles, each profile 

representing an incoming and outgoing axon of an optic cartridge (Figs. 2K, 3). 

 

Neuron populations of optic cartridges 

Golgi impregnations reveal the shapes of neurons that contribute to the structure of an 

optic cartridge. However, because Golgi impregnations are stochastic they cannot alone 

provide reliable data about cell populations. Estimates of the number of neurons in each 

optic cartridge derive from serial sections of Bodian preparations that are cut tangential to 

the lamina’s surface. As described above, these show cell bodies above the lamina and 

the argyrophilic cross sections of axons associated with each cartridge through and 

beneath the lamina. The number of cell bodies above each cartridge is estimated from the 

way in which perikarya are clustered at their two levels (Fig. 2E,F). Observations of H. 

oregonensis suggest that a cartridge is parent to at least seven monopolar cells, a cluster 

of 5–6 in the outer cell body layer and clusters of 2–3 perikarya in the inner layer. In 

addition to seven monopolar cells in a cartridge, Golgi impregnations show that in both 

grapsoid species the distal and proximal tangential layers are supplied by an ascending 

axon of Tan 1 alongside every cartridge. Golgi impregnations also identify at least three 

types of small field centrifugal cells and two morphologies of neurons equivalent to an 

efferent T-cell such as described from insects (Strausfeld, 1970). Assuming for the 

present that each of these cell types, including a long visual fiber, occurs once per optic 

cartridge, then the axons between 12 and 14 neurons would be expected to be resolved at 

a level depicted in Figure 2K. These numbers correspond to axon cross sections resolved 
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beneath a cartridge. High-resolution micrographs at level K in Figure 2 suggest an 

average of 15 per cartridge (Fig. 3). The Discussion will return to this surprisingly high 

number of elements, which has important implications with regard to the number of 

parallel channels that originate from the three levels of photoreceptor terminals, as will be 

described later. 

 

Neuron morphologies 

Retinula cell terminals. Reduced silver preparations of C. granulatus reveal eight 

photoreceptor axons leaving each ommatidium (Sztarker et al., 2005). As in H. 

oregonensis, seven of these (from photoreceptors designated as R1–R7) end in the 

lamina’s plexiform layer, whereas the eighth receptor (R8) sends its axon through the 

lamina to terminate in the medulla. 

In both species of grapsoids the R1–R7 terminals are arranged approximately as 

two tiers of endings (Fig. 4A,B) to which contribute four principal morphological types 

of terminals. In C. granulatus a stout club-shaped terminal extends through about one-

half to two-thirds of the plexiform layer’s depth. Receptor terminals initially provide a 

swollen component, usually within the outer third of the layer, and then taper to provide 

thinner processes at various depths through the rest of the lamina (Fig. 4C). Two pairs of 

receptor terminals, one defining the outer tier the other the inner tier in Figure 4A, extend 

either side of these central elements. Typically, tiered terminals have shovel-shaped 

swellings that are oriented vertically within the retinotopic mosaic (Fig. 4A,C) but are 

compressed along the horizontal axis (Fig. 4B). In C. granulatus the tiered terminals 
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typically have one side smoother than the other and give rise to one or several 

filamentous outgrowths (Fig. 4C). In H. oregonensis R1–R7 terminals are generally 

smooth or slightly puckered. Similar bilayered arrangements of receptor endings have 

been reported from observations of other decapods, including benthic species. 

As in insects, each ommatidium of a decapod compound eye possesses eight 

photoreceptors. However, unlike insects, only one of these projects an axon to the 

medulla. The other seven end in the lamina, as described above. In both of the present 

species, long visual fibers supplying the medulla are extremely slender and in C. 

granulatus appears to end superficially in the medulla as irregular swellings (Fig. 4D,E). 

However, Golgi impregnations of H. oregonensis reveal that such swellings give rise to a 

further extremely slender prolongation that extends as a small varicosity about a third of 

the distance through the medulla (Fig. 4F), equal to that penetrated by deep monopolar 

cell endings (Fig. 4H,I). Texas red-dextran fills into the retina of H. oregonensis also 

occasionally label long visual fibers and show these as ending deep, but with an outer 

swelling (Fig. 4G) that is distinct from shallow monopolar cell terminals (Fig. 4F, inset). 

 

Neuronal components of the lamina 

Monopolar cells.  Monopolar cells originate from somata above the lamina’s plexiform 

layer. Each provides a single neurite that extends perpendicularly through the lamina, 

broadening as a thicker axis fiber within the plexiform layer, where it gives rise to its 

system of dendrites. Monopolar cell axons extend across the first optic chiasma to end at 

various depths in the medulla (Fig. 4F,H,I). 
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 Whereas some authors have designated each variant of a monopolar cell as a 

separate type of neuron, rather than splitting obviously similar shapes into many subtypes, 

we have here lumped similar profiles together as a single cell type following Nässel’s 

classic (1977) description of the crayfish lamina. As in other decapods and in insects, 

Golgi impregnations of both C. granulatus and H. oregonensis reveal numerous 

morphological variations within a class of generally similar-looking monopolar cells. 

Neurons belonging to several different morphological classes can be identified at any 

location across the lamina. While some of these profiles correspond to monopolar cell 

morphologies described from other species (Hafner, 1973; Nässel, 1975, 

1977; Stowe et al., 1977), five are hitherto undescribed. That they occur in both of the 

present species suggests their wider distribution, at least in grapsoid crabs. 

Lamina monopolar cells are classified according to several criteria: their origin 

from one of the two layers of perikarya above the lamina’s plexiform layers; the level at 

which their processes branch; the arrangement of their processes from the axis fiber 

(radial, lateral, unilateral); the width and orientation of their processes; and 

morphological features of the processes themselves. These criteria are the same as those 

adopted for descriptions of monopolar cells in insects (Strausfeld, 1970; Ribi, 1975). 

Nässel’s designation M, for “monopolar cell,” has been universally used except in 

Hafner’s account, which classifies lamina monopolar neurons as B1–B11 while granting 

that many elements are probably variations of the same type. Here we have kept to the 

classification originally devised by Nässel (1977): M1, M2, etc. However, obvious and 

consistent varieties of cell morphology require additional descriptors such as, for example, 
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“s” for stratified, “b” for bilateral, “n” for narrow, and so on. 

M1 monopolar cells originate from cell bodies that lie directly above the distal 

tangential layer (Fig. 5). Several characteristic morphologies have been identified. These 

are bistratified or unistratified M1 cells (M1s, M1us), the branches of which 

approximately match one or both two tiers of receptor endings (Fig. 5A,D); and diffuse 

M1 cells (M1d), the branches of which occur through the lamina (Fig. 5A–C). Together, 

these morphologies suggest two distinctive cell types, the stratified M1s, with sparse 

dendrites, sometimes exceedingly so, and the diffuse M1d, which have numerous 

dendrites that extend either unilaterally or bilaterally from the axis fiber. 

The detailed morphology of branches from stratified M1s, at least in H. oregonensis, also 

suggests differences in their postsynaptic specializations (compare panels B,C, Fig. 5, 

with panels E,F). 

M2 monopolar cells arise from the distal cell body layer. Typically, their axis 

fibers provide dendrites through the depth of the lamina. Five morphological variants are 

identified. M2b (broad) have wide dendritic extends, though limited to within the 

confines of a cartridge (Fig. 6A,C,D). Type M2n (narrow) monopolar cells have 

compressed dendritic fields about half the width of the first cell type (Fig. 6B,E,G). M2nd 

(narrow diffuse) cells (Fig. 6G) are similarly constrained, but give rise to about half as 

many processes as the M2n cells, and thus appear to have diffuse arrangements of 

dendrites. Two additional broad M2 neurons, shown in Figures 6F and 7C, have stratified 

(M2bs) or diffuse (M2bd) processes restricted to the outer two-thirds of the lamina. 

Two kinds of monopolar cells are associated with the two tiers of receptor 
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terminals. These are the shallow and deep M neurons, M3 and M4, respectively. Again, 

several variants have been identified on the basis of minor differences that probably 

reflect the corrugation and lateral extends of the receptor terminals with which they make 

contact. M3 and M4 cells in C. granulatus (Fig. 7A) obviously correspond to their 

counterparts in H. oregonensis (Fig. 7B). However, in the latter species there are broad 

variants of both cell types (M3b, M4b; Fig. 7C). A narrow-field neuron at the level of the 

outer receptor tier, which Stowe et al. (1977) identified as a distinct cell type in Scylla 

(their “M5”), is here ascribed to the M3 monopolar cells, and designated as the crook-

neck variant of this cell type (M3cr; Figs. 6D, 7D). 

All the monopolar cells thus far described provide dendrites that are either 

constrained to within their parent optic cartridge, or that extend just beyond its confines. 

There are, however, two distinctive types of wide-field monopolar cells, again identified 

in both grapsoid species. One type, designated M5, has a system of robust dendrites that 

extend laterally outside its parent cartridge to reach the adjacent cartridges along the 

vertical axis of the lamina (Fig. 8A,B). In C. granulatus, these neurons originate from 

very large perikarya that lie close to the outer margin of the plexiform layer (Fig. 8A), 

whereas in H. oregonensis the cell bodies of these neurons reside more peripherally, with 

those of M2–M4 neurons (Fig. 8B). M5 monopolar cell branches are restricted to the 

outer two-thirds of the lamina and spread bilaterally into the adjacent cartridges. Some 

(M5b) have broader fields that extend even further and their branches are situated mainly 

at the outer tier of photoreceptor cell terminals. Type M6 monopolar cells also have 

wide-field processes, but unlike the stout spiny specializations of M5 cells, the dendrites 
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of M6 neurons are delicate, equipped with occasional pinhead-like specializations (Fig. 

8C,D). Intact neurons (that is, with their cell bodies) have been impregnated in H. 

oregonensis (Fig. 8D) but the cell bodies have failed to impregnate in the South Atlantic 

species (Fig. 8C). Such failure of perikaryal impregnation is not uncommon in tissue that 

has been cycled only once through silver impregnation. Indeed, in a recent survey of the 

spotted shrimp Pandalus platyceros, Golgi preparations revealed numerous M1–M4 

monopolar cells, but invariably without their perikarya impregnated, whereas the cell 

bodies of amacrine cells were impregnated (N.J.S., D.A., unpubl. obs.). 

 

Centrifugal tangential neurons. Lamina tangential neurons link the medulla to the lamina. 

In insects, equivalent neurons are distributed one to every several retinotopic columns 

and provide extensive lateral processes that together supply an isomorphic arrangement 

of arborizations that extend across the retinotopic mosaic. In the present species, every 

optic cartridge receives the axon of one type of tangential neuron that is common to both 

taxa. As a consequence, the tangential supply to the lamina is extraordinarily dense. 

Lamina tangential neurons originate from cell bodies located immediately above 

the medulla (Figs. 9A; 10A–C). In both species, type 1 tangential neurons (Tan 1) 

originate from a dense cluster of dendrites organized as a narrow coneshaped dendritic 

field that penetrates down into the medulla to reach a depth equivalent to that penetrated 

by the deepest terminals of monopolar cells (Fig. 9A). Each dendritic tree sends an axon 

to the lamina, there being as many axons as there are optic cartridges. Each axon extends 

out to the distal tangential layer where it provides a system of secondary and tertiary 
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branches that spread mainly along the vertical axis of the retinotopic mosaic (Fig. 9B,C). 

The thick distally projecting axon terminal also provides a dense cluster of blebbed 

processes that protrudes slight above the distal tangential layer such that each cartridge is 

crowned by one of these small crest-like concentrations of terminal processes (Fig. 

9B,D,E). Collateral processes also spread out from the tangential axon where it enters the 

base of the cartridge. These processes are less dense than those distally, and the number 

of them decreases with distance along the vertical axis of the mosaic. These collaterals 

provide secondary branchlets that are set approximately at right angles, thus providing 

the horizontal component of the rectilinear organization of this proximal layer (Fig. 9C). 

In H. oregonensis these cells are often impregnated en masse and demonstrate that the 

secondary tangential processes at the distal and proximal layers give off numerous 

smaller collaterals that penetrate upwards and downwards through the plexiform layer 

(Fig. 2B, see also Fig. 9B). In C. granulatus type 1 tangential neurons have large fields 

that are about 10 times broader along the vertical axis than they are wide (along the 

horizontal axis of the retinotopic mosaic). There is, however, an important difference 

between the two species, in that whereas in C. granulatus each vertical branch of a Tan 1 

extends alongside 10–12 optic cartridges (Sztarker et al., 2005), in H. oregonensis the 

inner and outer initial branches of Tan 1 intersect only the flanking optic cartridges along 

the horizontal axis and about 6–8 cartridges vertically. Although these fields are 

relatively small, their processes provide a rectilinear network as dense as that of C. 

granulatus (Fig. 9C). 

There is also a major difference between the two species with respect to the 
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morphology of elements lying immediately beneath the proximal tangential layer, which 

we here term the “giant” or type 2 (Tan 2) tangentials (Fig. 2A,D,J). In both C. 

granulatus and H. oregonensis each of these Tan 2 neurons possesses a thick axon (5–7 

µm) that originates from a system of shallow processes in the medulla (Fig. 10A–C). 

Viewed from above, these extend more or less radially from the axon’s origin (Fig. 10B). 

In longitudinal and transverse sections, the thick primary dendrites that lie on the surface 

of the medulla give rise to thinner collaterals that extend deep into the medulla neuropil. 

Each medulla dendritic tree is connected to a very large elongated cell body located just 

above the medulla’s outer surface (Fig. 10A–C). 

In C. granulatus, axons of these type 2 lamina tangential neurons provide very 

large primary process located beneath PTL that extend along the vertical axis of the 

lamina. Golgi impregnations (Fig. 10E,F), together with Bodian preparations  (see fig. 4D 

in Sztarker et al., 2005), suggest that these primary processes of adjacent Tan 2 neurons 

are separated by approximately the distance of one optic cartridge. Because the elongated 

lamina of Chasmagnathus contains about 100 x 70 rows of cartridges in the vertical and 

horizontal axes, respectively, this suggests that there are approximately 100 Tan 2 

neurons per lamina. 

Each primary tangential process in the lamina provides many long secondary 

branches that extend approximately at right angles to it. Each secondary process is 

separated from the next by the width of an optic cartridge (Fig. 10F) so that each Tan 2 

neuron provides a system of approximately parallel secondary processes that extend 

horizontally along rows of optic cartridges. Secondary processes give rise to short tertiary 
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branches that ascend outward into the lamina’s plexiform layer. 

Type 2 tangentials are differently organized in H. oregonensis, however. Whereas 

the medulla components are almost identical in this species (Fig. 10C), the primary 

branches of the lamina terminals are separated by 2–3 cartridge widths (Figs. 2J, 10D). 

Like those of C. granulatus, primary branches extend the length of each vertical row and 

give off short stout horizontal collaterals. These then provide an extremely dense filigree 

of ascending processes that form basket-like ensembles around clusters of cartridges 

(Figs. 2C, 10D). 

 

Lamina T-cells. T-neurons are retinotopic cells so named because of the T-like junction 

between cell body fiber and the functional axon. T-cells connecting the lamina and 

medulla have their somata located in the optic chiasma, usually closer to the medulla than 

to the lamina. Lamina T-cells have been identified in decapods and across many insect 

orders. Their identification in so many different species has been used to emphasize 

similarities between insects and crustaceans (Hanström, 1928; Strausfeld and Nässel, 

1980). Lamina T-cells are thus considered one of the most conserved elements in the 

optic lobes of these two groups (Strausfeld et al., 2006). The first description of lamina T-

cells, in dipterous insects, showed small distal basket-like arborizations occupying a 

single lamina cartridge (Cajal and Sanchez, 1915) to which it supplies short spiny 

processes that are now known to be postsynaptic to amacrine cells and photoreceptor 

terminals (Campos-Ortega and Strausfeld, 1973). Lamina T-cells are thus efferent 

neurons and in Diptera are thought to provide for the first stage in nondirectional motion 
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computation (Sinakevitch and Strausfeld, 2004; Higgins et al., 2004). 

In C. granulatus, type 1 T-cells share some characteristics with insect T1-cells. 

The type 1 neuron in C. granulatus has a very slender axis fiber that divides soon after 

entering the plexiform layer. Its two tributaries provide parallel climbing fibers from 

which multiple small knob-like projections arise (Fig. 11A). The lateral spread of the 

dendritic field of type 1 T-cells is equal to the width of lamina occupied by the tiered 

photoreceptor terminals. Intracellular recordings of T-neurons in the crayfish suggest that 

these cells might receive a photoreceptor input, acting as a functional analog of a 

monopolar cell (Wang-Bennett and Glantz, 1987). 

Due to the width of first optic chiasma and the slender nature of type 1 T-cell 

axons, we were unable to follow any type 1 T-cell axon along its entire length. However, 

narrow arbors extending into the medulla send axons out toward the lamina. A very short 

neurite links each axon to a cell body located just above the medulla (Fig. 11B). This 

organization is reminiscent of the T1 terminals described from dipterous insects and 

decapods (Hanström, 1928; Strausfeld, 1970; Fischbach and Dittrich, 1989). Golgi 

impregnations of H. oregonensis show similar morphologies of type 1 T-cells (Fig. 

11C). Differences with respect to the branching patterns and varicose specializations 

suggest considerable variation within this cell type but not several discrete species of 

neuron. 

A second type of T-cell has, however, been consistently resolved across the 

lamina in both species. In C. granulatus this neuron is characterized by an altogether 

thicker axis fiber than the type 1 neuron. This penetrates about one-third of the depth into 
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the plexiform layer before giving rise to 3–4 V-shaped stout tapering branches that 

extend laterally from it. These bifurcate into third- and fourth-order processes (Fig. 

11D) that extend through the distal half of the plexiform layer, that is, through the outer 

tier of receptor terminals. The dendritic field of this cell type extends through about three 

cartridges along the vertical axis. The medulla arborizations of this type 2 T-cell has 

narrower spread, ends relatively shallowly, and gives rise to many very thin liana-like 

processes (Fig. 11E). A short neurite connects the axon to its soma, which is located just 

distal to the medulla. In H. oregonensis the type 2 T-cell differs from the South Atlantic 

species with respect to its processes in the lamina (Fig. 11F) but not its medulla 

component (not shown). In the lamina three clusters of processes are aligned along the 

vertical axis and supply three adjacent cartridges, ascending through the entire depth of 

the plexiform layer. 

 

Small-field centrifugal cells. The term centrifugal neuron designates retinotopic elements 

that, in insects, extend out to the lamina from cell bodies located beneath the inner face of 

the medulla (Strausfeld, 1970). Their axis fibers in the medulla provide dendritic 

processes that lead to an axon that crosses optic chiasma to terminate in the lamina’s 

external plexiform layer (Cajal and Sanchez, 1915; Strausfeld, 1970). Comparable 

elements have been described from several malacostracan species by Eloffson and 

Hagberg (1986). In both C. granulatus and H. oregonensis there are a number of 

elements that can be ascribed to this class of neurons (Fig. 12). These all share the 

following features. A single axon extending out from the medulla gives rise to one or 
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more ascending processes in the lamina decorated with knob-like projections or with 

swellings and varicosities. Although the cell bodies and medullary components of these 

neurons have not yet been confidently identified, nevertheless, because none of these 

elements extend more distally than the outer margin of the plexiform layer, we assume 

that their somata are located beneath or just above the medulla. 

At least three clearly different morphological types of these putative centrifugal 

cells have been identified in C. granulatus. Four cells have been resolved in H. 

oregonensis. Two of these are comparable to the cell types in the South Atlantic species. 

In C. granulatus the C1 centrifugal neuron arborizes diffusely through at least four 

cartridges of the lamina, where it provides thin collaterals equipped with swellings 

distributed uniformly through the plexiform layer (Fig. 12A). C2 exhibits a 

predominantly unilateral system of short blebbed branches along most of its length, 

becoming especially dense nearer the distal tangential layer (Fig. 12B). These terminals 

also provide some larger branches that extend across the neighboring cartridge. The same 

cell type has been identified in H. oregonensis (Fig, 12D, second from left). In C. 

granulatus C3 neurons are narrow, equivalent to the width of an optic cartridge and have 

short lateral processes equipped with large swellings or irregular varicosities (Fig. 12C). 

In the North Pacific species, only one narrow-field centrifugal has been thus far identified. 

It has a single ascending fiber from which are arranged a series of unilateral varicosities 

(Fig. 12D, left panel). Two other centrifugal endings are both wide-field and consist of a 

sparse arrangement of beaded processes. These endings are arranged at two levels: 

coincident with the inner tier of receptor endings, or coincident with the outer tier (Fig. 



 

 

143 

12D, right two panels). 

 

Amacrine cells. One morphological type of an axonal or amacrine cell has been found in 

the lamina of C. granulatus and other in the North Pacific species (Fig. 13). Both are 

derived from large cell bodies beneath the lamina among axons of the first optic chiasma. 

The general morphology of these amacrine cells are consistent with those described by 

Glantz et al. (2000) from crayfish and by Strausfeld and Nässel (1980) from Squilla 

mantis. In C. granulatus, a single thick trunk-like process arises from the cell body and 

ascends to the plexiform layer, where it provides one or more radially arranged basket-

like processes equipped with numerous branches. Some of these processes are thin and 

spiny; others have a thickened appearance and are decorated with varicosities and knob-

like structures (Fig. 13A,B). The lateral spread of the arbor extends across two cartridges 

along the horizontal axis and two along the vertical axis of the retinotopic mosaic, thus 

encompassing an oblong domain that includes at least four cartridges. Amacrine cells in 

H. oregonensis look quite different. Their processes extend mainly through the inner tier 

of photoreceptor terminals (Fig. 13C,D). However, like amacrines in the lamina of C. 

granulatus, their arborizations are decorated with both spiny and varicose specializations. 

 

DISCUSSION 

Conserved elements of the decapod lamina 

Studies by Nässel (1975, 1976, 1977), Eloffson and Hagberg (1986), and Stowe et al. 

(1977) agree on the identification of four types of photoreceptor terminals that end at four 
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distinct levels in the visual systems of eucarid crustaceans. The axon of one 

photoreceptor of each ommatidia ends in the medulla (these are the long visual fibers), 

while the other seven photoreceptors have axons that end in the lamina. Some of these 

seven receptors contribute to one of two tiers of endings; others provide club-shaped 

terminals that penetrate through most or the lamina’s entire plexiform layer. In 

Pacifastacus, M3 and M4 neurons parse the retinular cell input into two mutually 

exclusive channels. M3 synapses with four of the retinular terminals in the outer tier, 

whereas M4 synapses with the other three belong to the inner tier (Nässel and Waterman, 

1977). Although the levels of photoreceptor cells appear less precise in C. granulatus 

than they do in H. oregonensis or in some of the other described decapods, no 

significance should be attached to this: the tiered arrangements, even if sloppy, 

nevertheless correspond to the correspondingly variable levels of the dendritic branches 

from monopolar cells. Tiered laminas, then, appear to be the rule within the 

eumalacostracan crustaceans. But they are not exclusive to this group of arthropods. Even 

though more has been written about the quite simple untiered laminas of flies than the 

same neuropil in other insects, tiered lamina may be as numerous across the insects as 

across the Malacostraca. Species of Coleoptera, Odonata, and Hemiptera show that the 

levels of dendritic branches from monopolar cells and other elements coincide with 

different levels of receptor axon terminals in their laminas (Strausfeld, 1976). For 

example, in the backswimmer Notonecta glauca, an aquatic hemipteran, amacrine cell 

processes coincide with deepest tier of photoreceptor terminals, as do amacrines in H. 

oregonensis. Like the two grapsoid species described here, tangential neurons in N. 
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glauca distribute to two layers of the plexiform layer, and in that insect monopolar cell 

dendrites correspond to the different levels of photoreceptor endings. Some monopolar 

cells provide dendrites at one tier; others at a deeper tier, and still others have dendrites 

arranged down the whole length of the axis fiber. The widths of monopolar cell dendrites 

also vary in insects, even in those species that are diurnal. Again, exceptions to this are 

the laminas of cyclorrhaphan Diptera that are populated by narrow-field monopolar cells, 

the dendrites of which are restricted to a single cartridge. This exemption, not 

the rule, provides the limited interests of students of lamina synaptology. 

The present study identifies the characteristic decapod arrangement of two types 

of tiered monopolar cells, the M3 and M4 neurons, and two types of monopolar cells that 

have dense arrangements of dendrites through the depth of the plexiform layer, the 

narrow and broad M2 neurons (M2n, M2b). To these are added those neurons whose 

dendrites are less than half as dense, the diffuse M2 cells (M2d). All these cell types have 

been observed anywhere across the lamina and Golgi studies show that the smallest 

distance separating adjacent impregnated neurons is equivalent to the distance between 

two adjoining cartridges. These monopolar cells, then, provide five clearly defined 

efferent channels from each cartridge. It is not known if wide-field monopolar cells (M5 

and M6 and their variants) are similarly distributed, although there is no reason to suggest 

that they are not. Certainly, the midget monopolar cells (variants of M1) occur in every 

cartridge, although variations in the number and stratification of their dendritic 

specializations suggest that they are unlikely to receive inputs from photoreceptor 

terminals, but may instead receive inputs from tangential neurons, just as the midget L5 
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monopolar cell does in the dipterous lamina (Strausfeld and Nässel, 1980). 

The grapsoid lamina also provides two types of T-cell efferents. These are the 

narrow-field type 1 and wide-field type 2 T-cells. Golgi preparations suggest that both 

occur in each cartridge because two neurons have been seen so impregnated. Assuming 

that both types of T-cell are postsynaptic in the lamina, these would provide an additional 

couple of efferent channels from each cartridge bringing the total to eight output channels 

if the M1 neurons are included and 10 outputs if M5 and M6, the two species of wide-

field monopolar cells, are also allowed in this tally. This is twice the number of output 

channels from an optic cartridge of a fly, but is not unexpected of many insects that have 

refined color perception and employ linear polarized light for navigation. In C. 

granulatus the presence of sustaining and dimming medullary neurons that have 

orthogonal e-vector sensitivity maxima (Tuthill and Tomsic, unpubl. data) similar to 

those present in Pacifastacus (Glantz and McIsaac, 1998) suggests that crabs also detect 

linearly polarized light, although there is no evidence that they possess a specialized 

dorsal zone of the retina that serves this function. 

 

Commonalties and differences in two related species 

Terminological differences should not confuse an appreciation of the types of monopolar 

cells common to the Decapoda. That Hafner’s account (1973) annotates these neurons 

B1–B11 does not change the observation that his description identifies variants of the 

midget monopolar cell M1, the axial monopolar cell M2, the tiered monopolar cell M3, 

and the wide-field monopolar cell M5. The appellation as “M5” by Stowe et al. (1977) 
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for a monopolar seen in Scylla serrata with dendrites at the level of the outer tier of 

receptor terminals is unfortunate because the morphology of this element best 

corresponds to the crook-neck variant of the M3 (and, in Scylla, M4; loc. cit. fig. 7G,H) 

monopolar shown here and the M4b variant in Pacifastacus leniusculus described by 

Nässel (1977). Therefore, despite some terminological inconsistencies, we can conclude 

that five principle types of monopolar cells M1–M5 are common across species. Cell 

types that are probably new, in that they are described here for the first time, are the 

diffuse and broad diffuse variants of the M2 neurons and the M6 monopolar cell. 

Do similarities of the M1–M4 neurons across taxa suggest that cell organization 

in the decapod lamina is unusually conserved? Here it is necessary to be cautious because, 

as described here, the morphology and organization of three classes of neuron reveal 

some important differences between the South Atlantic and North Pacific species. 

The first difference refers to the type 2 tangential neurons, the processes of which 

in C. granulatus extend part of the way through the plexiform layer and appear diffusely 

organized from the main tangential branches, whereas in H. oregonensis the homologous 

cell type provides basket-like clusters of terminal processes that ascend through the 

whole plexiform layer. Clearly, their synaptic relationships with either photoreceptor 

terminals and, or, monopolar cells, are likely to be different, at least in number if not in 

connections. Nevertheless, in both species of grapsoid crabs the dendritic fields of these 

cells have similar arrangements in the outer layers of the medulla. 

A second and surprising difference between the two species relates to their small-

field centrifugal neurons. Other authors seldom describe these afferent neurons, but when 
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they have descriptions suggest rather disparate morphologies. Wide-field centrifugal 

neurons in C. granulatus, such as C1 shown in Figure 12A, have not been identified in H. 

oregonensis. They could, at a stretch, be compared to centrifugal neuron morphology 

described by Elofsson and Hagberg (1986) from observation of the anostracans 

Polyartemia forcipata and Siphonophanes grubei, but because the branchiopods have 

only two optic lobe neuropils, with the deeper of the two equivalent to the lobula plate 

(Strausfeld, 2005), such comparisons would be unjustified. The second morphological 

type of centrifugal terminal, C2, shown in Figure 12B, has also been identified in H. 

oregonensis (Fig. 12D, second panel from the left) but a similar morphology has not been 

described from other species. Further comparisons between even these two related 

grapsoids break down. In C. granulatus, small-field centrifugal cells are generally 

constrained to a width of lamina corresponding to one or just slight more than one optic 

cartridge (Fig. 12C). One variant of a narrow centrifugal cell in C. granulatus, shown in 

Figure 12C (right profile), is similar to centrifugal neurons described from P. leniusculus 

(Nässel, 1977). In H. oregonensis, the closest analog to this neuron is a terminal in the 

lamina that is clearly constrained to an extremely narrow field, suggesting its relationship 

with one or both of the axial monopolar cell M2b or M2n (Fig. 12D, left panel). Other 

wide-field centrifugal terminals in H. oregonensis branch either in the inner or outer tier 

of receptor terminals, and thus far have no counterpart in C. granulatus. 

The amacrine neuron supplying the lamina of C. granulatus is consistent with the 

description of amacrine cells in crayfish based on immunostaining with an antibody 

against a tachykinin-related peptide (TRP) and by GABA immunocytochemistry (Glantz 
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et al., 2000). These authors showed that although the number of TRP-immunoreactive 

amacrines is well outnumbered by optic cartridges, the amacrine cell processes contribute 

to an isomorphic network across the entire retinotopic mosaic and arborize through all 

levels of the lamina. In contrast, amacrine cells in H. oregonensis do not invade the 

whole lamina depth but have their processes mainly constrained to the inner half of the 

plexiform layer, aligned with the inner tier of photoreceptor terminals. In both species, 

however, the branches of amacrine neurons have features typical of both dendrites and 

terminals, which is consistent with their suggested functional relationship with 

photoreceptor terminals (Glantz et al., 2000): namely, that of providing a mechanism for 

lateral inhibition necessary for both contrast enhancement and gain control. 

 

Ecology and optic lobe organization 

How significant are the described similarities and differences between the present 

grapsoid species? First, we consider their similarities. The organization of their layered 

photoreceptor terminals and monopolar cells conforms to a highly conserved organization 

of tiered photoreceptor terminals described not only from other decapods but also from 

nondecapod malacostracans, such as Squilla mantis and other gonodactyloid stomatopods, 

and from anostracans (Elofsson and Hagberg, 1986; Kleinlogel and Marshall, 2005). The 

present identification of “novel” morphologies of monopolar cells is probably less 

significant than it may appear because this cell type may well be present in other species 

of Decapoda but so far not resolved by the Golgi method. Where possibly significant 

differences occur relate to systems of centrifugal cells, not monopolar cells; namely, the 
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type 2 tangential neurons and some of the small and wide-field afferents to the lamina 

that originate from the medulla. If an argument is to be made that such morphological 

differences relate to ecological constraints, then at most these differences probably reflect 

different adaptation mechanisms to a range of luminances experienced by C. granulatus 

that may be different from those typical of habitats occupied by H. oregonensis. However, 

on balance, there are more shared features between the laminas of these two species than 

unshared ones. Such differences should, however, be of interest to physiologists wanting 

to relate centrifugal and amacrine morphologies with lateral inhibitory mechanisms and 

light adaptation. But as ascertained from studies across species of one order of insect 

(Buschbeck and Strausfeld, 1996), ecological constraints probably impose fewer 

differences of neuronal organization at the level of photoreceptor terminals than at deeper 

levels of the system that are involved in the higher-order computation of pattern and 

motion. 
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FIGURE LEGENDS 

Figure 1. Schematic diagrams of the eyestalks and optic lobes of C. granulatus and H. 

oregonensis. The anteroposterior and dorsoventral axes of the retina are equivalent to the 

horizontal (h) and vertical (v) axis of the retinotopic mosaic of the lamina, each of which 

is parallel to the transverse (TS) and longitudinal (LS) plane of sections. R, retina; La, 

lamina; Me, medulla; Lo, lobula; LoP, lobula plate; LPr, lateral protocerebrum. Scale bar 

= 500 µm. 

 

Figure 2. Neuroarchitecture of the lamina as revealed by Bodian’s reduced silver with 

Golgi impregnations to show selective neuron correlates. A: H. oregonensis: Section cut 

parallel to the vertical axis of the retinotopic mosaic showing levels depicted top-down in 

panels E–K. An outer cell body layer (CBo, and panel E) provides monopolar cells with 

long neurites such as the M2 type shown in panel C. The inner layer of cell bodies (CBi, 

and panel F) provides monopolar cell M1 and M5. A short intermediate zone reveals the 

clustered neurites of monopolar cells (G). The distal tangential layer (DTL, also panel H) 

receives contributions from the bilayered terminals of the type 1 tangentials (panel B) 

with the same cell type providing tangential processes of the proximal tangential layer 

(PTL and panel I). The “giant” tangential layer (GTL) is provided by the primary 

branches of type 2 tangential endings (C,J). The bundled axons from optic cartridges that 

provide the first optic chiasma (Och1, also panel K) originate just beneath this layer. D: 

Bodian stained section of the lamina of C. granulatus shows the same layering except for 

the monopolar cell perikarya, where the two layers are virtually indistinguishable. Scale 
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bars = 25 µm in A–C,E–K; 50 µm in D. 

 

Figure 3. Enlargement of Fig. 2K showing profiles of axons entering and leaving eight 

adjacent lamina cartridges. A: The original micrograph. B: The enhanced profiles. C: The 

same shown alone, with the profile counts. Scale bar = 10 µm. 

 

Figure 4. Photoreceptor terminals. A: H. oregonensis: Texas red-dextran fills show 

receptor terminals arranged as two tiers. B: H. oregonensis: horizontal section showing 

Golgi-impregnated terminals “end-on.” Note that some terminals occupy intermediate 

positions with respect to the tiers shown in A. C: C. granulatus: camera lucida drawings 

of receptor endings aligned along the vertical axis of the retinotopic mosaic. Spatulate 

endings (left and center in panel) correspond approximately to the two tiers shown from 

H. oregonensis, whereas other terminals (leftmost, four to right in panel, and gray 

terminal center) occupy intermediate positions or extend through the whole depth of the 

plexiform layer. The axon of a thoroughgoing R8 photoreceptor is shown extreme left. 

D,E: C. granulatus: swellings of R8 photoreceptors at the medulla surface. F: H. 

oregonensis: two R8 photoreceptor endings showing their outer swelling (arrowhead) and 

deep extension ending as a terminal varicosity (at arrow). Inset compares the ending of an 

M3 monopolar cell. G: H. oregonensis: Texas red-dextran fill of an R8 photoreceptor 

endings showing the surface swelling (arrowhead) and swollen terminal (at arrow). H,I: 

H. oregonensis: medulla terminals of M2 and M2d monopolar cells. DTL: distal 

tangential layer, PTL: proximal tangential layer, Och 1: level of the first optic chiasma 
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lamina, MDM: medulla’s distal margin, OT: outer terminals, IT: inner terminals. Scale 

bars = 25 µm in A–C,F–I; 10 µm in D,E. 

 

Figure 5. M1 monopolar cells. A: C. granulatus: the dendritic disposition of M1 neurons 

shows considerable morphological variation. However, M1 cells are characterized by 

their extremely short dendrites and cell bodies that lie immediately about the plexiform 

layer. Some neurons have stratified arrangements of dendrites others are diffuse (M1s, 

M1d). B–F: H. oregonensis: B,C show diffuse M1 cells (M1d) compared to stratified 

(D,F) and unistratified neurons (E). Asterisks indicate the position of cell body. 

Abbreviations as in Figure. 4. Scale bars = 5 µm in A; 10 µm in B–F. 

 

Figure 6. Monopolar cells M2. A: C. granulatus: The broad variant of M2 (M2b) has a 

dense arrangement of dendrites through the depth of the plexiform layer. Two inner tier 

receptor terminals impregnated in the same preparation are shown in gray. B: C. 

granulatus: narrow field M2 monopolar cells (M2n). These monopolar neurons have 

short but densely arranged lateral processes distributed along the axis fiber. C: H. 

oregonensis: An M2b type monopolar shown with its axis fiber next to the dendrites of a 

second M2b neuron (axis fiber out of section) shown with branches of the type 1 

tangential ending, thus demonstrating the extent of branching of this monopolar cell type 

through the plexiform layer. D: H. oregonensis: several monopolar cells impregnated 

together compare the relative depths and morphologies of M2b neurons with M3cr and 

M4. E: H. oregonensis: A narrow variant of the M2 neuron. The consistency of this cell 
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type is further demonstrated in panel G. F: H. oregonensis: two variants of M2 neurons 

include the broad stratified type, the dendrites of which are clustered at the outer and 

inner tiers of receptor terminals, and the broad diffuse type. G: H. oregonensis: 

comparison of the narrow and narrow diffuse variants of M2 neurons. A photoreceptor 

terminal belonging to the outer tier is shown to the right. Abbreviations as in Figure 4. 

Scale bars = 5 µm in A,B; 10 µm in C–G. 

 

Figure 7. The stratified monopolar cells M3 and M4. A: C. granulatus: The axis fibers of 

M3 neurons are typically thinner than those of M4, with a local thickening at the level of 

its dendrites. B: H. oregonensis: M3 monopolar cells. In this species too, the axons of M3 

monopolar cells are thinner than those of M4. C–E: H. oregonensis: variant of M3 and 

M4 include neurons with broad dendritic fields (M3b, M4b) and neurons with crook-

shaped dendritic trees providing thin M3-like axons (M3cr in D). A broad diffuse variant 

of the M2 neuron (M2bd) is also shown in panel C. E: M4 neurons in H. oregonensis 

provide slender collaterals at the inner margin of the lamina (arrows in B,E). Scale bars = 

5 µm in A; 10 µm in B–E. 

 

Figure 8. Wide-field monopolar neurons. A: C. granulatus: Dendritic fields of M5 

neurons extend through about two cartridges along the vertical axis of the retinotopic 

mosaic. B: H. oregonensis: the same cell type in the North Pacific species is typically 

more slender but has the same distribution in the lamina. C: C. granulatus: incomplete 

impregnations of the M6 monopolar cell omit its perikaryon. D: H. oregonensis: 
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complete impregnation reveals the M6 monopolar cell as having sparse dendrites 

distributed down the length of its axis fiber extending to the adjacent optic cartridge. 

Abbreviations as in Figure 4. Scale bars = 10 µm. 

 

Figure 9. Type 1 tangential neurons. A: C. granulatus: The medulla dendrites of Tan 1 

consist of a narrow bush-like structure extending through about a quarter of the medulla’s 

depth. The soma lies above the medulla’s outer surface among axons of the first optic 

chiasma. B: C. granulatus: Camera lucida drawings showing lamina arborizations 

oriented along the vertical axis of the lamina. Between 6 and 8 thick processes originate 

from the axis fiber to provide a bistratified arrangement of branches that further ramify to 

spread laterally across 10–12 cartridges (vertical gray lines). Note the dense arborizations 

in the central part of the terminal field (boxed in upper drawing). C: H. oregonensis: 

Vertical branches of the type 1 tangential (extreme left in panel) show with their 

horizontally directed collaterals from which arise smaller vertically oriented processes. 

Together these provide a rather messy looking rectilinear network. D: H. oregonensis: 

enlargement of the central component of a Tan 1 terminal showing the peculiar crested 

component (boxed) at the distal most level of the plexiform layer. E: As shown in 

reduced silver preparations of H. oregonensis, these crests occur at every optic cartridge. 

Scale bars = 10 µm. 

 

Figure 10. Type 2 tangential neurons. A: C. granulatus: The wide field dendrites of this 

cell type reside superficially in the medulla, some sending long slender branches to 
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deeper levels (upper drawing, transverse view). Top-down views (lower drawing and 

panel B) show these dendrites extending radially from the axon. Neurites lead from these 

dendritic fields to elongated cell bodies (CB) near the medulla surface. C: H. 

oregonensis: transverse section of the medulla showing similar dendritic components 

from which arise slender processes into medullary columns (arrows). D: H. oregonensis: 

traverse section of the lamina showing three adjacent terminal branches of one type 2 

tangential (at arrows) giving rise to a dense arrangement of varicose processes that 

ascend through the lamina’s plexiform layer. E: C. granulatus camera lucida drawings 

showing terminal arbors of two type 2 tangential neurons. F: C. granulatus: vertical 

section showing en masse impregnated type 2 tangential endings. Adjacent “giant” 

processes provide orthogonally directed collaterals from which arise ascending processes. 

Scale bars = 10 µm in A,B; 25 µm in C,D; 50 µm in E,F. 

 

Figure 11. Small (type 1) and wide-field (type 2) T-cells. A: Four variants of type 1 T-

cell dendritic arbors in C. granulatus. Processes originate from two, almost parallel 

processes in the lamina that arise from a slender axis fiber. These give off many small 

varicose and pinhead-like specializations. B: The assumed medulla component of these 

T-cells consist of a swelling from the axon that tapers to provide several short branches 

within the outer strata of the neuropil. A very short neurite links this component to the 

soma, which is located just above the medulla. C: Homologousdendritic trees in the 

lamina of H. oregonensis. D: Four different views of Type 2 T-cell dendrites in C. 

granulatus. The axon gives rise to several stout V-shaped divisions that provide a system 
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of short spine-like specializations. The dendritic trees extend through several optic 

cartridges. E: Their medulla components consist of narrow cascades of spiny processes 

connected by a neurite to somata located just above the medulla. F: Type 2 T-cell 

dendrites in H. oregonensis give rise to clusters of specializations, each cluster located at 

an optic cartridge. Scale bars = 10 µm. 

 

Figure 12. Centrifugal endings. A: C1 wide-field terminals in the lamina of C. granulatus 

consist of thin beaded processes that extend laterally across several optic cartridges 

(vertical gray lines) from a stout terminal. B: C2 dense centrifugal endings also consist of 

a stout terminal segment that provide short beaded branches that mainly extend 

asymmetrically from one side of the axis fiber. A similar ending is in the lamina of H. 

oregonensis (D, second panel from left). In C. granulatus these processes are densest in 

the distal levels of plexiform layer whereas in H. oregonensis they are distributed through 

the whole depth. C: Variations of narrow-field centrifugal terminals (C3) in C. granulatus 

are equipped with sparse varicose processes. D: Centrifugal terminals in H. oregonensis. 

Left panel: narrow-field terminal (C3), C2, right-hand panels show the two levels of 

wide-field beaded terminals. Abbreviations as in Figure 4. Scale bars = 10 µm. 

 

Figure 13. The lamina amacrine cells of C. granulatus (A,B) and H. oregonensis (C,D). 

Amacrine cell bodies are located beneath the lamina and one or two neurites give rise to 

several densely branched processes. In C. granulatus these ascend through the whole 

depth of the plexiform layer, whereas in H. oregonensis they extend through 
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approximately the inner half, coincident with the deep tier of photoreceptor endings. 

Amacrine cell processes have features of both dendrites (spines) and terminals 

(varicosities and beads). ITR: inner receptor tier. Scale bars = 5 µm in A,B; 10 µm in C,D. 
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Figure 1: 
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Figure 2. 

 



 

 

167 

Figure 3. 
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Figure 4. 
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Figure 6. 
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Figure 7. 
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Figure 8. 
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Figure 9. 
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Figure 10. 
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Figure 11. 
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Figure 12. 
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Figure 13. 
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Abstract 

Traditional hypotheses regarding the relationships of the major arthropod lineages focus 

on suites of comparable characters, often those that address features of the exoskeleton. 

However, because of the enormous morphological variety among arthropods, external 

characters may lead to ambiguities of interpretation and definition, particularly when 

species have undergone evolutionary simplification and reversal. Here we present the 

results of a cladistic analysis using morphological characters associated with brains and 

central nervous systems, based on the evidence that cerebral organization is generally 

robust over geological time. Well-resolved, strongly supported phylogenies were 

obtained from a neuromorphological character set representing a variety of discrete 

neuroanatomical traits. Phylogenic hypotheses from this analysis support many accepted 

relationships, including monophyletic Chelicerata, Myriapoda, and Hexapoda, 

paraphyletic Crustacea and the union of Hexapoda and Crustacea (Tetraconata). They 

also support Mandibulata (Myriapoda + Tetraconata). One problematic result, which can 

be explained by symplesiomorphies that are likely to have evolved in deep time, is the 

inability to resolve Onychophora as a taxon distinct from Arthropoda. Crucially, neuronal 

cladistics supports the heterodox conclusion that both Hexapoda and Malacostraca are 

derived from a common ancestor that possessed a suite of discrete neural centers 

comprising an elaborate brain. Remipedes and copepods, both resolved as basal to 

Branchiopoda share a neural ground pattern with Malacostraca. These findings 

distinguishe Hexapoda (Insecta) from Branchiopoda, which is the sister group of the 

clade Malacostraca + Hexapoda. The present study resolves branchiopod crustaceans as 
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descendents of an ancestor with a complex brain, which means that they have evolved 

secondary simplification and the loss or reduction of numerous neural systems.  

 

1. Introduction 

 Historically, evolutionary biologists have found support for nearly every 

conceivable relationship between the four major arthropod lineages: Chelicerata, 

Myriapoda, Crustacea, and Hexapoda (Fig. 1).  Morphologists have focused on the 

existence of a post-tritocerebral mandible, however, as an apomorphic character to 

exclude Chelicerata from the remaining Arthropoda, referring to this group as the 

Mandibulata (Bitsch, 2001; Edgecombe et al., 2003). An emerging consensus further 

supported by molecular phylogenetics supports the Mandibulata, which unites a 

combined hexapod+crustacean clade with Myriapoda (Regier et al., 2005, 2010; Roeding 

et al., 2009; Koenemann et al., 2010; Rota-Stabelli et al., 2011). Despite these advances, 

persistent questions remain that address important branch points, such as the crustacean 

origin of Hexapoda (Budd and Telford, 2009; Edgecombe, 2010), particularly whether 

hexapods are the sister group of Malacostraca or Branchiopoda.  

 The original view, that insects share a common ancestor with malacostracans, was 

provided in 1904 by E. Ray Lankester on the basis of what he saw as their similarities of 

retinal structures. That reasoning was almost entirely neglected until 1997, when 

Wolfgang Dohle published a paper pointing out that many of the shared features 

grouping hexapods and myriapods into a taxon called the Atelocerata (or Tracheata: 

Klass and Kristensen, 2001; Bäcker et al., 2008) can be interpreted as the result of 
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convergent evolution. Dohle (1997, 2001) stressed that the one reliable set of characters 

that could separate out insects, crustaceans and myriapods were those relating to their 

compound eyes. Only in insects and crustaceans do ommatidia have four crystalline cone 

cells (Semper cells) and eight retinular cells. This combination has also been shown for 

Collembola, even though these minute hexapods rarely have more than a dozen or so 

ommatidia, often isolated from each other, each side of the head (Paulus, 1979). Dohle 

(2001) has proposed that the hexapod+crustacean assemblage be given the name 

Tetraconata, which we adopt here. Richter (2002) has further emphasized additional 

synapomorphies, such as shared expression of the glycoprotein 3G6 in the crystalline 

cones of insects and crustaceans but in neither myriapods nor meristomes (Edwards and 

Meyer, 1990). Tetraconata also evidence an almost identical pattern of cell recruitment in 

the development of insect and crustacean ommatidia (Hafner and Tokarski, 1998; Melzer 

et al., 2000). Studies on the origin and progeny of lateral neuroblasts in crustaceans  

indicate correspondence with insects (Ungerer and Scholtz 2008), and a number of recent 

molecular phylogenies using nuclear and ribosomal genes, as well as expressed sequence 

tags, offer further support for Tetraconata (reviewed in Edgecombe, 2010). Nevertheless, 

a deeper genealogy of the tetraconate eye is conjectured from studies of scutigeromorph 

centipedes; the facets of their compound eyes each have eight cone “segments” that 

originate from four cone cells (Muller et al., 2003). It is worth noting, too, that even some 

pterygote insects show more than four cone cells (Oakley, 2003). Furthermore, whereas 

similarities of the pattern of retinal growth across the compound eyes of insects and 

crustaceans strongly support their sister group relationship, the same study also concludes 
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that the growth facets across the scutigeromorph eye share similar features of 

development patterning (Harzsch an Hafner. 2006). These lines evidence converge in 

supporting an origin of the insects from a crustacean-like ancestor, with the qualification 

that morphological studies infer that that the scutigeromorph eye represents the original 

plesiomorphic condition in Mandibulata. 

 Shaw and Varney (1999) have demonstrated a further commonality between basal 

insects and crustaceans: that in malacostracans and the archaeognathan insect Petrobius, 

the hemolymph and its molecules move directly from the circulatory system into the 

compound eye, likely a plesiomorphic attribute. In support of Tetraconata, Richter (2002) 

also lists a number of molecular characters shared by these groups such as mitochondrial 

gene order (Boore et al., 1998), and the sequences of nuclear ribosomal RNA genes 

(Friedrich and Tautz, 1995, 2001) and nuclear protein coding genes (Regier and Shultz, 

2001). 

 Nils Holmgren (1916) must be given the distinction of being the first to use 

features of arthropod brains to try and work out evolutionary relationships amongst them. 

His relational trees show myriapods grouped with insects, both sharing a common 

ancestor with a hypothetical progenitor taxon that Holmgren labeled “Protostraca”, after 

the branchiopod-like animal that the Viennese zoologist Carl Claus (1876) envisaged as 

ancestral to all crustaceans. Bertil Hanström, who was Holmgren’s student, and later 

professor of Zoology at Lund University in Sweden, offered a different relationship. He 

proposed that malacostracan crustaceans shared a common ancestor with insects. 

Although he designating this ancestor “Branchiopoda”, he based the insect-malacostracan 
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relationship on the observation that both of the latter possess three nested optic neuropils 

(Hanström, 1926). The problem with this relationship is that if both malacostracans and 

insects derive from an ancestor with just two neuropils, this would demand the 

convergent evolution of three nested neuropils in both. 

 Cladistic analysis (Hennig, 1966), based on independent neural characters, has 

also claimed a crustacean ancestry of Hexapoda (Strausfeld, 1998, 2005), a view 

previously posited by Osorio and Bacon (1994), who reviewed the similarities of 

neuroblast patterning and outgrowth shared by these groups. Their emphasis on the 

differences of neuroblast organization and pioneer fiber outgrowth between Chilopoda 

and Tetraconata has been amplified by recent studies of Harzsch (2003, 2004).  

 Ballard et al. (1992) and then Friedrich and Tautz (1995), were the first to support 

a crustacean ancestry of Insecta with molecular sequence data. More recently, 

“neurophylogenetics” – mapping a suit of synapomorphic characters within an existing 

relational tree – has provided further support for the tetraconate hypothesis (Fanenbruck 

et al., 2004; Harzsch, 2006). However, despite near overwhelming evidence for 

tetraconate monophyly, identifying the crustacean sister-group of the Hexapoda has 

proven problematic. Several of the recent molecular studies have suggested that hexapods 

share a sister-group relationship with branchiopods (Hanström, 1926; Regier et al., 2005; 

Cook et al., 2005; Mallat and Giribet; 2006; Roeding et al., 2007, 2009; Dunn et al., 

2008; Aleshin et al., 2009; Meusemann et al., 2010). Some of these studies have lead to 

the somewhat arbitrary and circular interpretation that hexapods derived from simplified, 

generally fresh-water crustaceans (Glenner et al., 2006), with reference to evidence that 
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the last marine branchiopod existed in the Silurian, with subsequent evolution occurring 

in fresh water and then secondarily in brine or hypersaline habitats (Negrea et al., 1999; 

Olesen, 2007). Neuroanatomy, however, speaks against a branchiopod-like origin of 

insects. Comparisons of visual neuropils across Tetraconata (Strausfeld, 2005), suggest a 

common ancestor to insects and crustaceans that possessed at least three nested optic lobe 

neuropils linked by two chiasmata, a feature not present in any branchiopod, which have 

only two neuropils connected by uncrossed axons.  

 A recent neural cladistics study (Strausfeld, 2009) resolved malacostracans as the 

sister group to hexapods. So too did a comprehensive survey of 88 arthropod species (57 

of which were crustaceans) using the mitochondrial 16S ribosomal DNA and cytochrome 

c oxidase subunit I (COI) genes, and the nuclear ribosomal gene 18S rRNA. In this study 

by Koenemann et al. (2010), Malacostraca+Hexapoda, with a nested 

Remipedia+Cephalocarida clade, are united as the sister group of all other sampled 

crustaceans, including, among other groups, branchiopods and copepods. A large-scale 

phylogenomic study by Regier et al. (2010), using aligned sequences of 62 nuclear 

protein genes from 75 species, placed Xenocarida, their name for the group comprising 

Remipedia and Cephalocarida, as the crustacean sister-group to all extant hexapods, a 

result supported by remipedes and basal apterygote and pterygote insects sharing high 

percentage sequence identity of the hemocyanin gene (Ertas et al., 2009). The molecular-

based results of Koenemann et al. (2010) and Regier et al. (2010) suggest that either a 

common insect+crustacean ancestor shared more characters with Hexapoda and 
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Malacostraca than they do with Branchiopoda, or that malacostracan and hexapod 

characters evolved via convergence.  

 Where does this leave Branchiopoda? In the study by Regier et al. (2010), 

Branchiopoda originates from the lineage leading to Malacostraca, as traditionally 

defined (see below), plus Copepoda+Thecostraca (Maxillopoda). This is in contrast to 

other large-scale genomic studies that support a hexapod+branchiopod sister-group 

relationship (Roeding et al., 2007, 2009; Dunn et al., 2008; Aleshin et al., 2009; 

Meusemann et al., 2010; Andrew, 2010, this issue). Clearly, then, there are still major 

questions with regard to resolving relationships within Crustacea as well as resolving 

hexapod-crustacean affinities, which perforce address questions about their phylogenetic 

relationships with Branchiopoda.  

 In a further exploration of insect-crustacean relationships, this account describes a 

phylogeny inferred from neural characters (Fig. 2) that resolves Hexapoda+Malacostraca 

as sister groups, the clade (Malacostraca+Hexapoda) being the sister group of 

Branchiopoda. The present analyses indicate that Remipedia and Copepoda compose the 

sister group of the clade Branchiopoda + (Malacostraca+Hexapoda). The results 

demonstrate that Malacostraca, Copepoda (Maxillopoda), and Remipedia all have more 

elaborate brains and share more characters in common than they do with the brains of 

Branchiopoda.  These results are considered in the context of phylogenomics (see 

companion study by Andrew, 2010) to support the hypothesis that the brains of 

Branchiopoda have undergone secondary simplification in their divergent evolution from 

a neuroanatomically complex tetraconate ancestor.   
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2. Materials and Methods   

2.1. Taxa and neuromorphological characters.  

 Species used for neuromorphological analysis (Supplementary data, Table S1) 

were collected and processed as described previously (Strausfeld et al., 2006), with the 

addition of species obtained from around Tucson, Arizona  (Mantis religiosa, 

Dasymutilla sp., Polistes flavus, Thermonectus marmoratus, Dineutus sublineatus, 

Chauliognathus lecontei), from designated collection sites around the University of 

Washington’s Friday Harbor Laboratories (Hemigrapsus oregonensis), or obtained 

commercially (Coenobita clypeatus., Carolina Biological Supply, Burlington, NC,  

27215, USA). To prepare histological preparations, animals were immobilized on ice, 

fixed, and stained with ethyl gallate, reduced silver (Gregory, 1980), or Golgi 

impregnation (Sztarker et al., 2009).  Immunohistochemical analysis with primary 

antibodies to synapsin (3c11; Developmental Studies Hybridoma Bank (DSHB), 

University of Iowa, Iowa City, IA, 52242, USA), and β-tubulin (β-tubulin 3; Aves Labs 

Inc., Tigard, OR, 97223, USA) was used to further reveal neuroanatomical features.  

 

2.2. Phylogenetic inference.   

 For parsimony analysis, characters (examples in Fig. 2; see supplemental data 

Table S2) were scored as present (1), absent (0), or unknown (?) (see supplementary data, 

Table 3) and a heuristic search was performed with PAUP* (Version 4.0B10) (Swofford, 

2003). The heuristic search settings implemented Tree-Bisection-Reconnection (TBR) 

branch swapping for 1,000 random addition replicates, which resulted in two most 
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parsimonious trees. Bootstrap support was obtained by conducting 1,000 bootstrap 

replicates with 50 random-addition replicated implementing TBR.  

 Bayesian inference was performed on the same morphological matrix as 

parsimony analyses, implementing the Mk model of morphological evolution (Lewis, 

2001).  This model is a basic likelihood model for discrete morphological data that 

assumes that a lineage is always in one of two morphological states, with neither being 

represented as ancestral a priori.  As defined by the model, the probability of character 

state changes within a lineage is considered symmetrical.  Bayesian runs implementing 

this model were carried out using MrBayes (Ronquist and Huelsenbeck, 2003).  The 

simplicity of the evolutionary model allowed for a large number of Markov chain Monte 

Carlo iterations to be performed and we accordingly ran 50 million iterations on two 

chains, collected every thousandth tree, and discarded trees from the first 15 million 

iterations as a conservative burn-in.  Indeed, the two chains converged quickly, with the 

standard deviation of the split frequency dropping to less than 0.01 in fewer than 15 

million iterations, thus confirming our conservative burn-in.  The majority rules 

consensus tree of post-burn in trees was used for determining posterior probabilities in 

Fig. 3. 

 

2.3. Character State Reconstructions.   

 The program Mesquite (Version 2.73; http://mesquiteproject.org/) was used to 

reconstruct ancestral character states of morphological characters on the strict consensus 

tree of the two most parsimonious trees returned from the analysis above.  We used the 
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parsimony model to reconstruct ancestral states in order to illustrate characters that are, 

for example, unique to certain lineages (autapomorphies), derived and shared by related 

species (synapomorphies), ubiquitous, with the exception of a few sporadic lineages 

(plesiomorphies), or present on widely-separated and disparate branches, suggestive of 

convergent evolution (homoplasies). 

 

3. Results 

3.1. The neuromorphic matrix.  

 Characters (e.g. Fig. 2; Table S2) used for constructing a matrix for parsimony 

analysis (see supplementary data, Table 3) were chosen to represent independent, discrete 

morphological traits. The general class of characters included, for example, (i) neuron 

attributes, such as the manner of branching or columnar organization; (ii) architectural 

characters that can be attributed to circumscribed neuropils, such as glomerular, ellipsoid, 

scalloped centers; (iii) neuropil locations (bilateral, lateral, medial); (iv) distribution, size, 

and configuration of neuron cell somata; (v) arrangements amongst synaptic neuropils, 

such as the presence and configuration of nested neuropils, their lateralization, and 

iterative organization; (vi) structures within and amongst circumscribed neuropils, such 

as chiasmata, fascicle switching, parallel fibers, rectilinear organization of fibers, 

stratification, retinotopy, somatotopy; (vii) segmentation-related characters, such as pre- 

or postoral connectives, ganglion condensation, fusion, separation.  

 As described in Strausfeld et al. (2006), the characters used for analysis 

are unlinked, unordered, and unweighted. Structures that are clearly uninformative need 
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to be recognized. For example  “axon bundle” is not useful: axon bundles are ubiquitous. 

The character “axon bundle ascending medially from the deutocerebrum” is informative, 

however. Characters are not assigned various states but are scored as present or not. 

Rather than assigning the states “wide”, “narrow”, “diffuse”, to the one character “axon 

bundle ascending medially”, a bundle’s morphology is treated as a discrete character in 

its own right that has two states, present or absent. One character would be a “diffuse 

axon bundle ascending medially”, another a “narrow axon bundle ascending medially”, 

and so on. Characters composed of many parts are excluded. Thus, there is no character 

called “central complex” “fan-shaped body”, or “mushroom body”, for example. 

“Mushroom bodies” are canonically defined as paired forebrain centers composed of 

parallel processes from a tightly packed small, intensely basophilic, cell bodies. 

Corresponding mushroom bodies that accord to the same ground pattern be identified 

across all the arthropods and in some Lophotrochozoa. They have no value for cladistic 

analysis. But different variants of mushroom body architecture, which are apomorphies, 

do have value. For example, the character “clustered parallel fibers” is distinct from 

“layered parallel fibers”, as it is from “branched”, “convoluted”, “divergent”, 

“concentric” etc. parallel fibers. And, although parallel fibers of mushroom bodies always 

originate from “clusters of basophilic cell bodies”, the latter is a character in its own right 

because “clustered basophilic cell bodies” occur in other parts of the brain, such as 

behind the lobula plate in cyclorrhaphan flies.  

Characters exclude functional attributes. Thus, “nested optic neuropils” is a 

legitimate character; “motion sensitive neuropil” is not because “motion sensitivity” 



 

 

190 

cannot be resolved from structure whereas the “optic” nature of neuropils is revealed by 

the structure supplying them.  

 In this manner, we have attempted to dissociate architectural features from 

functional attributes. Nor do we use brain centers as characters.  Scoring as present in an 

insect and a crustacean, for example, a neuropil composed of linked characters, would 

imply that they are de facto homologous. This is something the analysis avoids.  

 

3.2. Cladograms. 

 A matrix was assembled from scoring, against each species, the presence (1), 

absence (0) or unknown (?) of 141 discrete unlinked neuromorphological characters. 

These were identified from a detailed examination of the brains of 40 diverse arthropod 

taxa and two outgroups: the polychaete scale worm, Arctonoë fragilis, and the nemertine 

(ribbon worm) Paranemertes perigrina (Table S1). Features typifying the central 

complex and olfactory pathways of insects were also identified in an uchidanurine 

springtail, an unknown species of giant Tasmanian collembolan included in an earlier 

analysis (Strausfeld, 1998), which was resolved as basal to the Insecta. Here, however, 

collembolan data are excluded because too many of the abundant characters used for the 

present analysis were ambiguous or unknown for this taxon, despite it being large enough 

for silver staining.  

 Maximum parsimony and Bayesian analyses of the present matrix support many 

traditional arthropod relationships, including monophyletic Chelicerata, Myriapoda, 

Hexapoda, and at deeper levels, Mandibulata and Tetraconata (Fig. 3). However, the 
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resolution of Onychophora nesting within the Arthropoda as the sister-group to 

Chelicerata, though consistent with earlier neural cladistics (Strausfeld, 2009), is 

unsupported by all molecular phylogenies bar one (Ballard et al., 1992). In the present 

account, its position as the sister group to the Chelicerata, rather than as the sister group 

of the Arthropoda, is ascribed to the large number of cephalic neural characters that are 

likely to be ancient symplesiomorphies shared by the brains of Onychophora and 

Chelicerata.  Apart from this anomaly, our data strongly support a monophyletic 

Tetraconata (Fig. 3), with crustaceans exhibiting paraphyly with regard to Hexapoda. 

Within “Crustacea”, the two representative branchiopods, Artemia salina and Triops 

longicaudatus, nest between the remipede Godzilliognomus frondosus with the 

harpacticoid copepod Tigriopus californicus, and Malacostraca. The remipede brain 

possesses features shared with malacostracan brains, including glomerular olfactory lobes 

supplied by antennular aesthetascs, paired neuropils suggestive of accessory lobes, 

ascending heterolateral olfactory projections to the hemiellipsoid bodies, and striate and 

layered neuropil in the tritocerebrum supplied by sensory axons from the second antennae 

(for the detailed neuroanatomy, see: Fanenbruck et al., 2004; Fanenbruck and Harzsch, 

2005). Remipede brains are shown to possess well-defined central complex neuropils and 

a neuropilar protocerebral bridge (Fig. 4). Developmental studies also resolve cerebral 

formations showing distinctive malacostracan aspects, such as condensed cell grouping 

of three fused neuromeres (the proto- deuto- and tritocerebra) with the larval 

protocerebrum revealing incipient lateral extensions, which in visual malacostracans 

develop into eye stalk neuropil but which in remipedes provide the hemiellipsoid bodies 
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only (Koenemann et al., 2009). Whereas all of these characters are absent in 

branchiopods (Fig. 4), the brain of the copepod T. californicus, despite its minuteness, 

possesses features that typify malacostracan brains. The antennules of T. californicus are 

decorated with numerous aesthetascs. Approximately 50 axons enter the brain from each 

antennule, two thirds of which supply eight olfactory glomeruli. The remainder extends 

to a more caudal termination area in the deutocerebrum. Pathways from the glomeruli 

adopt a heterolateral trajectory so that their tributaries ascend to both sides of the 

protocerebrum, an arrangement seen in Stomatopoda, Decapoda, and Remipedia (Fig. 4). 

The relay axons supply a discrete volume of the protocerebrum supplied by its own 

basophilic cell bodies that are arranged as a cluster that reside above the roots of the 

antennules. A protocerebral bridge can also be identified, as can a central body. The 

tritocerebrum of T. californicus is contiguous with the deutocerebrum and a lateral 

neuropil receives endings from the second antennae. The stomodeum penetrates the 

tritocerebrum, which gives rise to a distinctive poststomodeal commissure.  

 

4. Discussion 

4.1. The utility of neural cladistics. 

 An evolved simplification of more elaborate ancestral morphologies is evidenced 

by a number of crustacean taxa, such as the reduction of thoracic or abdominal 

appendages in, respectively, Tanaidacea and Cumacea, or in an extreme form by 

homonomy, as possibly in Remipedia. Whereas external morphologies have been 

traditionally used for determining species relationships, the enormous variety of 
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descriptors can make this challenging. One advantage of using neural characters for 

resolving such relationships, at least to the level of Subclass and Order, is that these 

appear to be stable and, by and large, independent of the great diversity of external 

features. Such stability is apparent from the following examples. Comparing the brains of 

species of scorpions from both sides of the Atlantic, shows that their brains hardly differ, 

although New and Old World species have been separated for about 65 million years, 

from when the Western part of Laurasia finally separated from the rest of that continent. 

It can be argued that differences of the external morphologies of New and Old World 

scorpions are relatively minor and therefore similarities apparent in the nervous system 

simply relate to this morphological stasis. Instead one can take Lepidoptera, which 

worldwide show considerable morphological diversity yet possess highly conserved 

features of their olfactory neuropils. There are numerous other examples of taxon-specific 

arrangements of brain centers, with such similarities distinguishing one insect order from 

another. Indeed, there seems such broad confidence in taxon-specific arrangements that, 

for better or worse, numerous “standard” volumetric maps have been published in species 

representative of different Orders (examples are: Chiang et al., 2001; Brandt et al., 2005; 

El Jundi et al., 2009; Dreyer et al. 2001; Rybak et al., 2010).  There is, however, 

abundant evidence from a body of literature that the brains of Lepidoptera are distinct 

from those of Coleoptera; the brains of Coleoptera are distinct from those of Diptera, and 

those of Diptera distinct from hymenopteran brains. Extending this list would be 

superfluous. Such variations refer to specific evolved modifications of the ground pattern 

organization of neuropils typifying Neoptera. And despite sometimes major differences 
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between taxa, correspondences can always be shown to accommodate variables such as 

different elaborations of sensory fields; how these are reflected in first and second order 

sensory neuropils; how these differences relate to, or are independent of, differences in 

the sizes of mushroom bodies, elaborations of central complexes, protocerebral lobes, and 

so on.  

 Neuroanatomical observations also demonstrate that monocondylic insects 

(Archaeognatha) and phyllocarid malacostracans (Nebalia pugetensis) share with 

remipedes, decapods, and at least one species of Maxillopoda, a suite of corresponding 

neuroanatomical characters (Fig. 4). As mentioned above, these have also been identified 

in the one species of Collembola large enough to stain with the Bodian method. However, 

whereas in decapods, remipedes, and Copepoda pathways from the olfactory lobes extend 

to both sides of the lateral protocerebrum, those of phyllocarids do not: they are isolateral 

(Fig. 4). This feature is shared across the Insecta; by the monocondylic Archaeognatha 

and across the Dicondylia. One further distinction of Hexapoda is their loss of the second 

antennae. However, mechanosensory afferents from the single antennae (which are 

homologous to the crustacean antennules) extend into the tritocerebral neuropil (Nishino 

et al., 2007), as they do from the second antennae of crustaceans. 

 Corresponding features, such as shown in Figure 5, mean that unless what we are 

seeing is multiple-character and multiple-system homoplasy, the last common ancestor of 

Insecta, Collembola, and Malacostraca is likely to have possessed the same suite of 

deutocerebral and mid-brain characters that correspond in Insecta and Malacostraca. 

Furthermore, Malacostraca and both mono and dicondylic insects, possess four nested 
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optic lobe neuropils and two successive chiasmata. Although Collembola have no optic 

neuropils, their ommatidia (sometimes erroneously referred to as ocelli) are characterized 

by four cone cells and eight photoreceptors (Paulus, 1972), and are thus typical of the 

insects and malacostracans.  

 

4.2. Homoplasy or homology? 

 Although the present study uses independent and unlinked characters, 

combinations of characters do indeed characterize certain brain centers. Such 

combinations can be mapped within the cladogram and identify whether these have 

evolved independently in distantly related groups (Figs. 6, 7). For example, three nested 

optic neuropils have evolved in certain Chelicerata. The same number of nested neuropils 

contributes to the optic lobes of Malacostraca+Insecta. Mapping these characters shows 

that this is an example of convergence (Fig. 5A), which is further amplified by their 

different connections between optic neuropils.  Linear chiasmata connect neuropils in 

Tetraconata but chunk chiasmata link neuropils in Chelicerata. The latter are manifested 

by groups of retinotopic columns being represented at the next synaptic level not by the 

reversal of the horizontal order of each projected row of axons but by the reversal of 

groups of axons that twist around a common axis. The latter is an autapomorphy of the 

chelicerate visual systems in which nested optic neuropils are retinotopic (Fig. 5B). There 

is a notable example of evolutionary convergence of this type of chiasma in insects as 

well: in male Strepsiptera chunk chiasmata occur between groups of ommatidia and the 

lamina beneath (Buschbeck et al., 1999).  
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 Mapping characters into the cladogram demonstrates that except for 

Branchiopoda, the olfactory glomeruli of Tetraconata are connected by ascending axons 

to second order neuropils in the lateral protocerebrum (Fig. 5C). However, the analysis 

also shows that the ancestral, plesiomorphic, arrangement was homolateral, whereby 

glomeruli were connected to the same side of the brain. Bilateral connections evolved 

later (Fig. 5D). 

  With respect to structures such as mushroom bodies, which are defined by the 

combination of parallel fibers arising from a dense rostral cluster of globuli cells in the 

protocerebrum, simply mapping this combination into the cladogram shows that 

mushroom bodies are ubiquitous and thus likely of ancient origin. However, if single 

characters pertaining to “lobes” are added to the analysis then clear examples emerge of 

homoplasy and homology. For example, mapping the character “branched lobes” resolves 

convergent evolution of mushroom body morphology in Onychophora, two chelicerate 

lineages, and certain insect taxa (Fig. 6A). The addition of the character “double 

expansion of lobes distally” identifies a type of mushroom body that is a synapomorphy 

of dicondylic insects, with an evolved loss in anosmic species (Fig. 6B). Similar analyses 

addressing mid-line neuropils demonstrate major differences of fiber architecture that 

distinguish Chelicerata and Tetraconata (Fig. 6C). Considering just Tetraconata, all but 

Branchiopoda show, to some degree, evidence of a rostral component of the central 

complex, its greatest elaboration being the discrete synaptic neuropil of the protocerebral 

bridge. Paired glomerular neuropils connected to the central body (called noduli), typify 

dicondylic insects. Their presence in stomatopods, however, suggests the convergent 
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evolution of noduli in Hopolocarida (Fig. 6D). This raises the obvious question whether 

some aspect of the motor repertoire of mantis shrimps is shared with neopteran insects 

but not with other malacostracans. 

 To summarize: with regard to those features revealed as synapomorphies of the 

brains of Malacostraca, Insecta, Remipedia and Maxillopoda, none can be ascribed to the 

Chelicerata, and only one character relating to the antennal lobes, namely that of 

homolateral projections from olfactory glomeruli, is shared by Insecta and Chilopoda.  

Even so, in Chilopoda, projections from the glomeruli are diffuse and are not organized 

as a bundle that targets a discrete center in the lateral protocerebrum, as they are in all 

tetraconates with the exception of Branchiopoda.  

 

4.3. The status of Branchiopoda. 

 It has long been recognized that branchiopods possess simple nervous systems 

that lack elements of Malacostracan brains, such as a glomerular olfactory lobes 

connected to hemiellipsoid bodies, nested optic neuropils linked by chiasmata, 

multicomponent midline neuropils, or a discrete protocerebral bridge. Branchiopoda 

generally have their tritocerebral ganglion behind the stomodeum, well separate from the 

preoral brain and connected to it by paired ventral connectives that project caudally either 

side of the esophageal canal. These latter features have contributed to the orthodox view 

that branchiopods are simple and more basal than malacostracans or insects. However, as 

Walossek (1995) emphasizes, when extant branchiopods are compared to even the most 

mature stages of the Cambrian larval branchiopod Rehbachiella, modern taxa have 
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greatly simplified antennules. Likewise reduced in modern branchiopods are their 

maxillules and maxillae, which even in immature Rehbachiella have prominent endo- and 

epipodites.  

 The conclusion that can be drawn is that the simple branchiopod brain originated 

from a complex malacostracan-like brain. Branchiopoda have evolved extensive 

secondary loss of precisely those neural characters that correspond across the Remipedia, 

Copepoda, Malacostraca and Insecta (see Fig. 4). The evolution of a simplified brain due 

to loss and reversal of characters present in the more elaborated brains of their ancestors 

explains why neural cladistics resolves Branchiopoda nested between 

Remipedia+Copepoda and Malacostraca.  

 Clearly, such a view will not sit well with those who consider that Branchiopoda 

is the first crown crustacean taxon identifiable in the fossil record, the most famous 

example indeed being the Orsten Rehbachiella (Wallossek, 1993). However, as Boxshall 

(2007) has pointed out, Orsten branchiopods have all been identified from larval stages 

and we have no way of knowing how their morphologies might have become elaborated 

at later developmental stages with regard to their limb and trunk organization. The fossil 

record demonstrates arthropods in the Mid- and Upper Cambrian that possessed 

morphological attributes corresponding to those of extant malacostracans and 

maxillopods: stalked compound eyes, antennules equipped with asthetascs, mandibular 

postoral appendages, abdominal flexion and telsons, to name a few.  Such species were, 

however, stem arthropods not crown taxa. But as pointed out by Budd and Jensen (2000), 

they had already evolved many characters that have been inherited by crown taxa. The 
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first secure malacostracan in the fossil record is still the Silurian phyllocarid 

malacostracan Cinerocaris magnifica (Briggs et al., 2004). But, as any paleontologist will 

agree, the fossil record is almost by definition incomplete and we have no way of 

knowing how far crown malacostracans go back in time. The suggestion here, albeit 

based on neural morphologies, is that a branchiopod-like crustacean is not the antecedent 

of Malacostraca, but rather derived from a malacostracan-like ancestor. Indeed, recent 

large-scale molecular studies resolve Malacostraca as basal to Branchiopoda and Insecta 

(Roeding et al., 2009; Aleshin et al., 2009; Meusemann et al., 2010; Andrew, 2010, this 

issue).  

 

4.4. Adaptive loss and reversal 

 “When the same organ is found in several members of the same class, especially 

if in members having very different habits of life, we may generally attribute its presence 

to inheritance from a common ancestor; and its absence in some of the members to loss 

through disuse or natural selection.” So wrote Charles Darwin in “On the Origin of 

Species” (1859). Darwin usually attributed “disuse” to the consequences of ecological 

conditions, as when he discussed possible reasons why burrowing mammals have 

reduced vision. Likewise, the pioneering Russian evolutionary morphologist, Alexej 

Sewertzoff (1931) explicitly ascribed character loss and reversal to evolutionary 

adaptations in response to changing ecologies (see Chapter 10 of the German version of 

“Morphological Principals of Evolution”). His primary example addressed the changes of 
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morphology and loss of scales ventrally in Pleuronectidae, fish commonly known as 

flounders, as adaptations to ecological change.  

 In their review of evolutionary character loss, Porter and Crandell (2003) provide 

examples of evolved reversal to ancestral character states, as well as examples of 

environment-gene interactions that result in phenotypic loss. The present results suggest 

that the simple optic lobes of Branchiopoda represent an example of evolution to an 

ancestral character state by a taxon that from the Silurian on became adapted to the 

transitory ecologies of fresh, brackish and even hypersaline habitats. The simple optic 

lobes of extant Branchiopoda derive from just two stem cells, an outer and inner one, 

providing just two neuropils. These are here interpreted as an evolved atavism: an ancient 

arrangement once possessed by an arthropod unlike any existing taxon. The evolution of 

four nested optic lobe neuropils and chiasmata that typify Malacostraca and Insecta is 

likely to have been driven by an increasingly cluttered visual world, such as are likely to 

have existed at least by the Mid-Lower Cambrian (Conway Morris, 1986; Dunne et al., 

2008). As discussed elsewhere (Strausfeld, 2005), there are straightforward physiological 

constraints to explain why the evolution of four nested neuropils cannot be acquired 

incrementally but can be explained by a duplication of the ancestral inner and outer stem 

cells to provide the sequence of developmental events that provides four nested visual 

neuropils linked by chiasmata, as occur in modern species (Strausfeld, 2005). A reversal 

of that duplication event would result in the branchiopod ground pattern of two optic 

neuropils and uncrossed axons. 
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 Adaptive simplification, reversal and loss are commonplace evolutionary events 

(Jenner, 2004). For example, a volume of evidence suggests that reversal and loss of 

neural structures has evolved repeatedly in the Annelida (Heuer et al., 2010). Moreover, 

different grades of reversal are informative. Amphipoda, for example, provides two 

examples within Malacostraca. The Australasian terrestrial species Arcitalitrus dorrieni, 

has simplified optic lobes and olfactory neuropils, whereas a pelagic species exhibits less 

drastic reduction of these systems (see below). A. dorrieni has a small lamina and 

medulla, the columns of which are  connected by a linear chiasmata, an arrangement 

typical of malacostracans and insects. This species has, however, no lobula and hence no 

second chiasma. The medulla provides several large axoned neurons that project directly 

to areas of the mid-brain from which originate premotor descending neurons. This 

evolved reduction of the malacostracan visual system in this amphipod species allows a 

minimal computational network for triggering escape behavior in response to sudden 

changes in light intensity. A similar arrangement, but one due to convergent evolution, is 

seen in the thysanuran insect Lepisma saccharina, in which a greatly reduced lamina is 

connected to a tiny medulla via a chiasma. In this taxon too, there is no lobula or second 

chiasma (Strausfeld, 2005). Arcitalitrus dorrieni, possesses ten large islet-like olfactory 

glomeruli, axons from which distribute into a small bundle that ascends ipsilaterally to a 

small rostral neuropil that is delineated in the lateral protocerebrum. The largest (and 

prominent) sensory neuropils are, however, the paired mechanosensory lobes supplied by 

the second antennae. A substantial bilayered central body is supplied by a system of 



 

 

202 

crossing axons from the most rostral commissure on the protocerebrum; however, a 

robust protocerebral bridge neuropil is lacking.  

 A less drastic but as informative reduction is found in the pelagic amphipod 

Phronima sedentaria, which despite having superb optics sees very little, at least as we 

would understand it (Ball, 1977; Land, 1981). It is specialized to detect and track 

looming stimuli, and react to these by stereotyped avoidance behaviors. Its optic lobes 

have two nested neuropils. A lamina and medulla connected by a chiasma. The lobula, if 

present, is so vestigial as to be invisible to conventional histology. The two visual 

neuropils are greatly reduced in depth, with the medulla being no thicker than the lamina. 

However, the elaboration of Phronima’s olfactory system and its prominent antennal 

lobes reflect its more versatile behaviors of interspecies competition, courtship, 

predation, and parental care (Diebel, 1988). Phronima’s antennal lobes are glomerular, 

the glomeruli being clearly organized as two groups that are connected heterolaterally to 

hemiellipsoid bodies located each side of the protocerebrum, a similar arrangement to 

those of the sightless remipede (Fig. 4). 

 

4.5. A marine origin of the Hexapoda. 

 The present results demonstrate that evolved simplification or an evolved atavism 

of the malacostracan neural ground pattern is likely to be widespread, with Branchiopoda 

exemplifying the most extreme case. Cladistic analysis challenges received opinion that 

hexapods derive from branchiopod-like animals, or that they are of freshwater origin. The 

results of Hennigian cladistics converge with the results of comparative neuroanatomical 
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observations and neurophylogenies supporting the view that hexapods are the sister taxon 

of the malacostracans, and that branchiopods are sister to these. A fossil record that might 

indicate what were the first insects, and when these originated, hardly exists (see 

Grimaldi, 2010). But this lack of data does not deflect from the possibility that the first 

hexapods were of marine origin. An unusual approach, that of mapping ecological and 

physiological attributes onto a hexapod phylogeny (D'Haese, 2004) further suggests that 

Insecta originated from a marine biotope. As Little (1990) points out, ecologies that show 

the greatest fluctuation in temperature, osmolarity, and ionic balance are those of the 

transitional zone between the sea and land; namely, littoral habitats. It is in those that 

today exist transitional forms of crustaceans, such as isopods and amphipods, species of 

which have evolved to become truly terrestrial and which, like insects, have high 

hemolymph osmolarity. Insects and wholly terrestrial crustaceans (isopods and 

amphipods), like littoral crustaceans, possess physiological mechanisms that permit high 

tolerance to physiological vicissitudes. This contrasts with freshwater crustaceans (Little, 

1990), only one group of which, the so-called “terrestrial” crayfish, are to a greater or 

lesser degree fossorial, reliant on burrows that reach down to the water table (Welch and 

Eversole, 2006).  
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Figure legends 

Figure 1. Four major hypotheses of arthropod relationships, of which Manton’s proposed 

polyphyly, with the clade “Uniramia”, has been largely abandoned (Manton, 1977). 

Molecular support for the Tracheata (Hexapoda+Myriapoda) is lacking although some 

morphologists explore limited characters relating to skeletal features in attempts to 

restore this relationship (see, Bäcker et al., 2008). Support for the Paradoxopoda (or 

Myriochelata) (Myriapoda + Chelicerata) is claimed from commonalities of neuroblast 

formation and claims of convergent evolution of mandibles in Tetraconata and 

Myriapoda (see, Mayer and Whitington, 2009; Mayer et al., 2010). Support for the 

Tetraconata (Hexapoda+Crustacea) currently dominates other theories. “Mandibulata” 

unite Myriapoda, Crustacea and Hexapoda.  

 

Figure 2. Six representative examples of independent neuromorphological characters 

used for neural cladistics. A. Linear chiasmata (example from Hemigrapsus oregonensis). 

B:  Glomeruli (example from Macroglossum stellatarum). C: Heterogeneous cell body 

size (example from Musca domestica). D: Mid-line unpaired neuropil; midline fissure; 

fascicle switching (examples from Notonecta glauca).  E: Stratified heterolateral neuropil 

(example from Centruroides sculpturatus). F: Lateralized neuropil; heterolateral 

commissures (examples from Drosophila melanogaster). 

 

Figure 3. Arthropod phylogeny inferred from discrete neuromorphological characters.  

Two equally most parsimonious trees were used to construct this unrooted strict 
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consensus  tree. The support values under relevant nodes were recovered from a 

parsimony bootstrap analysis of 1,000 replicates. Lack of bootstrap support for some 

nodes is the result of polytomies produced by the majority rules consensus tree from 

bootstrap replicates. Insecta here represents Hexapoda (see text). Branchiopoda is nested 

between Maxillipoda+Remipedia and Malacostraca.  The one anomaly of this cladogram 

is the relationship of Onychophora as basal to Chelicerata (hatched branch). This is likely 

due to the presence of multiple brain characters, which in both are ancient plesiomorphies 

(see text). 

 

Figure 4. Synapomorphies of remipede (1), decapod (2, 4, 6, 7), Maxillopod (3), and 

insect (8) brains, compared with brain organization in Branchiopoda (5). Brains are not to 

scale (width of brain in 3 is 40 µm but that of the brain in 2 is 2 mm), but are enlarged to 

provide direct comparison of corresponding brain neuropils. These are color coded the 

same in all taxa. Species are: 1, Godzilliognomus frondosus; 2, Astacus fluviatalis; 3, 

Tigriopus californicus; 4, Phronima sedentaria; 5, Triops longicaudatus; 6, Nebalia 

pugetensis; 7, Arcitalitrus dorrieni; 8, Machilis germanicus. Remipede anatomy has been 

reconstructed on the basis of Fanenbruck and Harzsch (2005). All examples other than 

Branchiopoda (5) possess second order olfactory neuropils in the protocerebrum 

(hemiellipsoid bodies, HB) receiving inputs via olfactory glomerular tracts (OGT) from 

the olfactory lobes (OL). Branchiopod optic lobes lack linear chiasmata typical of 

malacostracans (Opl). All but Branchiopoda have the tritocerebral ganglion fused to the 

deutocerebrum, but with a postoral tritocerebral commissure. Despite its size, the 
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maxillopod T. californicus reveals brain characters that correspond to those of 

Malacostraca. The single insect brain (8) is that of the monocondylic archaeognathan 

Machilis germanicus. Although it possesses a single pair of preoral appendages (A1 = 

homologous to A1 crustacean antennules), olfactory axons segregate from 

mechanosensory axons, the former targeting deutocerebral glomeruli, the latter 

tritocerebral neuropils. Also notable in Archaeognatha, is the presence of a lateral 

neuropil corresponding to the HB but absence of lobed second order olfactory neuropil 

found in dicondylic insects (Strausfeld et al., 2009). In Crustaceans, mechanosensory and 

bimodal mechano- and chemosensory axons reach the tritocerebrum’s antennal sensory 

neuropil (AnN) from the antennae (A2). Olfactory receptor axons from the antennules 

(A1) terminate in the deutocerebrum’s olfactory lobes (OL). Other abbreviations: AcN, 

accessory lobes; LAN, lateral antennular (antenna A1) lobe; CB, central body; PB, 

protocerebral bridge.  

 

Figure 5, A, B. Convergent evolution of three nested neuropils in Tetraconata and 

Chelicerata but differences of chiasmal organization and thus central representation (see 

text). C, D. Synapomorphies of second order projection morphologies from deutocerebral 

olfactory neuropil to protocerebral second order neuropils in Tetraconata identify their 

evolved absence in Branchiopoda. Trace ascending pathways have been resolved in 

anosmic insects lacking antennal lobe glomeruli (Strausfeld et al., 2009). 
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Figure 6. A. Systems of parallel fibers from globuli cells are ubiquitous to Arthropoda. 

However, parallel fibers providing branched lobes have evolved by convergence in 

Onychophora, within Chelicerata, Diplopoda, and Dicondylia (Insecta). B. Lobes with a 

double expansion distally are synapomorphies of the Dicondylia, but are secondarily lost 

in anosmic insects except Dineutus sublineatus. C. Chelicerata+Onychophora are 

distinguished from Tetraconata on the basis of mid-line neuropil architectures. D. A 

synapomorphy of Tetraconata is the presence of midline neuropil complexes that include 

a neuropil protocerebral bridge. Exceptions are Branchiopoda, which nevertheless reveal 

crossed axons (fascicle switching; Boyan et al., 2008). Noduli, satellite neuropils attached 

to the central body (Loesel et al., 2002) have evolved by convergence in the Dicondylia 

and Stomatopoda. 
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Published Supplementary Table 1: Species included in neurocladistic analysis. 
Phylum/    

Subphylum 
Matrix                 
Key Species Name Class/ Order 

Annelida  1 Arctonoë fragilis Polychaeta 
Nemertea 2 Paranemertes peregrina Monostilifera 
Onychophora 3 Euperipatoides rowelli Onychophora 
Myriapoda 4 Orthoporous ornatus Diplopoda 
 5 Scolopendra polymorpha Chilopoda 
 6 Scutigera coleoptrata Chilopoda 
Chelicerata 7 Lycythorhyncus sp. Pycnogonida 
 8 Limulus polyphemus Xiphosura 
 9 Hadrurus arizonensis Scorpiones 
 10 Eremobates pallipes Solifugae 
 11 Mastigoproctus giganteus Thelyphonida 
 12 Phrynus marginemaculata Amblypygi 
 13 Heptathela kimurai Araneae 
 14 Cupiennius salei Araneae 
Crustacea 15 Triops longicaudatus  Branchiopoda 
 16 Artemia salina Branchiopoda 
 17 Tigriopus californicus Maxillopoda 
 18 Godzilliognomus frondosus Remipedia 
 18 Nebalia pugettensis Leptostraca 
 19 Ligia occidentalis Isopoda 
 20 Pseudosquilla ciliata Stomatopoda 
 21 Pandalopsis dispar Decapoda 
 22 Hemigrapsus oregonensis Decapoda 
 23 Coenobita clypeatus Decapoda 
 24 Astacus fluviatalis Decapoda 
Hexapoda 25 Machilis germanicus Archaeognatha 
 26 Lepisma saccharina Thysanura 
 27 Potamanthus luteus Ephemeroptera 
 28 Libellula saturata Odonata 
 29 Aquarius remigis Hemiptera 
 30 Schistocerca americana Orthoptera 
 31 Anisolabis martima Dermaptera 
 32 Periplaneta americana Blattodea 
 33 Mantis religiosa Mantodea 
 34 Chauliognathus lecontei Coleoptera 
 35 Dineutus sublineatus Coleoptera 
 36 Thermonectus marmoratus Coleoptera 
 37 Apis mellifera Hymenoptera 
 38 Polistes flavus  Hymenoptera 
 39 Dasymutilla sp. Hymenoptera 
 40 Macroglossum stellatarum Lepidoptera 
  41 Drosophila melanogaster Diptera 
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Included in the neuroanatomical analysis but not in cladistic analysis: 
 Arcitalitrus dorrieni, Phronima sedentaria (Crustacea, Amphipoda) 
 Uchidanurinid. Unknown species. Hexapoda (Collembola) 
 
 
 
 
Published Supplementary Table 2: Characters used for neural cladistics analysis. 
 

  Character 
1 Nerve cords lateralized 
2 Segmented postoral nervous system 
3 Brain asegmental 
4 Segmental appendages not jointed 
5 Orthogonal connectives 
6 Absence of articulated head appendages, but cephalized 
7 Deutocerebral appendages with internalized muscles throughout 
8 Antenna pair #1 only 
9 Protocerebral appendage corresponding to antenna pair #1  

10 Antennule + Antennae (antenna pair #2) 
11 Isomorphic "thoracic" ganglia 
12 Thoracic ganglia segmental but uncoupled bilaterally 
13 Pterothoracic neuropil 
14 Meso- and metathoracic ganglia fused 
15 Pro-, meso-, and metathoracic fused 
16 Discrete suboesophageal ganglion 
17 Discrete tritocerebrum  
18 Supra-oesophageal ganglion and completely fused 
19 Suboesophageal ganglion completely fused to thoracic plus abdominal ganglia 
20 Contiguous neuropils throughout 
21 Segmental ganglia in abdomen 
22 Abdominal ganglia fused 
23 Last two abdominal ganglia fused 
24 Three ganglia serving 3 paired postmandibular appendages 
25 Segmental ganglia serving more than 3 paired postmandibular appendages 
26 Pronounced layering of lateral neuropils 
27 Lateral neuropils contiguous across midline 
28 Discrete bilateral neuropils connected by tracts 
29 Uniform somata other than motor neurons or giant neurons 
30 Clustering of somata of different sizes 

31 
Separate but intermingled olfactory (ball-shaped) and mechanosensory (sausage-
shaped) glomeruli in deutocerebrum 

32 Mixed of olfactory and mechanosensory afferents in deutocerebrum 
33 Glomeruli 
34 Olfactory lobes with glomeruli clustered as groups 
35 Glomeruli pre-oral 
36 Glomerular afferents from pre-antennal  appendages 
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37 Afferents to glomeruli from antennules (1st antennae) 
38 Afferents to glomeruli from pedipalp 
39 Afferents to glomeruli from postoral appendages 
40 Afferents to glomeruli from modified leg 1 
41 Afferents to glomeruli from posterior leg 4 
42 Afferents to glomeruli from modified leg 3 
43 Segmental glomeruli supplied by all leg neuromeres 
44 Glomeruli in tritocerebrum associated with mouthparts 
45 Glomeruli in posterior cephalothoracic ganglia 
46 Glomeruli in anterior cephalothoracic ganglia 
47 Glomeruli in all postoral ganglia 
48 Glomeruli ball-like 
49 Glomeruli compound 
50 Glomeruli wedge-shaped 
51 Projection neurons mainly multiglomerular 
52 Uniglomerular projection neurons predominate 
53 Other deutocerebral glomeruli (accessory, not 1st, order neuropils) 
54 Homolateral ascending axons from olfactory lobe 
55 Heterolateral ascending axons from olfactory lobe 
56 Heterolateral ascending neurons from accessory glomeruli 
57 Divergent pathways from olfactory lobes supplied by unique antennal pair 
58 Divergent pathways from olfactory lobes supplied by A1 (antennules) 
59 Striate/layered neuropil supplied by antenna A2 (antennae) 
60 Striate neuropil supplied by single antennal pair 
61 Globuli cells in eyestalk protocerebrum 
62 Eye stalk with discrete layered neuropil 
63 Globuli cells or equivalent in lateral protocerebrum 
64 Discrete neuropil supplied by grouped globuli cells 
65 Clustered parallel fibers 
66 Rectilinear dendritic intercepts of clustered parallel fibers 
67 Diffuse dendritic intercepts of clustered parallel fibers  
68 Liana enwrapping of clustered parallel fibers  
69 Clustered parallel fibers arranged as core and concentric layers 
70 Heterolateral lobes supplied by clustered parallel fibers 
71 Homolateral lobes supplied by clustered parallel fibers 
72 Olfactory glomeruli, independent of location, supply input to clustered parallel fibers 
73 Double concave peripheral swelling supplied by clustered parallel fibers   
74 Double convex peripheral swelling supplied by clustered parallel fibers 
75 Turban-shaped peripheral swelling supplied by clustered parallel fibers 
76 Isomorphic peripheral swelling supplied by clustered parallel fibers 
77 Clustered parallel fibers form elongated lobes  
78 Clustered parallel fibers form elongated lobes with prominent swellings   
79 Clustered parallel fibers provide folded lobes  
80 Clustered parallel fibers provide multiple parallel lobes   
81 Clustered parallel fibers with serial subdivisions in lobes  
82 Clustered parallel fibers provide diverging lobes  
83 Connections between lobes and midline neuropils 
84 Visual afferent supply to clustered parallel fibers 
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85 Visual supply to head of clustered parallel fibers 
86 Mechanosensory supply head of clustered parallel fibers 
87 Eversion of clustered parallel fibers recurrent to peripheral swelling 
88 Fascicle switch 
89 Fascicle switch but rostral midline neuropil absent or trace 
90 Midline neuropil entirely absent 
91 Columnar midline neuropil with <50 columns 
92 Columnar midline neuropil with >50 columns 
93 Rostral midline neuropil dominant 
94 Caudal midline neuropil dominant 
95 Isomorphic midline neuropil 
96 Inputs to caudal midline neuropil upper, heterolateral 
97 Inputs to caudal midline neuropil lower, heteroletral 
98 Fan-shaped neurons 
99 Extended spindle-shaped neurons 

100 Paired glomeruli as ventral satellite to midline neuropil 
101 Indirect visual relays to rostral component of midline neuropil 
102 Caudal midline neuropil with superficial layer 
103 Rostral midline neuropil split/lateralized 
104 Caudal midline neuropil thick, lower layer toroid 
105 Caudal midline neuropil thick, lower layer arched 
106 Caudal midline neuropil thick, folia pronounced 
107 Caudal midline neuropil thick, folia discrete 
108 Caudal midline neuropil thick,  modestly foliate 
109 Caudal midline neuropil thick, folia reduced 
110 Caudal midline neuropil thick, diffuse 
111 Rostral midline neuropil extended, arcuate 
112 Rostral midline neuropil extended, equal depth with caudal 
113 Rostral midline neuropil stout 8-16 subunits only 
114 Single lens eyes 
115 “Eyespots” 
116 Ocelli sensu Paulus 
117 Facet eyes 8 receptors 
118 Facet eyes >8 receptors 
119 Stemmatal eyes sensu Paulus 
120 Optic neuropil not present 
121 Single optic neuropil only 
122 Glomerular optic neuropil only 
123 Two nested retinotopic optic neuropils 
124 Three nested retinotopic optic neuropils 
125 Four nested retinotopic neuropils  
126 Chunk cross-over of axons between optic neuropils 
127 Tectum-like neuropil receiving uncrossed axons from next distal neuropil 
128 Second optic neuropil undivided, tangential processes proximal 
129 Optic tectum vestigial 
130 Optic tectum integrated into third optic neuropil 
131 Cuccati bundle divides second optic neuropil 
132 Deep optic lobe neuropil 1:1 retinotopy 
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133 Retinotopy coarsened in third optic neuropil 
134 Linear reversal of axons between optic neuropils 
135 Visual neurons to parallel fibers supplied by globuli cells 
136 Retinotopic inputs to parallel fibers supplied by globula cells 
137 Optic neuropil connected directly to rostral mid-line neuropil 
138 Giant fibers in visual tectum 
139 Glomeruli supplied by retinotopic neuropils 
140 Aquatic nymphal brain 
141 Holometabolous development of brain 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Supplementary Data Table 3 (Following pages): Character matrix for neural cladistics 

analysis. 
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Abstract 

The enormous diversity of Arthropoda has complicated attempts by systematists to 

deduce the history of this group in terms of phylogenetic relationships and phenotypic 

change.  Traditional hypotheses regarding the relationships of the major arthropod groups 

(Chelicerata, Myriapoda, Crustacea, and Hexapoda) focus on suites of morphological 

characters, whereas phylogenomics relies on large amounts of molecular sequence data to 

infer evolutionary relationships.  The present discussion is based on expressed sequence 

tags (ESTs) that provide large numbers of short molecular sequences and so provide an 

abundant source of sequence data for phylogenetic inference.  This study presents well-

supported phylogenies of diverse arthropod and metazoan outgroup taxa obtained from 

publicly-available databases.  An in-house bioinformatics pipeline has been used to 

compile and align conserved orthologs from each taxon for maximum likelihood 

inferences.  This approach resolves many currently accepted hypotheses regarding 

internal relationships between the major groups of Arthropoda, including monophyletic 

Hexapoda, Tetraconata (Crustacea + Hexapoda), Myriapoda, and Chelicerata sensu lato 

(Pycnogonida + Euchelicerata). “Crustacea” is a paraphyletic group with some taxa more 

closely related to the monophyletic Hexapoda.  These results support studies that have 

utilized more restricted EST data for phylogenetic inference, yet they differ in important 

regards from recently published phylogenies employing nuclear protein-coding 

sequences. The present results do not, however, depart from other phylogenies that 

resolve Branchiopoda as the crustacean sister group of Hexapoda.  
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 Like other molecular phylogenies, EST-derived phylogenies alone are unable to 

resolve morphological convergences or evolved reversals and thus omit what may be 

crucial events in the history of life.  For example, molecular data are unable to resolve 

whether a Hexapod-Branchiopod sister relationships infers a branchiopod-like ancestry of 

the Hexapoda, or whether this assemblage originates from a malacostracan-like ancestor, 

with the morphologically simpler Branchiopoda being highly derived. Whereas this study 

supports many internal arthropod relationships obtained by other sources of molecular 

data, other approaches are required to resolve such evolutionary scenarios. The approach 

presented here turns out to be essential: integrating results of molecular phylogenetics 

and neural cladistics to infer that Branchiopoda evolved simplification from a more 

elaborate ancestor. Whereas the phenomenon of evolved simplification may be 

widespread, it is largely invisible to molecular techniques unless these are performed in 

conjunction with morphology-based strategies. 

 

1. Introduction 

 The enormous ecological, behavioral, and morphological diversity of Arthropoda 

has complicated attempts by systematists to resolve the evolutionary history of this 

species-rich and ancient group (Budd and Telford, 2009; Edgecombe, 2010).  Support for 

nearly every possible relationship between the four major arthropod lineages has 

historically hallmarked research (for example, see Fig. 1 in Strausfeld and Andrew 2011, 

this issue); moreover, various sister group relationships of Arthropoda with Tardigrada 

and/or Onychophora (which with arthropods are referred to as Panarthropoda (Telford et 
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al. 2008)) have been supported.  However, a modern consensus is unfolding that confirms 

a monophyletic Arthropoda, comprising monophyletic Chelicerata, Myriapoda, and 

Tetraconata, (Crustacea + Hexapoda, the name based on the shared organization of 

crystalline cone cells of the ommatidia, Dohle, 1997, 2001; also called Pancrustacea, 

Zrzavy and Stys, 1997) (Roeding et al., 2007, 2009; Regier et al., 2008, 2010; Aleshin et 

al., 2009; Meusemann et al., 2010).  Nevertheless, persistent questions remain that 

address important branch points, such as the origin and sister group of Hexapoda 

(Edgecombe, 2010), the veracity of Mandibulata (Myriapoda + Tetraconata) as a clade 

(Rota-Stabelli and Telford, 2008, 2010; Meusemann et al., 2010), and the identity of the 

Arthropod sister group (Onychophora, Tardigrada, or a clade comprising both groups).  

The present study addresses these ambiguities and supports a newly emerging picture of 

evolutionary history within Arthropoda. 

 Traditionally, systematists mostly relied on similarities in morphological 

characters to attribute evolutionary relatedness. However, the sheer diversity of forms 

across Arthropoda led to well-supported yet at the same time conflicting evolutionary 

hypotheses when these were based on morphology alone.  More recently, advances in 

molecular sequencing technology have provided increasing amounts of data for use in 

computational phylogenetics, with the idea that the more molecular data obtained from 

increasingly diverse genes and taxa the more robust resulting phylogenies will be (Nixon 

and Carpenter, 1996).  It stands to reason that a well-resolved arthropod phylogeny is 

integral to any discussion concerning the evolution of this group, including aspects of 
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development, genetics, ecology and other phenotypic elements including behavior and 

the organization of the brain and nervous system. 

 Expressed sequence tags (ESTs) provide a wealth of genomic sequence data that 

have been used to uncover phylogenetic relationships both within Metazoa (Bourlat et al., 

2006; Roeding et al., 2007; Dunn et al., 2008; Philippe et al., 2009; Hejnol et al., 2009) as 

well as among arthropods (Roeding et al., 2009; Meusemann et al., 2010).  In addition, 

large-scale genomic studies that utilize the sequences of mitochondrial (Hassanin, 2006; 

Mallatt and Giribet, 2006; Carapelli et al., 2007; Gao et al., 2008; Koenemann et al., 

2010), nuclear protein-coding genes (Regier et al., 2008, 2010), or combinations thereof 

(Giribet et al., 2001; Aleshin et al., 2009), have recently expanded the scope and variety 

of genetic sequence data used in arthropod phylogenetics.  These large-scale studies have 

converged on support for certain evolutionary relationships within Arthropoda, such as a 

monophyletic Tetraconata, regardless of the source of molecular data.  Despite increased 

taxon and molecular sequence sampling, some internal arthropod nodes remain 

equivocal; that is, different and conflicting evolutionary histories are strongly supported 

by one versus another analysis depending on the sequences used for phylogenetic 

inference.  This is particularly true concerning substantiation for the clade Mandibulata 

(Myriapoda + Tetraconata; Rota-Stabelli and Telford, 2008, 2010; Aleshin et al., 2009; 

Regier et al., 2010) and for relationships within Tetraconata, such as determining which 

crustacean lineage is the sister group to Hexapoda. This last issue is particularly fraught.  

 The present study describes a pipeline for utilizing EST data for phylogenetic 

inference, the results of which can be compared with other sampling strategies, such as 
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those that address characters of the central nervous system (Strausfeld and Andrew, 2011, 

this issue).  The data for this study were compiled from publicly available databases and 

the pipeline incorporates software for predicting (InParanoid7: Berglund et al., 2008; 

Östlund et al., 2010) and choosing orthologs (HaMStR: Ebersberger et al., 2009) in EST 

data, selecting highly conserved blocks of sequence data (trimAl: Capella-Gutiérrez et al., 

2009; BMGE: Criscuolo and Gribaldo, 2010), and filtering resulting alignments to 

exclude taxa with minimal coverage.   

 Here I present phylogenies based on maximum likelihood inference from 

alignments of highly conserved regions from orthologous genes present in EST data.  By 

comparing the current results with those inferred from neuromorphological data 

(Strausfeld and Andrew, 2011: this issue) there emerges the novel evolutionary scenario 

whereby Branchiopoda represents a secondarily simplified state.  The present study 

confirms previous large-scale EST phylogenies of Arthropoda and highlights the need for 

better taxon sampling of crucial arthropod taxa. 

 

2. Materials and methods 

2.1 Taxa and EST data 

 The National Center for Biotechnology Information (NCBI) GenBank 

(www.ncbi.nlm.nih.gov/genbank/) and trace (ftp://ftp.ncbi.nih.gov/pub/TraceDB/) 

databases were surveyed for the largest available EST libraries from phylogenetically 

informative arthropod taxa as well as a wide sampling of representative Lophotrochozoa 

and Deuterostomia; more distantly related non-bilaterian Metazoa were used as 



 

 

241 

outgroups.  Insect species are highly over-represented in these databases, so appropriate, 

well-represented taxa were chosen from each Order. 

 To increase the taxon sampling and phylogenetic breadth of the current study a 

wide and diverse collection of non-arthropod species were included in the analytical 

pipeline.  Representative Lophotrochozoa from numerous groups were included as well 

as a smaller collection of deuterostomes to determine the relationships between and 

among these large bilaterian assemblages.  Non-bilaterian Metazoa were included as the 

outgroups for all analyses.  Diverse arthropod taxa were chosen within each subphylum 

(i.e. Chelicerata, Myriapoda, Crustacea, and Hexapoda).  Unfortunately, there are only 

two large EST datasets for myriapods present in the surveyed databases (those of the 

giant African millipede Archispirostreptus gigas and the centipede Scutigera 

coleoptrata), so internal myriapod relationships are left wanting in this analysis.  Major 

chelicerate, crustacean, and hexapod lineages are otherwise well-represented, excepting 

Remipedia and Stomatopoda, with the result that this analysis currently represents the 

most widely sampled arthropod EST-based phylogeny.  All taxa used for further analyses 

are presented in Table 1.  EST libraries of selected taxa were downloaded in toto and 

processed with the following analytical pipeline. 

2.2 Construction of EST matrices and alignments  

 A diagram of the pipeline describing the analytical approach is shown in 

Supplementary Figure 1.  Using ESTs for phylogenetic inference introduces many 

instances where decisions must be made as to, for example, which taxa, EST sequences, 

and conserved orthologs will be used to construct the final matrices used as input to 
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phylogenetic inference programs.  The current approach aims to maximize the number of 

inclusive taxa while at the same time retaining the longest possible alignments. 

 A library of conserved single-copy orthologous genes from a set of fully-

sequenced arthropod taxa was constructed using the program InParanoid7 (Berglund et 

al., 2008; Östlund et al., 2010; courtesy of I. Ebersberger).  The proteomes of 

Acyrthosiphon pisum, Aedes aegypti, Anopheles gambiae, Apis mellifera, Daphnia pulex, 

Drosophila melanogaster, Nasonia vitripennis, and Tribolium castaneum were used to 

construct the conserved core-ortholog (CO) group, which contained 1902 orthologs.  The 

program HaMStR (Ebersberger et al., 2009; www.deep-phylogeny.org/hamstr/) was used 

to identify orthologs to the COs in the present compiled EST data.  HaMStR uses the 

HMMER package (http://hmmer.janelia.org/; Version 3.0b2) to construct profile Hidden 

Markov Models (pHMMs) of each CO.  The use of pHMMs enables distantly related 

homologous sequences to be recognized by creating an amino acid position model of a 

multiple sequence alignment, as opposed to strict sequence similarity (Eddy, 1998).  The 

EST data from each taxon is then translated into all six reading frames and compared to 

the pHMMs of each CO using the hmmsearch algorithm, which searches a sequence 

database using the pHMM (Ebersberger et al., 2009).  Here the “representative” option 

was implemented, using Drosophila melanogaster as the reference taxon proteome to re-

BLAST putative hits in all HaMStR analyses in order to confirm orthology.   

 As EST libraries necessarily represent a subset of the entire genome of an 

organism, namely those genes that are actively expressed (i.e. the transcriptome) (Nagaraj 

et al., 2007), each taxon is thus represented by a different number and subset of the entire 
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CO group; accordingly, the number of core orthologs represented by each taxon was used 

as a threshold to exclude under-represented taxa.  Two cutoffs (<60 and <120 orthologs 

per taxon) were determined empirically to include a diverse set of the original 175 taxa 

with collected EST data and were thereby used to create two datasets for further analysis 

(Table 1, 2).  These two data sets are here referred to as the 60CO and 120CO set 

respectively.  This strictly computational approach had the effect of removing potentially 

important taxa (such as the Onychophora Epiperipatus, or Ephemeroptera Baetis).  The 

analytical pipeline was therefore designed to also allow for a user-defined collections of 

taxa to be used as input in order to include phylogenetically important taxa.  Two further 

datasets were assembled in this manner to included informative taxa, regardless of the 

number of orthologs represented in their EST data.  Taxa for these sets were chosen 

based on the number of COs represented in the taxon’s EST data, the phylogenetic 

importance of each taxon (i.e. forcing the inclusion of the two myriapod taxa, 

Archispirostreptus gigas and Scutigera coleoptrata), and in order to increase the diversity 

of included taxa.  These two datasets differed only in their contingent of non-arthropod 

taxa, with one including both Deuterostomia and non-bilaterian outgroups (extended 

outgroup set (EOS), 156 total taxa), and the other comprised of only protostomes (i.e. 

Lophotrochozoa and Ecdysozoa taxa; Lophotrochozoa outgroup set (LOS), 142 total 

taxa).  These two taxa sets were included to test the effects of more distantly related taxa 

on internal arthropod relationships.  The following analytical regimen was implemented 

for each of the four final datasets (EOS, LOS, 60CO, 120CO). 
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 Custom Perl scripts removed COs from the initial list of 1902 that were 

represented by fewer than 50% of the taxa in each set and the remaining COs were 

individually aligned using two separate multiple sequence alignment (MSA) programs.  

The MSA program MAFFT (Katoh and Toh, 2008) (Version 6.716b) was employed 

using default parameters and the E-INS-i alignment algorithm, which is designed to align 

sequences with highly conserved domains separated by long stretches of unaligned 

sequence.  MUSCLE (Edgar, 2004) (Version 3.8.31) was also used on the original 

unaligned sequences under the default settings.   These two MSA programs were used 

independently on the initial unaligned COs and their respective alignments for each CO 

were used as input to the alignment trimming program trimAl (Capella-Gutiérrez et al., 

2009).  TrimAl measures a consistency score (Sc) for each alignment and the one with the 

highest Sc is used for further analysis.  In this way, the optimal alignment from the two 

possible for each CO is used for subsequent analyses.   

 An integral step, and the one which adds a large part of the variety to EST-based 

phylogenies, is the choice of which of several techniques should be used to trim the final 

alignments.  Toward this end, and to assess the influence of trimming on final tree 

topographies, the current approach employs two different trimming algorithms, one that 

is liberal in deciding which parts of the concatenated alignment are included in the final 

matrix (trimAl; Capella-Gutiérrez et al., 2009) and another more conservative method 

(Block Mapping and Gathering with Entropy (BMGE); Criscuolo and Gribaldo, 2010).  

Each individual CO alignment was initially trimmed using the automated1 option in 

trimAl (Capella-Gutiérrez et al., 2009).  At this point, each CO was only represented by a 
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subset of the complete list of taxa; the missing taxa to each CO were therefore inserted 

and their sequences represented as gaps for the entire CO alignment and the alignments 

were then concatenated into a combined matrix.  These final, long alignments were 

finally trimmed with both TrimAl (Capella-Gutiérrez et al., 2009) using the automated1 

option and default settings as well as with the more conservative approach employed by 

BMGE (Criscuolo and Gribaldo, 2010) using default settings and the BLOSUM30 

substitution matrix as suggested by the authors for distantly related sequences.   

 Alignments produced by employing cutoffs for choosing taxa based on the 

number of COs present in each taxon (i.e. the 60CO and 120CO alignments) retained 

numerous taxa with very low percentage of amino acid (AA) coverage after the final 

trimming with trimAl.  Taxa that had fewer than 25% of the total number of AAs in the 

final trimmed alignment were culled for both datasets.  The alignments produced by a 

final trimming with BMGE had many more taxa that did not reach this threshold of 25% 

coverage as a consequence of the severity of the trimming algorithm.  These BMGE 

alignments for the 60CO and 120CO datasets therefore contained fewer taxa (Table 2). 

 To examine the molecular and functional attributes of individual orthologs, the 

program Blast2Go (Götz et al., 2008) was used to determine the gene ontology (GO) of 

genes that were represented in the final alignments.  The full-length sequences from 

Drosophila melanogaster of each protein that was partially represented in the final matrix 

were used as input to Blast2Go.  Supplementary Figure 2 shows that the final EOS 

alignment comprised a set of proteins with diverse cellular localizations, as well as 
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biological and cellular processes, and thereby represents a broad sampling of genomic 

transcripts. 

2.3 Phylogenetic analysis   

 Due to the large length and number of taxa included in these analyses, 

phylogenetic inference of the alignments produced by trimAl (Capella-Gutiérrez et al., 

2009) were limited to maximum likelihood analysis using RAxML (Version 7.2.7, 

Stamatakis, 2006; Stamatakis et al., 2008).  To test the effects of block trimming on final 

tree topographies and support for certain relationships, the more conservative and 

subsequently shorter alignments were also analyzed with maximum likelihood (RAxML).  

The Best-Known Likelihood (BKL) tree was determined by executing five runs of 100 

inferences each starting with unique randomized Maximum Parsimony (MP) trees under 

the WAG substitution model (Whelan and Goldman, 2001) using the hybrid version of 

RAxML (version 7.2.7) available on the Cyberinfrastructure for Phylogenetic Research 

(CIPRES) portal (http://www.phylo.org/sub_sections/portal).  The majority rules 

consensus tree of the resulting 500 trees (Supplementary Figure 3) shows that these 

independent runs readily converge at the majority of nodes, with few polytomies and 

internal nodes showing less than 100% bootstrap support.  Likelihood bootstrap support 

values are shown on the BKL tree for each alignment (Fig. 1; Supplementary Figs. 4-8).  

All likelihood analyses were run on the CIPRES web portal (Miller et al., 2009; 

http://www.phylo.org/sub_sections/portal) utilizing version 7.2.7 of RAxML (Stamatakis, 

2006; Stamatakis et al., 2008). 

2.4 Post-analysis 
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 Likelihood bootstrap support from all available bootstrap iterations was computed 

on both the BKL and majority rules consensus trees for all analyses using the program 

Phyutility (Version 2.2; Smith and Dunn, 2008) and visualized with the program 

Dendroscope (Version 2.7.4; Huson et al., 2007).  Leaf stability indices as described by 

Thorley and Page (2000) were computed in Phyutility (Smith and Dunn, 2008) to 

determine which taxa were unstable in each analysis.  A threshold of < 0.95 for the leaf 

stability index indicated unstable taxa.  Branch attachment frequencies for unstable taxa 

were also determined with Phyutility (Smith and Dunn, 2008) to see where unstable taxa 

were allied in non-majority cases.  Consensus networks (per Holland and Moulton, 2003) 

of the mean edge weights for all likelihood bootstrap trees were computed with 

SplitsTree (Version 4.11.3; Huson and Bryant, 2006) to show areas of incongruence in 

likelihood inferences.  A threshold of 0.05 was chosen to illustrate areas of conflicting 

phylogenetic signal. 

 

3. Results 

3.1 Final datasets and alignments 

 Two specified sets of taxa were chosen for obligatory inclusion throughout the 

extent of the phylogenetic pipeline as described above and included 156 (extended 

outgroup set, EOS) and 142 (Lophotrochozoa outgroup set, LOS) taxa (Table 1).  The 

alignments created by the analytical pipeline alone, the 60OS and 120OS sets, contained 

135 and 113 taxa, respectively (Table 1, 2).  The final amino acid alignments trimmed by 

the program trimAl (Capella-Gutiérrez et al., 2009) ranged in length from 45,388 for the 
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shortest (60OS) to 74,832 in the longest (120OS).  Inclusive number of taxa and 

alignment length for each alignment is given in Table 2. 

 The initial COs obtained from InParanoid (Berglund et al., 2008) consisted of 

1902 core orthologs from the eight fully-sequenced arthropods used.  The taxa in the final 

alignments were variably represented in terms of the numbers of orthologs present in 

their EST data as well as their coverage in the final alignment.  An average of 561 

orthologs were represented in the EST libraries of all original taxa; this mean increased to 

699 for the EOS taxa set, with a minimum of 94 for the tick Ornithodoros parkeri (Table 

1).  The final EOS long alignment contained portions of 282 COs, with the other 

alignments ranging in the numbers of COs represented from 218 – 311 (Table 2).  

Blast2Go (Götz et al., 2008) was used to determine the gene ontology of genes 

represented in the final EOS alignment (Supplementary Figure 2).  These genes represent 

a wide range of molecular functions, biological processes, and cellular localizations as 

characterized by GO (Supplementary Figure 2). 

 The percentage of the final alignment length that individual taxa covered (referred 

to as percent coverage) varied between taxa and alignments.  For the EOS, the average 

percent coverage was 45.91% (or 31,090 AAs).  The conservative trimming program 

BMGE greatly reduced the numbers of gaps in all alignments and produced alignments 

with much higher average percent coverage.  For example, the EOS alignment produced 

by BMGE had an average percent coverage of 83.57% of the final alignment, which was 

3,571 AAs in length.  Comparable, if slightly less complete (i.e. higher percent 

coverage), alignments were obtained for each other set. 
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3.2 Phylogenetic analysis 

 Maximum likelihood analyses returned strong support for many important 

internal nodes (Table 3).  The best known likelihood (BKL) tree for the EOS alignment 

was used as a scaffold to show likelihood bootstrap support (BS) values from the 500 

bootstrap replicates (Fig. 1, summarized in Fig. 2).  All alignments consistently resolved 

higher-order, ancient relationships, such as monophyletic Deuterostomia (BS = 100) and 

Protostomia (BS=100).   Monophyletic Lophotrochozoa (BS = 87) and Ecdysozoa 

(BS=92) were less well-supported, but were nonetheless present in a large majority of the 

bootstrap replicates; these lower values for Lophotrochozoa and Ecdysozoa were in part 

due to the instability of the two platyhelminthes, Echinococcus granulosus and Schmidtea 

mediterranea, which showed an affinity for grouping with Nematoda in a small minority 

(8%) of bootstrap replicates.  Onychophora consistently resolved as the sister group to 

Arthropoda with 100% bootstrap support (Figs. 1; Supplementary Fig. 4-8). 

Euchelicerata is well-supported (BS = 100), with marginal support for pycnogonids 

representing the sister group to Euchelicerata (BS = 76).  The two myriapod taxa 

consistently group together (BS = 100), but their placement within Arthropoda is 

equivocal as only nominal bootstrap support (BS = 67) for the Myriochelata hypothesis 

(i.e. Myriapoda + Chelicerata) is recovered, with the remaining support favoring the 

Mandibulata hypothesis (Myriapoda + Tetraconata).  Indeed, the representative myriapod 

taxa in all analyses were typically among the most unstable taxa (Table 4), and split their 

affinities, with various measures of support, between Chelicerata and Tetraconata, 
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thereby supporting either the Myriochelata or Mandibulata hypotheses, respectively 

(Supplementary Fig. 10).  

 Tetraconata are strongly supported (BS = 100) in analyses of all alignments.  

Within Tetraconata, Hexapoda is strongly recovered as monophyletic in all analyses (BS 

= 100), and Branchiopoda is consistently well-supported as the sister group to hexapods.  

The minor exception to this is in the LOS analysis, where the Hexapod + Branchiopod 

sister group relationship receives 77% bootstrap support, with Branchiopoda grouping 

with the other Crustacea in the remaining bootstrap replicates.  This combined hexapod + 

branchiopod clade is derived from a group comprising Malacostraca and representative 

Maxillopoda (i.e. barnacles and copepods).  The grouping of Branchiopoda with 

Hexapoda is consistent with other recent phylogenetic studies employing EST (Roeding 

et al., 2007, 2009; Dunn et al., 2008) and multi-gene phylogenomics (Aleshin et al., 

2009). At the time of publication, EST data were unavailable for Remipedia or 

Cephalocarida, so direct comparisons to a recent study employing nuclear protein coding 

genes (Regier et al., 2010) are premature. 

 Within Hexapoda, several nodes are strongly supported.  Collembola groups 

together as monophyletic and with Protura and Diplura (Entognatha) these represent the 

most basal hexapod lineages (Fig. 2).  Dicondylic insects are resolved with strong 

support, with the monocondylic archaeognathan (Lepismachilis) being the basal 

representative of Insecta.  Several insect groups are strongly supported as monophyletic, 

including Diptera, Coleoptera, and Hymenoptera (Fig. 2).  A consensus network tree of 

all bootstrap replicates from the EOS shows many incongruent trees at the base of Insecta 
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(Supplementary Figure 9), particularly among Hemiptera, Ephemeroptera, and Odonata, 

suggesting that further analyses are needed to garner support for basal insect relationships 

(see Lin et al., 2010, for a detailed account of basal pterygote relationships). 

3.3 Comparison of trimming techniques. 

 The lengths of the original concatenated alignments prior to trimming are shown 

in Table 2.  These long alignments were trimmed with either trimAl (Capella-Gutiérrez et 

al., 2009) or the more aggressive trimming program BMGE (Criscuolo and Gribaldo, 

2010).  The long alignments produced by trimAl had a much lower average percent 

coverage as compared to those trimmed by BMGE, but at the expense of large swaths of 

potentially informative sequence data from many COs.  Although the numbers of taxa 

were unaltered for the EOS and LOS sets when the long alignments were trimmed with 

BMGE, likelihood analyses showed marked differences in support for multiple well-

supported nodes in the longer alignments (Supplementary Table 1).  Indeed, leaf stability 

analysis shows that many taxa have very low (<< 0.95) stability indices in both the EOS 

and LOS matrices trimmed with BMGE (Supplementary Table 2).  There were far fewer 

taxa with low stability indices in the 60OS and 120OS alignments trimmed with BMGE 

(Supplementary Table 2) and support values for nodes were subsequently comparable to 

those of the longer trimmed alignments (Supplementary Table 1).  These results suggest 

that forcing inclusion of taxa with low coverage, as with the EOS and LOS sets, incurs 

the loss of phylogenetic signal in alignments culled with this more aggressive trimming 

algorithm.  
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4. Discussion 

4.1 Increased outgroup sampling effects on internal arthropod relationships 

 This study presents a widely sampled set of both arthropod and outgroup EST 

libraries.  The choice of outgroups is integral for inferring phylogenetic hypotheses of the 

taxa of interest, and this has been shown to be particularly true for internal arthropod 

relationships (Cameron et al., 2004; Rota-Stabelli and Telford, 2008, 2010; Arabi et al., 

2010).  EST data, particularly those obtained from publicly available databases, provide 

vast amounts of molecular sequence data but are difficult to adapt to the 

recommendations set forth by Rota-Stabelli and Telford (2008), such as choosing 

outgroups on the basis of low substitution rates (Aguinaldo et al., 1997), comparable 

G+C composition with ingroups and phylogenomic proximity.  This is because data are 

available for only certain specific taxa and the creation of multiple EST libraries for 

appropriate taxa can be cost prohibitive, although advances in next-generation 

sequencing technologies are alleviating some of the burden of this latter concern.  

 The current approach addresses the problem of outgroup choice by employing 

two sets of taxa that differ only in their inclusion of diverse outgroup taxa.  One set 

includes more distantly related non-bilaterians, deuterostomes, and Lophotrochozoa, 

whereas the second is limited to the use of the subset of Lophotrochozoa only.  Using 

examples other than arthropods, suggests that it can be difficult to differentiate between 

optimal and suboptimal outgroups (Graham et al., 2002).  But rooting phylogenetic trees 

with more distantly related taxa, such as non-bilaterians in the current example, can both 

improve the resolution of internal relationships of interest and cement support for true 
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sister group relationships (reviewed in Sanderson and Shaffer, 2002; Bergsten, 2005).  As 

the identity of the sister group for Arthropoda is still a contentious debate (see below), a 

deeper rooting may aid in establishing support for true sister group relationships. 

4.2 Arthropod sister group or groups? 

 One of the major debates in arthropod phylogenetics remains the identity of the 

sister group of Arthropoda.  The traditional view groups Onychophora with arthropods to 

the exclusion of tardigrades, based on a suite of synapomorphic morphological characters 

including segmental leg musculature, the existence of segmental nephridia, and an open 

circulatory system (Edgecombe, 2010).  This relationship has been further inferred from 

molecular studies (Dunn et al., 2008; Roeding et al., 2009; Meusemann et al., 2010).  The 

results from the present study support an Onychophora + Arthropoda clade in all 

likelihood analyses, regardless of taxa included in the alignment or trimming method 

used.  This strong support for Onychophora as the monophyletic sister group to 

Arthropoda confirms this relationship from other EST-based analyses (Roeding et al., 

2007, 2009; Dunn et al., 2008; Meusemann et al., 2010).  This molecular resolution of the 

Onychophora further confirms what has been suspected from neural cladistics, which 

reveals an incongruence with respect to molecular systematics; namely suggesting that 

Onychophora is basal to Chelicerata. As stressed by Strausfeld (2009) and Strausfeld and 

Andrew (2011, this issue), this relationship is likely due to the presence in both groups of 

plesiomorphic brain structures of great age, possibly originating in the early Cambrian. 

 One alternative hypothesis to Onychophora as the sister group to Arthropoda 

employs either Tardigrada or a combined Tardigrada + Onychophora clade.  Support for 



 

 

254 

the Tactopoda (Budd, 2001) hypothesis (i.e. Tardigrada + Arthropoda) comes primarily 

from morphological data as outlined by Nielsen (1995).  Molecular support for this 

assemblage is scarce but includes tepid support from a total evidence analysis (Giribet et 

al., 2001) but only if Pycnogonida is considered to be included in Arthropoda, which 

according to neural cladistics is well supported.  Nevertheless, many molecular analyses 

have instead supported a combined tardigrade + Onychophora group as the sister to 

Arthropoda (Mallatt et al., 2004, 2006; Rota-Stabelli et al., 2008, 2010).  More recent 

large-scale phylogenomic analyses, however, show consistent support for a sister group 

relationship between a tardigrade/nematode group and the arthropod/Onychophora clade 

(Roeding et al., 2007; Dunn et al., 2008; Lartillot and Philippe et al., 2008; Roeding et al., 

2009; Meusemann et al., 2010).  The results of the current analysis support this view with 

all alignments.  As mentioned above, the lower support values, particularly in the 60OS 

alignment, are exclusively due to the spurious incursion of Platyhelminthes into the 

Tardigrada + Nematoda clade. 

 

4.3 Placement of Myriapoda: Mandibulata vs. Myriochelata 

 The grouping of Myriapoda with Tetraconata into a monophyletic Mandibulata 

has support from both morphological and molecular datasets (Rota-Stabelli et al., 2010).  

The name itself derives from a homologous post-tritocerebral appendage, the mandible, 

which is identifiable in myriapods, crustaceans, and insects but not in chelicerates 

(Bitsch, 2001).  Apart from that particular synapomorphy of this eponymous group, there 

are numerous anatomical characters that unite Mandibulata, including aspects of nervous 
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system development (Harzsch et al., 2005), the presence of deutocerebral olfactory lobes 

and other complex similarities in head structure (Scholtz and Edgecombe, 2006; Rota-

Stabelli et al., 2010). So too are arrangements of stomatogastric and labral nerves 

(Scholtz and Edgecombe, 2006).  Molecular evidence for the clade Mandibulata comes 

from nuclear protein-coding genes (Regier et al., 2008, 2010) and nuclear ribosomal 

genes (Giribet and Ribera, 1998).  Other EST phylogenies (Roeding et al., 2009; 

Meusemann et al., 2010) fail to unequivocally resolve Mandibulata, but this may in part 

be due to outgroups effects: Rota-Stabelli and Telford (2008) have shown that the 

recovery of Mandibulata is indeed highly dependant on the choice of outgroup due in part 

to saturation and long branch attraction artifacts (Rota-Stabelli et al., 2010).  Mandibulata 

is robustly supported in two recent studies, those of Regier et al. (2010), which had a 

broad sampling of myriapods and a wide selection of sequences from protein coding 

gene, and Rota-Stabelli et al. (2010), who show support from a variety of data types 

including morphology, clade specific microRNAs, and extensive sequence data.   

 The present study is, however, equivocal with regard to the placement of 

Myriapoda.  Indeed, the choice of outgroup taxa severely effects myriapod affinities; and 

the two representative myriapod taxa consistently have some of the lowest leaf stability 

measures in all alignments (Table 4, Supplementary Table 2).  The extended outgroup set 

shows 67% bootstrap support for Myriochelata, the joining of Myriapoda with 

Chelicerata (Pisani et al., 2004) (alternatively called Paradoxapoda (Mallatt et al., 2004)), 

with the remaining support in favor of Mandibulata.  Reducing the outgroup set to only 

include Lophotrochozoa has the effect of reversing these support values with 22% 
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support for Myriochelata and 78% support for Mandibulata (Table 3; Supplementary 

Figure 10).   These results are in line with previously published phylogenies with regard 

to outgroup choice effecting myriapod affinities.  In contrast, Philippe et al. (2009) used 

ESTs from a wide selection of Metazoa, including distantly related non-bilaterian 

Metazoa and non-metazoans, and found strong support for Myriochelata whereas Bourlat 

et al. (2008) sampled ribosomal and mitochondrial genes from among a more restricted 

set of primarily ecdysozoan taxa and found greater support for Mandibulata.  Rota-

Stabelli et al. (2010) attribute the grouping of Myriapoda with Chelicerata as a result of 

saturation in molecular sequence data and long branch attraction artifacts, although 

several morphological synapomorphies uniting these two groups have been described in 

the developing nervous system (Dove and Stollewerk, 2003; Stollewerk and Chipman, 

2006; Mayer and Whitington, 2009).  Unfortunately, only two representative myriapods 

have sufficient EST data for thorough phylogenetic analyses, a paltry sample of the more 

than 11,000 described species (Brusca and Brusca, 2001).  Clearly greater sampling in 

this diverse clade will benefit future studies and help elucidate the evolutionary history of 

this group. 

 

4.4 Tetraconata monophyly  

 The results of the present study underpin the Tetraconata hypothesis (Hexapoda + 

Crustacea) with full support from all likelihood analyses with each matrix (BS = 100).  

That Myriapoda are grouped with Crustacea and Insecta but not with Arachnida and 

Merostomata was first proposed in the early 20th century based on the organization of 
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neural centers in these taxa (Holmgren, 1916).  The sister group relationship of 

Malacostraca and Insecta subsequently proposed by Hanström (1926), predominantly 

from comparisons of optic neuropils, receives consistent support from using neural 

character for Hennigian cladistics (Strausfeld, 1998; Strausfeld et al., 2006; Strausfeld 

2009, Strausfeld and Andrew, 2011, this issue).  Moreover, the grouping of insects with 

crustaceans is in agreement with an extensive literature on arthropod phylogenetics and is 

overwhelmingly supported by numerous kinds of molecular data including nuclear 

ribosomal genes (Mallatt et al., 2004; Mallatt and Giribet, 2006), mitochondrial genes 

(Gai et al., 2006; Hassanin et al., 2006), and nuclear protein coding genes (Regier et al., 

2005, 2008, 2010).   

 Within Tetraconata, crustacean relationships in this study are consistent with 

those that employ EST data (Roeding et al., 2009; Meusemann et al., 2010), but differ 

from other large-scale studies that use nuclear coding genes (Regier et al., 2008, 2010).  

Decapoda are the most represented taxa in EST databases and accordingly contribute a 

large number of the crustacean taxa in this study.  They, along with an amphipod species 

(Gammarus pulex) and the krill (Euphausia superba), provide the well-supported 

malacostracan clade (BS = 100 in all analyses).  There are relatively few non-

malacostracan crustaceans represented in EST databases and thus a thorough 

investigation of intracrustacean relationships using the current approach is still required.  

The present study shows Maxillopoda as being a paraphyetic group with respect to 

Malacostraca, a result that is in agreement with numerous studies employing different 

types of molecular data (ribosomal RNA: Mallatt and Giribet, 2006; mitochondrial DNA: 
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Carapelli et al., 2007; Koenemann et al., 2010; nuclear protein-coding genes: Regier et 

al., 2005, 2008, 2010; ESTs: Meusemann et al., 2010). 

 Arguably the greatest difference between EST-based phylogenetic hypotheses and 

those inferred from nuclear coding genes, such as those presented by Regier et al. (2008, 

2010), are internal relationships of Tetraconata, particularly within and among crustacean 

groups.  One advantage that more traditional, directed-sequencing approaches have is 

greater taxon sampling; this is particularly true with numerous crustacean lineages that 

have no available EST data, such as Stomatopoda, Oligostraca, Remipedia, and 

Cephalocarida.  Regier et al. (2010) show support for a group comprising Remipedia + 

Cephalocarida (Xenocarida) as the sister group to Hexapoda.  They also show 

Oligostraca (Ostracoda + Icthyostraca) as the most basal lineage of Tetraconata.  As EST 

data for these taxa are currently unavailable the present analysis is left wanting in a 

thorough comparison between these two approaches.  Nonetheless, several crustacean 

relationships show good correspondence between the two approaches.  These include a 

sister group relationship between Malacostraca and Thecostraca, with Thecostraca 

represented by cirripedes in the present study (this group is dubbed Communostraca by 

Regier et al. (2010)), and Copepoda being sister group to this assemblage (a grouping 

called Multicrustacea by Regier et al. (2010)). 

 Internal crustacean relationships are much more tenuous in the reduced, 

conservative alignments presented in this study (Supplementary Figs. 4, 6).  Lower 

support values for well resolved nodes present in the longer matrices are accompanied by 

greater instability in numerous crustacean taxa in the shorter BMGE trimmed matrices 
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(Supplementary Table 4).  This suggests that important phylogenetic information 

apparent in the longer matrices is culled during this rigorous trimming program. 

 

4.5 Sister groups and reversals 

 Determining which crustaceans comprise the sister group of hexapods is an 

ongoing debate in arthropod phylogenetics, as is the origin of Hexapoda.  This, and other 

EST studies strongly support a sister group relationship between Hexapoda and 

Branchiopoda (Roeding et al., 2007, 2009; Dunn et al., 2008; Phillippe et al., 2009; 

Meusemann et al., 2010).  Ribosomal RNA, however, suggests copepods as the hexapod 

sister group (Mallatt and Giribet, 2006; von Reumont et al., 2009), whereas examples of 

mitochondrial (García-Machado et al., 1999; Wilson et al., 2000) and nuclear protein 

coding sequences (Shultz and Regier, 2000) support a Malacostraca + Hexapoda sister 

group relationship.  More recently, a study by Regier et al. (2010) that uses nuclear 

protein-coding genes resolves yet another sister group relationships; namely, that of 

“Xenocarida” (Remipedes + Cephalocarids) as the sister group of Hexapoda.  As stated 

above, EST libraries are unavailable for either Remipedia or Cephalocarida, so 

comparison between these two approaches are necessarily incomplete.  

 Amongst these diverse claims for nodal relationship of Hexapoda, a unifying 

consensus is that Branchiopoda are either close to or are indeed the sister group of 

Hexapoda (Regier et al., 2005; Dunn et al., 2008; Meusemann et al., 2009; Philippe et al., 

2009; Roeding et al., 2009). But what do molecular phylogenies really tell us about 

events that have occurred in the evolution of sister group lineages since the time of their 
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divergence from their common ancestor? The answer is not as much as might be desired. 

For example, molecular data cannot inform about genealogical changes that have 

occurred in the morphologies of either group since the time of their origin from a 

common ancestor. Even when molecular-data sets are combined in the same analysis 

with morphological data sets (i.e. total evidence approaches) they are unable to pin-point 

adaptive reversals, losses, and atavisms. 

 Identifying relationships across Arthropoda to resolve true genealogical histories 

can profit from partnering molecular phylogenies with anatomical based ones and cross 

referencing between them. Particularly when the two phylogenies show congruence, 

anatomical characters can be mapped into either the morphologically-derived tree or the 

molecular tree with added confidence. This avoids the subjectivity and ambiguities 

associated with applying differing weights to molecular versus morphological data.  

 Employing neural cladistics likewise resolves Tetraconata as comprising 

monophyletic Malacostraca, Branchiopoda, and Hexapoda (Strausfeld and Andrew, 2011, 

this issue). Furthermore, Remipedia, which in the Regier et al. (2010) account are closest 

to the Hexapoda, are revealed by neuroanatomical studies as possessing brains typical of 

Decapoda in having crossed antennal globular tracts, well-defined hemiellipsoid bodies, 

antennular lobes, central complexes and a tritocerebrum that is contiguous with the 

deutocerebrum (Fanenbruck et al., 2004; Fanenbruck and Harzsch, 2005; Strausfeld and 

Andrew, 2011). These relationships infer aspects of an evolutionary history that are 

hidden from molecular phylogenetics. One crucial example is that Hexapoda must be 

interpreted as being derived from an ancestor that possessed a brain more typical of a 
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malacostracan than a branchiopod (Strausfeld and Andrew, 2011). That is, unless one 

proposes the unlikely scenario that the elaborate ground patterns of brains shared by the 

malacostracans and insects have evolved by multiple character convergence. Admitting 

the parsimonious explanation that insects and malacostracans derive from a 

malacostracan-like ancestor implies that the simpler brains of Branchiopoda and basal 

Hexapoda must have evolved adaptive loss of neural traits (Fig. 3; refer to Strausfeld and 

Andrew, 2011 for a description of associated brain structures in shown taxa). For 

example, prominently absent from Branchiopoda are those centers that typify 

malacostracans and dicondylic insects (Fig. 3).  To recapitulate: these are multi-

glomerular olfactory lobes, ascending olfactory projections to hemiellipsoid bodies or the 

mushroom bodies – their corresponding centers in insects – along with elaborate 

interconnected central complex neuropils. A tritocerebrum penetrated by the stomodeum 

is also patently absent in branchiopods, as are the four nested optic lobe neuropils and 

chiasmata, and a suite of characters pertaining to neuron morphologies and central 

projections, that typify the optic lobes of Insecta and Malacostraca.  

 Likewise, “basal” hexapods can also be interpreted as having undergone adaptive 

simplification, a feature beautifully exemplified by the large neanurid Collembola that 

possess glomerular antennal lobes and central body complex, yet have tetraconate 

ommatidia reduced to fewer than a dozen, and which lack optic lobes (Strausfeld 2009). 

The tritocerebrum of this species is fused with the deutocerebrum, a distinctly advanced 

feature that is lacking in surveyed branchiopods (Harzsch and Glötzner, 2002; Kirsch and 

Richter, 2007; Fritsch and Richter, 2010).  
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 Together, the results of neural cladistics and the present EST molecular 

phylogenomics, along with those of Roeding et al., (2007, 2009), Aleshin et al., (2009), 

Regier et al. (2010) and Meusemann et al. (2010), are amplified by the proposition that 

Branchiopoda and Hexapoda derive from a malacostracan-like ancestor. This is because 

comparative neuroanatomy and neural cladistics infer that their common ancestor must 

have possessed an elaborate brain. That Branchiopoda have an evolved loss of 

morphological characters, has resulted in the erroneous but perfectly understandable 

conclusions that they are “primitive”.  

 This discussion further suggests that we need to take heed of Jenner’s (2004) 

observation that secondary character loss or reversal can confound molecular cladistics, 

whereas the addition of morphological characters can resolve many discrepancies.  By 

keeping in mind that structures can be lost through the process of evolution it is possible 

to develop novel hypotheses that incorporate the results of both morphological cladistics 

and molecular phylogenetics and ascribe loss of characters to genetic silencing, or 

evolved genotypic loss.  Such considerations are explicit in this and the companion 

account (Strausfeld and Andrew, 2011), which together provide solid evidence for an 

evolutionary history that excludes a “branchiopod-like” common ancestor of Hexapoda 

and Branchiopoda, as proposed by others (Glenner et al., 2006) and which has become a 

broadly received opinion. 
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Supplementary Data 

 The eight amino acid matrices used in this analysis are provided as supplementary 

data available online.  Contact the author for copies of the Perl scripts used for analyzing 

EST data.  Supplementary Fig. 1 shows a flow chart of the phylogenetic pipeline 

presented in this study.  Supplementary Fig. 2 illustrates the diversity of genes retained in 

the extended outgroup set (EOS) matrix after trimming as defined by their gene ontology.  

Supplementary Fig. 3 is the majority rules tree of bootstrap replicates from the EOS 

showing strong support for the majority of internal nodes and few polytomies.  

Supplementary Fig. 4 is the best known likelihood tree of the EOS trimmed with BMGE 

and with support values at the nodes from bootstrap replicates of the EOS and LOS 
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matrices trimmed with BMGE.  Supplementary Figs. 5 and 6 give the trees obtained from 

likelihood analyses of the 60OS and 120OS matrices trimmed with trimAl, and 

Supplementary Figs. 7 and 8 show results from the BMGE alignments.  Supplementary 

Fig. 9 is the consensus network of likelihood bootstrap replicates from the long EOS 

matrix created with SplitsTree (Huson and Bryant, 2006) using average edge weights and 

a cutoff of 0.1.  Supplementary Fig. 10 shows alternative branching points for Myriapoda 

in the EOS and confirms the ambiguous placement of this clade.  There are two 

Supplementary Tables, the first similar to Table 3 in the main text with the addition of 

support values for nodes in the BMGE analyses and the second similar to Table 4 in the 

main text but for the BMGE matrices. 
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Figure Legends 

Figure 1.  Phylogeny inferred from an alignment of conserved EST data.  The best-known 

likelihood tree from the extended outgroup set (EOS) alignment is shown with likelihood 

bootstrap support values from both the EOS and Lophotrochozoa outgroup set alignments 

trimmed with trimAl.  Bootstrap support of 100% is indicated by a “+”. 

 

Figure 2. Summary tree of major lineage relationships inferred from maximum likelihood 

analysis of the extended outgroup taxa set.  ‘Crustacea’ is polyphyletic and the 

ambiguous placement of Myriapoda is illustrated via a polytomy.  The dot on the node 

signifying the most recent common ancestor of Tetraconata indicates where in the 

evolutionary history of Tetraconata elaborate brains retained by representative extant 

Malacostraca and Hexapoda evolved. 

 

Figure 3.  A simplified relational tree derived from the likelihood analyses of long 

alignments illustrating the brains of representative taxa.  Malacostraca (here represented 

by the crayfish Astacus) and dicondylic Hexapoda (the cockroach Periplaneta) possess 

numerous shared neural structures unlikely to have arisen by multiple convergences.  

Branchiopoda (Triops) typically possess secondarily simplified nervous systems derived 

from a complex malacoatracan-like ancestor.  Refer to Strausfeld and Andrew (2011, this 

issue) for further descriptions of neural structures illustrated here. 
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Table 1. Classification, number of expressed sequence tags (ESTs) present in online 

libraries, number of orthologs represented in EST libraries, and percent coverage of the 

amino acid (AA) alignment for taxa in the extended outgroup set of taxa (156 taxa).  

Taxa present in the Lophotrochozoa outgroup set (LOS), 60 core ortholog (60CO) and 

120 core ortholog (120CO) set are indicated by an “X”.  Asterisks (***) in the number of 

ESTs column represent taxa used to create core ortholog groups. 

 

Table 2.  Description, number of taxa, final amino acid (AA) alignment length, and 

number of represented core ortholog groups (COGs) in the alignments used in analyses.  

Asterisks (*) indicate that taxa with low coverage depth were removed from the matrix 

before trimming with BMGE. 

 

Table 3.  Likelihood bootstrap support values for various relationships in the extended 

outgroup (EOS), Lophotrochozoa outgroup (LOS), 60 core ortholog (60OS), and 120 

core ortholog (120OS) sets.  Clades not present in likelihood bootstrap replicates are 

indicated by “–“, whereas clades with taxa not present in the matrix, and thereby 

unavailable for inclusion in the bootstrap trees, are indicated by “*”. 

 

Table 4. Leaf stability indices as measured by Thorey and Wilkinson (1999) for taxa with 

measures ≤0.95 and their classification.  Leaf stability indices were measured with the 

program Phyutility (Smith and Dunn, 2008).  Myriapods are consistently among the 

lowest scoring taxa and consequently have lower bootstrap support values in trees.  
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Figure 1: 
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Figure 2:   
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Figure 3: (Published version is in grayscale, reproduced here in color) 
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Table 1: 
 

  

Phylum / 
Subphylum Class / Order Species name # ESTs 

# COs  
(of 

1902) 
LOS 60CO 120CO 

Non-Bilaterian Ctenophora Lobata Mnemiopsis leidyi 15752 547   X X 
  Cydippida Pleurobrachia pileus 35290 1123  X X 
 Porifera Demospongiae Amphimedon queenslandica 63542 1076   X X 
 Cnidaria Anthozoa Acropora palmata 43150 1145  X X 
  Hydrozoa Hydra vulgaris 183214 1574  X X 
    Hydrozoa Clytia hemisphaerica 85991 1109   X X 
Deuterostomes Xenoturbellida Xenoturbella Xenoturbella bocki 3840 185   X   
 Echinodermata Asteroidea Patiria pectinifera 56831 717  X X 
   Echinoidea Paracentrotus lividus 140897 1549  X X 
 Hemichordata Enteropneusta Saccoglossus kowalevskii 202190 1573   X X 
   Enteropneusta Balanoglossus clavigerus 4116 201   X   
 Chordata Cephalochordata Branchiostoma floridae 334502 1576  X X 
   Vertebrata Gallus gallus 550531 1683  X X 
  Tunicata Ciona savignyi 84302 1511  X X 
Lophotrochozoa Chaetognatha Aphragmophora Flaccisagitta enflata 4898 157 X     
 Platyhelminthes Cestoda Echinococcus granulosus 9701 429 X X X 
   Turbellaria Schmidtea mediterranea 78333 1381 X X X 
 Bryozoa Phylactolaemata Cristatella mucedo 3264 194 X X X 
 Brachiopoda Rhynchonellata Terebratalia transversa 3552 325 X X X 
 Nemertea Anopla Carinoma mutabilis 3168 142 X X   
  Anopla Cerebratulus lacteus 6317 226 X X   
 Mollusca Cephalopoda Euprymna scolopes 42468 1121 X X X 
  Gastropoda Aplysia californica 255605 595 X X X 
  Gastropoda Biomphalaria glabrata 268385 1323 X X X 
  Bivalvia Mytilus californianus 42354 938 X X X 
  Bivalvia Crassostrea gigas 57139 1442 X X X 
   Bivalvia Argopecten irradians 7057 255 X X X 
 Sipuncula Sipunculidea Themiste lageniformis 2640 196 X X   
 Echiura Xenopneusta Urechis caupo 2208 182 X X   
 Annelida Polychaeta Alvinella pompejana 142334 1470 X X X 
  Polychaeta Capitella teleta 138404 1595 X X X 
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  Clitellata Helobdella robusta 101359 1348 X X X 
    Clitellata Lumbricus rubellus 19934 556 X X X 
Ecdysozoa Tardigrada Eutardigrada Hypsibius dujardini 5235 333 X X X 
  Eutardigrada Milnesium tardigradum 7637 427 X X X 
  Eutardigrada Richtersius coronifer 3360 244 X X X 
 Nematoda Ascaridida Ascaris suum 56118 691 X X X 
  Rhabditida Caenorhabditis elegans 393714 1695 X X X 
  Rhabditida Caenorhabditis japonica 33050 1019 X X X 
  Rhabditida Haemonchus contortus 191661 1184 X X X 
  Tylenchida Meloidogyne incognita 20334 747 X X X 
   Enoplea Trichinella spiralis 25268 1082 X X X 
 Onychophora Peripatidae Epiperipatus sp. TB-2001 1868 114 X   
  Peripatopsidae Euperipatoides kanangrensis 3360 250 X X X 
  Peripatopsidae Peripatopsis sedgwicki 10476 355 X X X 
Arthropoda Chelicerata Pycnogonida Anoplodactylus eroticus 3744 231 X X   
  Pycnogonida Endeis spinosa 4062 493 X X X 
  Xiphosura Limulus polyphemus 8488 538 X X X 
  Scorpiones Mesobuthus gibbosus 982 113 X   
  Araneae Acanthoscurria gomesiana 6790 568 X X X 
  Araneae Aphonopelma sp. 2697 101 X   
  Araneae Loxosceles laeta 1358 168 X   
  Araneae Parasteatoda tepidariorum 9187 730 X X X 
  Parasitiformes Amblyomma americanum 6436 276 X X  
  Parasitiformes Argas monolakensis 2914 126 X   
  Parasitiformes Dermacentor variabilis 2090 148 X   
  Parasitiformes Hyalomma marginatum 2110 116 X   
  Parasitiformes Ixodes scapularis 193773 1459 X X X 
  Parasitiformes Ornithodoros parkeri 1563 94 X   
  Parasitiformes Rhipicephalus microplus 52726 1208 X X X 
  Sarcoptiformes Acarus siro 784 131 X   
  Sarcoptiformes Aleuroglyphus ovatus 2063 187 X   
  Sarcoptiformes Blomia tropicalis 1432 212 X   
  Sarcoptiformes Dermatophagoides pteronyssinus 1784 180 X   
  Sarcoptiformes Glycyphagus domesticus 2589 254 X X  
  Sarcoptiformes Sarcoptes scabiei 1039 146 X   
  Sarcoptiformes Suidasia medanensis 3585 363 X X X 
   Sarcoptiformes Tyrophagus putrescentiae 1229 117 X     
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 Myriapoda Diplopoda Archispirostreptus gigas 4008 271 X X X 
  Chilopoda Scutigera coleoptrata 2400 129 X   
 Crustacea Branchiopoda Artemia franciscana 37484 929 X X X 
  Branchiopoda Daphnia pulex *** 1902 X X X 
  Branchiopoda Daphnia carinata 6364 452 X X X 
  Branchiopoda Daphnia magna 13400 650 X X X 
  Branchiopoda Triops cancriformis 3981 342 X X  
  Copepoda Caligus clemensi 14806 881 X X X 
  Copepoda Caligus rogercresseyi 32037 1137 X X X 
  Copepoda Lepeophtheirus salmonis 48301 768 X X X 
  Copepoda Tigriopus californicus 4801 273 X   
  Cirripedia Balanus amphitrite 905 120 X   
  Cirripedia Pollicipes pollicipes 4191 273 X X X 
  Amphipoda Gammarus pulex 12345 252 X X X 
  Euphausiacea Euphausia superba 1770 128 X   
  Decapoda Callinectes sapidus 10563 279 X X X 
  Decapoda Carcinus maenas 15558 639 X X X 
  Decapoda Celuca pugilator 3646 165 X X  
  Decapoda Eriocheir sinensis 7076 284 X X X 
  Decapoda Fenneropenaeus chinensis 10446 341 X X X 
  Decapoda Litopenaeus vannamei 155768 1206 X X X 
  Decapoda Macrobrachium nipponense 3256 281 X X X 
  Decapoda Panulirus japonicus 2673 131 X   
  Decapoda Penaeus monodon 29173 694 X X X 
   Decapoda Petrolisthes cinctipes 97806 1151 X X X 
 Hexapoda Diplura Campodea fragilis 8253 471 X X X 
  Protura Acerentomon franzi 4311 229 X X  
  Collembola Anurida maritima 4373 435 X X X 
  Collembola Cryptopygus antarcticus 3429 311 X X  
  Collembola Folsomia candida 8703 601 X X  
  Collembola Onychiurus arcticus 16379 990 X X X 
  Archaeognatha Lepismachilis y-signata 4854 357 X X X 
  Odonata Ischnura elegans 4217 470 X X X 
  Ephemeroptera Baetis sp. AB-2009 4197 417 X X X 
  Phthiraptera Pediculus humanus capitis 3381 471 X   
  Blattaria Blattella germanica 2841 222 X X  
  Isoptera Reticulitermes flavipes 6064 460 X X X 
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  Isoptera Hodotermopsis sjoestedti 4395 199 X X  
  Orthoptera Gryllus bimaculatus 11339 704 X X X 
  Orthoptera Laupala kohalensis 14377 828 X X X 
  Orthoptera Locusta migratoria 45708 944 X X X 
  Hemiptera Acyrthosiphon pisum *** 1902 X X X 
  Hemiptera Bemisia tabaci 9110 308 X X  
  Hemiptera Diaphorina citri 19598 605 X X X 
  Hemiptera Homalodisca vitripennis 20030 634 X X X 
  Hemiptera Maconellicoccus hirsutus 7669 697 X X X 
  Hemiptera Nilaparvata lugens 37312 1071 X X X 
  Hemiptera Pachypsylla venusta 16896 342 X X X 
  Hemiptera Rhodnius prolixus 15611 459 X X X 
  Hymenoptera Apis mellifera *** 1902 X X X 
  Hymenoptera Lysiphlebus testaceipes 7763 637 X X X 
  Hymenoptera Nasonia vitripennis *** 1902 X X X 
  Hymenoptera Solenopsis invicta 22883 939 X X X 
  Hymenoptera Vespula squamosa 2144 201 X X  
  Coleoptera Dendroctonus ponderosae 129500 1333 X X X 
  Coleoptera Diabrotica virgifera virgifera 17782 671 X X X 
  Coleoptera Diaprepes abbreviatus 5219 166 X X  
  Coleoptera Leptinotarsa decemlineata 8580 413 X X X 
  Coleoptera Onthophagus taurus 3488 515 X X X 
  Coleoptera Tribolium castaneum *** 1902 X X X 
  Siphonaptera Ctenocephalides felis 4841 237 X X  
  Lepidoptera Antheraea assama 35191 824 X X X 
  Lepidoptera Bicyclus anynana 101595 972 X X X 
  Lepidoptera Bombyx mori 245761 1637 X X X 
  Lepidoptera Choristoneura fumiferana 68869 742 X X X 
  Lepidoptera Danaus plexippus 19577 1254 X X X 
  Lepidoptera Epiphyas postvittana 10569 364 X X X 
  Lepidoptera Heliconius erato 9115 556 X X X 
  Lepidoptera Heliconius melpomene 6004 274 X X X 
  Lepidoptera Manduca sexta 9007 662 X X X 
  Lepidoptera Papilio xuthus 16810 248 X X  
  Lepidoptera Samia cynthia ricini 20271 708 X X X 
  Lepidoptera Spodoptera frugiperda 65403 1045 X X X 
  Diptera Aedes aegypti *** 1902 X X X 
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  Diptera Anopheles gambiae *** 1902 X X X 
  Diptera Ceratitis capitata 21253 1222 X X X 
  Diptera Chironomus tentans 8584 559 X X X 
  Diptera Cochliomyia hominivorax 18648 738 X X X 
  Diptera Culex quinquefasciatus 204742 635 X X X 
  Diptera Culicoides sonorensis 2977 207 X X  
  Diptera Drosophila melanogaster *** 1902 X X X 
  Diptera Glossina morsitans morsitans 75278 1449 X X X 
  Diptera Haematobia irritans irritans 16923 900 X X X 
  Diptera Mayetiola destructor 9808 394 X X X 
  Diptera Phlebotomus papatasi 42778 1294 X X X 
  Diptera Teleopsis dalmanni 33229 947 X X X 
  Diptera Rhynchosciara americana 8570 304 X X X 
    Diptera Lutzomyia longipalpis 30603 1193 X X X 
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Table 2: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Technique for Choosing Taxa # 
Taxa 

Alignment 
Length Before 

Trimming 

# AA positions 
After Trimming 

Average % 
Coverage # COs 

Extended outgroup set  (EOS) 156 
82,191 

67,726 45.91 282 
   EOS trimmed with BMGE   3,571 83.57   
Lophotrochozoa outrgoup set (LOS) 142 70,475 58,001 46.44 254 
   LOS trimmed with BMGE 2,738 83.73   
Cutoff of >60 orthologs represented by taxa (60OS) 135 53,085 45,388 56.00 218 
   BMGE trimmed matrix 127* 7,368 86.64   
Cutoff of >120 orthologs represented by taxa (120OS) 113 

91,700 
74,832 54.77 311 

   BMGE trimmed matrix 96* 11,439 87.83   
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Table 3: 
Monophyletic Clades EOS LOS 60OS 120OS 

(Deuterostomia + Protostomia) 100 * 100 * 

(Lophotrochozoa + Ecdysozoa) 100 100 100 100 

(Lophotrochozoa) 87 88 57 95 

(Tardigrada + Nematoda) 92 88 55 95 

((Tardigrada + Nematoda) + Panrthropoda) 92 88 57 95 

Panarthropoda [Onychophora + Euarthropoda] 100 100 73 100 

(Pycnogonida + Chelicerata) 76 79 40 – 

(Chelicerata + Myriapoda) [Myriochelata] 67 22 37 – 

(Myriapoda + Tetraconata) [Mandibulata] 33 78 38 – 

Tetraconata 100 100 100 100 

Malacostraca [Amphipoda + Decapoda] 100 100 100 100 

(Cirripedia+ Malacostrica) 96 97 9 21 

(Copepoda + (Cirripedia + Malacostraca)) 97 99 – – 

Branchiopoda 100 100 100 100 

(Branchiopoda + Hexapoda) 95 77 99 98 

Hexapoda 100 100 100 100 

(Archaeognatha + Pterygota) 100 100 45 – 

Orthoptera 100 33 – 88 

Dictyoptera 100 100 100 * 

(Orthoptera + Dictyoptera) 100 100 98 88 

Hemiptera 100 100 100 100 

Hymenoptera 100 100 100 100 

Coleoptera 100 100 100 100 

(Siphonaptera + Lepidoptera) 100 100 100 * 

((Siphonaptera + Lepidoptera) + Diptera) 100 100 100 * 

((Diptera + Lepidoptera) + Coleoptera)  100 100 100 100 

(((Diptera + Lepidoptera) + Coleoptera ) + Hymenoptera) 100 100 100 100 

Diptera 100 100 100 100 

"–" = clade not present     
"*" = taxa not represented in matrix         
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Table 4: 
 

  

  
Taxon 

Leaf 
Stability 
Index* 

Classification 

EOS Archispirostreptus gigas 0.89 Myriapoda 
 Scutigera coleoptrata 0.89   
  Pediculus humanus capitis 0.94 Phthiraptera 
LOS Archispirostreptus gigas 0.91 Myriapoda 
 Scutigera coleoptrata 0.91   
 Echinococcus granulosus 0.93 Platyhelminthes 
 Schmidtea mediterranea 0.93   
 Artemia franciscana 0.95 Branchiopoda 
 Daphnia pulex 0.95  
 Daphnia carinata 0.95  
 Daphnia magna 0.95  
 Triops cancriformis 0.95  
 Flaccisagitta enflata 0.95 Chaetognatha 
60OS Echinococcus granulosus 0.77 Platyhelminthes 
 Schmidtea mediterranea 0.77   
 Euperipatoides kanangrensis 0.92 Onychophora 
 Peripatopsis sedgwicki 0.92  
 Archispirostreptus gigas 0.92 Myriapoda 
 Hypsibius dujardini 0.95 Tardigrada 
 Milnesium tardigradum 0.95  
 Richtersius coronifer 0.95  
120OS All taxa above 0.95 leaf stability score 
*as measured per Thorey and Wilkinson (1999) calculated using 
Phyutility (Smith and Dunn, 2008) 
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Supplementary Figures and Tables Legends: 

Supplementary Figure 1: A flow chart of the phylogenetic pipeline presented in this 

study.  The pipeline is identical for both user defined taxa sets and purely computational 

approaches with the exception of two steps, both of which refer back to a taxon set 

established prior in the analysis.  The first difference occurs when the conserved 

orthologs uncovered with the  aid of HaMStR for individual taxa must be added to the 

collection of similar orthologs from other taxa; the selected taxon sets pathway requires 

the user to define a set of taxa to include and all other taxa will drop out of further 

analyses, whereas the strict bioinformatics pathway requires the user to establish a cutoff 

(i.e. 60) for which to cull taxa that are represented by fewer conserved orthologs than the 

cutoff in their EST data.  Later in the analysis, after aligning and initial trimming, gaps 

must be added to the alignment for taxa from the either the user-chosen data set or from 

the set comprising taxa above the initial threshold set previously that are missing in the 

small alignments.  These trimmed alignments then have all taxa for the appropriate set 

and are concatenated into a super-matrix and run once more through trimAl. 

 

Supplementary Figure 2: Gene ontology (GO) (Götz et al., 2008) classifications for 

biological process (A), molecular function (B), and cellular component (C) for the 282 

conserved orthologs present in our final matrix. The full-length sequence of the ortholog 

from Drosophila melanogaster was used from each conserved ortholog group for GO 

classification. A wide diversity of cellular compartments and functions are represented by 

the proteins we used for constructing our final EST matrix for phylogenetic analysis. 
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Supplementary Figure 3: The majority rules consensus tree of bootstrap replicates from 

the extended outrgroup set of taxa.  Internal arthropod nodes show high support values 

with the exception of the placement of Myriapoda.  There are few polytomies, indicating 

general convergence of bootstrap replicates. 

 

Supplementary Figure 4: The best known likelihood tree of the extended outgroup set 

(EOS) trimmed with BMGE showing support values at the nodes from bootstrap 

replicates of the EOS and LOS matrices trimmed with BMGE.  Nodes not present in the 

LOS BMGE bootstrap replicates are indicated by “-“. 

 

Supplementary Figure 5: The best know likelihood tree of the 60OS data set trimmed 

with trimAl (Capella-Gutiérrez et al., 2009) showing support values at the nodes from 

likelihood bootstrap replicates.  The alignment used to create this tree contains only those 

taxa that have greater than 60 core orthologs represented in their EST data.   

 

Supplementary Figure 6: The best known likelihood tree of the 120 OS data set trimmed 

with trimAl (Capella-Gutiérrez et al., 2009).  The alignment used to create this tree 

contains only those taxa that have greater than 120 core orthologs represented in their 

EST data.  
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Supplementary Figure 7: The best known likelihood tree of the 60OS data set trimmed 

with Block Mapping and Gathering with Entropy (BMGE; Criscuolo and Gribaldo, 

2010).  This alignment contains fewer taxa than that created by trimAl on the same initial 

dataset due to the rigorous trimming employed by BMGE; after trimming those taxa that 

had coverage reduced to less than 25% coverage were culled.  

 

Supplementary Figure 8: The best known likelihood tree of the 120OS data set trimmed 

with Block Mapping and Gathering with Entropy (BMGE; Criscuolo and Gribaldo, 

2010).  This alignment contains fewer taxa than that created by trimAl on the same initial 

dataset due to the rigorous trimming employed by BMGE; after trimming those taxa that 

had coverage reduced to less than 25% coverage were culled.  

 

Supplementary Figure 9: Consensus network of likelihood bootstrap replicates from the 

extended outgroup set of taxa.  The program SplitsTree (Huson and Bryant, 2006) was 

used to construct the consensus network using cutoff of 0.1 and average edge weights.  

The consensus network shows incongruence among trees at the base of Insecta, 

particularly among Hemiptera, Orthoptera, Dictyoptera, Odonata and Ephemeroptera. 

There is also conflict with the placement of Myriapoda, with trees supporting 

Mandibulata and Myriochelata.  

 

Supplementary Figure 10:  Alternative attachment points of Myriapoda overlaid on the 

best known likelihood tree of the Lophotrochozoan outgroup taxa set (LOS).  Although 
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bootstrap support for myriapods grouping with Pancrustacea is relatively low (78%) the 

grouping of myriapods with Chelicerata constitutes all alternative bootstrap replicates 

(22%).  The position of Myriapoda within Arthropoda is particularly tenuous and this 

figure illustrates how the two primary hypotheses compete in likelihood analyses. 

Alternative branch points were determined with Phyutility (Smith and Dunn, 2008). 

 

Supplementary Table 1: Likelihood bootstrap support for certain clades in all matrices.  

The “original” columns are the same as Table 4 in the main text.  The BMGE column 

represents support values for the shorter alignments trimmed with BMGE (Criscuolo and 

Gribaldo, 2010).  Lower support values are found throughout the BMGE trees, but this 

effect is primarily due to the instability of a few highly unstable taxa as shown in 

Supplementary Table 2.  The inclusion of one spurious unstable taxa in an otherwise 

traditional monophyletic clade excludes that tree from lending bootstrap support despite 

general concordance with other bootstrap replicates. 

 

Supplementary Table 2: Leaf stability indices for unstable taxa in the alignments trimmed 

with BMGE.  Unstable taxa were defined as having a stability index of less than 0.95, as 

measured by Thorey and Wilkinson (1999) and calculated in Phyutility (Smith and Dunn, 

2008).  There are far more unstable taxa in these alignments, suggesting that the rigorous 

trimming reduces phylogenetic information to the point of creating instability in the 

matrix.  The two platyhelminthes are consistently unstable, with some of the lowest 
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stability indices.  Myriapoda are also generally unstable as in the longer alignments 

trimmed with trimAl. 
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Supplementary Figure 1: 
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Supplementary Figure 2: 
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Supplementary Figure 3: 
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Supplementary Figure 4: 
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Supplementary Figure 5: 
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Supplementary Figure 6: 
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Supplementary Figure 7: 
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Supplementary Figure 8: 
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Supplementary Figure 9: 
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Supplementary Figure 10: 
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Supplementary Table 1: 
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Supplementary Table 2: 
 

  
Taxon 

Leaf 
Stability 
Index* 

Classification 

EOS BMGE 
Flaccisagitta enflata 0.80 Chaetognatha 

Archispirostreptus gigas 0.82 Myriapoda 

Scutigera coleoptrata 0.82   
 Caligus clemensi 0.89 Copepoda 
 Caligus rogercresseyi 0.89  
 Lepeophtheirus salmonis 0.89  
 Tigriopus californicus 0.89  
 Echinococcus granulosus 0.90 Platyhelminthes 
 Schmidtea mediterranea 0.90   
 Branchiostoma floridae 0.91 Chordata 
 Hypsibius dujardini 0.91 Tardigrada 
 Milnesium tardigradum 0.91  
 Richtersius coronifer 0.91   
 Epiperipatus sp. TB-2001 0.91 Onychophora 
 Euperipatoides kanangrensis 0.91  
 Peripatopsis sedgwicki 0.91   
 Ascaris suum 0.92 Nematoda 
 Caenorhabditis elegans 0.92  
 Caenorhabditis japonica 0.92  
 Haemonchus contortus 0.92  
 Meloidogyne incognita 0.92  
 Trichinella spiralis 0.92   
 Pediculus humanus capitis 0.92 Phthiraptera 
 Baetis sp. AB-2009 0.92 Ephemeroptera 
 Xenoturbella bocki 0.93 Xenoturbellida 
 Gallus gallus 0.94 Chordata 
 Ciona savignyi 0.94   
 Pollicipes pollicipes 0.94 Cirripedia 
 Balanus amphitrite 0.94   
 Anoplodactylus eroticus 0.94 Pycnogonida 
 Endeis spinosa 0.94   
 Artemia franciscana 0.94 Branchiopoda 
 Daphnia pulex 0.94  
 Daphnia carinata 0.94  
 Daphnia magna 0.94  
 Triops cancriformis 0.94   
 Cristatella mucedo 0.95 Bryozoa 
 Terebratalia transversa 0.95 Brachiopod 
 Rhodnius prolixus 0.95 Hemiptera 
 Carinoma mutabilis 0.95 Nemertea 
 Cerebratulus lacteus 0.95 Nemertea 
EOS BMGE Gammarus pulex 0.95 Amphipoda 
continued Euphausia superba 0.95 Euphausiacea 

 Eriocheir sinensis 0.95 Decapoda 
 Petrolisthes cinctipes 0.95  
 Panulirus japonicus 0.95  
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 Celuca pugilator 0.95  
 Carcinus maenas 0.95  
 Callinectes sapidus 0.95  
 Litopenaeus vannamei 0.95  
 Fenneropenaeus chinensis 0.95  

 Penaeus monodon 0.95  
 Macrobrachium nipponense 0.95  

LOS BMGE 
Flaccisagitta enflata 0.75 Chaetognatha 

Hypsibius dujardini 0.83 Tardigrada 

Richtersius coronifer 0.83  
 Milnesium tardigradum 0.83   
 Balanus amphitrite 0.84 Cirripedia 
 Pollicipes pollicipes 0.84   
 Caligus clemensi 0.87 Copepoda 
 Caligus rogercresseyi 0.87  
 Lepeophtheirus salmonis 0.87  
 Tigriopus californicus 0.87   
 Artemia franciscana 0.87   
 Daphnia pulex 0.87  
 Daphnia carinata 0.87  
 Daphnia magna 0.87  
 Triops cancriformis 0.87   
 Archispirostreptus gigas 0.89 Myriapoda 
 Scutigera coleoptrata 0.89   
 Pediculus humanus capitis 0.89 Phthiraptera 
 Euprymna scolopes 0.90 Cephalopoda 
 Anoplodactylus eroticus 0.91 Pycnogonida 
 Endeis spinosa 0.91   
 Ischnura elegans 0.91 Odonata 
 Cristatella mucedo 0.91 Bryozoa 
 Cerebratulus lacteus 0.92 Nemertea 
 Carinoma mutabilis 0.92   
 Terebratalia transversa 0.92 Brachiopod 
 Rhodnius prolixus 0.92 Hemiptera 
 Aplysia californica 0.92 Gastropoda 
 Biomphalaria glabrata 0.92  
 Crassostrea gigas 0.92 Bivalvia 
 Argopecten irradians 0.92  
 Mytilus californianus 0.92   
 Campodea fragilis 0.92 Diplura 
 Gammarus pulex 0.92 Amphipoda 
 Themiste lageniformis 0.92 Sipuncula 
 Urechis caupo 0.92 Echiura 
 Alvinella pompejana 0.92 Annelida 
 Lumbricus rubellus 0.92  
 Capitella teleta 0.92  
 Helobdella robusta 0.92   
 Petrolisthes cinctipes 0.92 Decapoda 
 Euphausia superba 0.92  

LOS BMGE Panulirus japonicus 0.92  
continued Carcinus maenas 0.92  
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 Callinectes sapidus 0.92  
 Celuca pugilator 0.92  
 Litopenaeus vannamei 0.92  
 Penaeus monodon 0.92  
 Fenneropenaeus chinensis 0.92  
 Macrobrachium nipponense 0.92  
 Eriocheir sinensis 0.92   
 Acerentomon franzi 0.93 Protura 

 Onychiurus arcticus 0.93 Collembola 
 Anurida maritima 0.93  

 Folsomia candida 0.93  
 Cryptopygus antarcticus 0.93   
 Baetis sp. AB-2009 0.93 Ephemeroptera 
 Bemisia tabaci 0.93 Hemiptera 
 Diaphorina citri 0.93  
 Pachypsylla venusta 0.93  
 Maconellicoccus hirsutus 0.93  
 Acyrthosiphon pisum 0.93  
 Homalodisca vitripennis 0.93  
 Nilaparvata lugens 0.93   
 Epiperipatus sp. TB-2001 0.93 Onychophora 
 Euperipatoides kanangrensis 0.93  
 Peripatopsis sedgwicki 0.93   
 Gryllus bimaculatus 0.94 Orthoptera 
 Laupala kohalensis 0.94   
 Blattella germanica 0.94 Dictyoptera 
 Locusta migratoria 0.94 Orthoptera 
 Hodotermopsis sjoestedti 0.94 Isoptera 
 Reticulitermes flavipes 0.94   
 Leptinotarsa decemlineata 0.94 Coleoptera 
 Diabrotica virgifera virgifera 0.94  
 Tribolium castaneum 0.94  
 Diaprepes abbreviatus 0.94  
 Dendroctonus ponderosae 0.94  
 Onthophagus taurus 0.94   
 Ctenocephalides felis 0.95 Siphonaptera 
 Lutzomyia longipalpis 0.95 Diptera 
 Phlebotomus papatasi 0.95 Diptera 
 Choristoneura fumiferana 0.95 Lepidoptera 
 Epiphyas postvittana 0.95  
 Spodoptera frugiperda 0.95  
 Papilio xuthus 0.95  
 Bombyx mori 0.95  
 Danaus plexippus 0.95  
 Bicyclus anynana 0.95  
 Manduca sexta 0.95  
 Antheraea assama 0.95  
 Samia cynthia ricini 0.95  
 Heliconius erato 0.95  
 Heliconius melpomene 0.95   

60OS BMGE Archispirostreptus gigas 0.90 Myriapoda 
Echinococcus granulosus 0.92 Platyhelminthes 
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 Schmidtea mediterranea 0.92   
60OS BMGE Euperipatoides kanangrensis 0.93 Onychophora 

continued Peripatopsis sedgwicki 0.93  
 Caligus clemensi 0.95 Copepoda 
 Caligus rogercresseyi 0.95  
 Lepeophtheirus salmonis 0.95   
 Ischnura elegans 0.95 Odonata 

120OS BMGE Echinococcus granulosus 0.75 Platyhelminthes 
Schmidtea mediterranea 0.75   

*as measured per Thorey and Wilkinson (1999) calculated using Phyutility (Smith and Dunn, 2008) 
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ABSTRACT 

Copepods are a diverse and ecologically crucial group of minute crustaceans that are 

relatively neglected in terms of studies on nervous system organization.  Recently, 

morphological neural characters have helped clarify evolutionary relationships within 

Arthropoda, particularly among Tetraconata (i.e. crustaceans and hexapods), and indicate 

that copepods occupy an important phylogenetic position relating to both Malacostraca 

and Hexapoda.  This taxon therefore provides the opportunity to evaluate those neural 

characters common to these two clades likely to be results of shared ancestry (homology) 

versus convergence (homoplasy).  Here we present an anatomical characterization of the 

brain and central nervous system of the well-studied harpacticoid copepod species 

Tigriopus californicus.  We show that this species is endowed with a complex brain 

possessing a central complex comprising a protocerebral bridge and central body. 

Deutocerebral glomeruli are supplied by the antennular nerves, and a lateral protocerebral 

olfactory neuropil corresponds to the malacostracan hemiellipsoid body.  Glomeruli 

contain synaptic specializations comparable to the presynaptic “T-bars” typical of 

dipterous insects, including Drosophila melanogaster.  Serotonin-like immunoreactivity 

pervades the brain and ventral nervous system, with distinctive deutocerebral 

distributions. The present observations suggest that a suite of morphological characters 

typifying the Tigriopus brain reflect a ground pattern organization of an ancestral 

Tetraconata, which possessed an elaborate and structurally differentiated nervous system.   
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INTRODUCTION 

Copepods are one of the most species-rich groups of extant arthropods (Humes, 1994).  

They have been estimated to have the largest number of individuals compared with any 

other metazoan taxon (Hardy, 1970).  Accordingly, they constitute an integral component 

of many aquatic environments (Huys and Boxshall, 1991), particularly as a link in 

aquatic food webs between primary photosynthetic products and higher trophic levels 

that rely on copepod biomass for large portions of their nutritive intake (Ruppert et al., 

2004). Despite their diminutive size, copepods display a wide range of adaptations that 

have contributed to their successful radiation into nearly every conceivable aquatic 

environment, from temporary meltwater pools on Himalayan glaciers (Kikuchi, 1994) to 

the ocean’s deep (Wolff, 1960).  Adaptions include behavioral diversification. Marine 

species show not only incredibly rapid escape responses (Lenz et al., 2000; Weatherby et 

al., 2000), but also quite complex behavioral repertoires, especially in taxa that live in 

environments subject to abrupt changes of living conditions. The upper reaches of splash 

zones inhabited by the harpacticoid species Tigriopus californicus is one such ecology. 

Its adaptive behaviors (see Burton, 1985; Ting and Snell, 2003; Martin et al., 2000; 

McAllen and Taylor, 2001) are mediated by a brain and central nervous system, yet few 

studies have attempted detailed examination of the brain and central neuropils of this or 

any copepod species.   

 Early studies in the 19th and early to mid 20th centuries included descriptions of 

the gross organization of various copepod nervous systems, but often these were unable 

to accurately describe internal brain organization, composition, and neuronal connectivity 
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(Claus, 1863; Hartog, 1891; Hanström, 1924; Lowe, 1935; Lang, 1948; Fahrenbach, 

1962; Park, 1966).  The species that recently received most attention with regard to its 

neuroanatomy is the calanoid copepod Calanus finmarchicus (Lowe, 1935; Christie et al., 

2008; Sousa et al., 2008; Wilson and Christie et al., 2010; Hartline and Christie, 2010).  

Other species in the Order Calanoida provide general descriptions of gross 

neuroanatomical organization (i.e. Park, 1966), immunohistochemical location of 

presumed neuroactive substances (Benzid et al., 2005; Barthélémy et al., 2006), as well 

as studies describing myelin sheaths around both sensory and motor axons (Davis et al., 

1999; Lenz et al., 2000; Weatherby et al., 2000; Wilson and Hartline, 2011a, 2011b). 

Although there is still debate on the exact number (see, Huys and Boxshall, 1991), 

Calanoida is only one of several extant copepod Orders, which thus leaves unresolved 

neurological aspects of all other major copepod radiations.  Early work on the Order 

Harpacticoida (Lang, 1948), particularly Diarthrodes cystoecus (Fahrenbach, 1962), 

describe an anterior brain, general morphological arrangements of nervous tissue, 

detailed descriptions of neuronal cell body locations, and the relative dimensions and 

shapes of the anterior tripartite brain composed of a proto-, deuto-, and tritocerebrum, as 

well as the location and targets or source of afferent and efferent nerves.  A more recent 

electron microscopy study on the nauplius eye visual system in larval stages of the 

harpacticoid Dactylopusia tisboides provides detailed analysis of the ultrastructure and 

connectivity of optic centers, but was unable to identify neuropils more readily apparent 

in adult copepods (Lacalli, 2009).  Therefore, contemporary descriptions of internal 

neural structures and cellular ultrastructure in adult harpacticoids are lacking.   
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 Copepods occupy an important phylogenetic position among crustaceans when 

considering evolutionary aspects of nervous system organization, yet they have been 

neglected in studies that use neuroanatomical characters to infer phylogenetic 

relationships among Arthropoda (although see Strausfeld and Andrew, 2011), a discipline 

termed “neurophylogeny” (Paul, 1989).  Recent phylogenomic studies, utilizing a variety 

of molecular sequence data, show strong support for the placement of Copepoda as the 

sister-group to a Malacostraca + Thecostraca clade (Roeding et al., 2009; Meusemann et 

al., 2010; Regier et al., 2010; Andrew, 2011).  Indeed, despite the paraphyletic history of 

extant ‘Crustacea’ (Mallatt and Giribet, 2006; Meusemann et al., 2010; Regier et al., 

2010; Giribet and Edgecombe, 2011), and ambiguities in the placement of certain 

crustacean groups depending on the source of phylogenetic data (i.e. Remipedia, 

Cephalocarida, and Oligostraca), there is strong consensus for this relationship, termed 

Multicrustacea (Copepoda + (Thecostraca + Malacostraca); Regier et al., 2010).  

Therefore, within Tetraconata, a well-supported clade comprising all hexapods and 

crustaceans (Dohle, 1997, 2001), copepods occupy an integral position between the well-

surveyed Malacostraca and a branchiopod + insect grouping.   

 Many neurophylogenetic studies have focused on the relationships between 

malacostracan crustaceans and insects (Strausfeld, 1998; Harzsch and Walossek, 2001; 

Fanenbruck, 2004; Fahrbach, 2004; Strausfeld, 2005; Strausfeld, 2006; Strausfeld, 2009, 

2012; Strausfeld and Andrew, 2011), often arriving at support for a shared ancestry of 

these two groups based on a suite of shared neural features.  Detailed studies on more 

neglected crustacean taxa, such as Remipedia (Fanenbruck et al., 2004), Branchiopoda 
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(Harzsch and Glötzner, 2002; Fritsch and Richter, 2010), Cephalocarida (Stegner and 

Richter, 2011), and Mystacocarida (Brenneis and Richter, 2010), have contributed to this 

debate and provided a wealth of comparative neuroanatomical data. Nevertheless, neural 

autapomorphies and ambiguous placement of these taxa in molecular phylogenetic 

studies oftentimes conflict with studies based on anatomy alone. 

 Copepods are so diverse, both in terms of the number of species and morphology, 

that some may consider it folly to choose a single taxon representative of the group as a 

whole.  There are, however, taxa that are amenable to experimental manipulation and that 

have become the focus of numerous laboratories around the world.  The harpacticoid 

species Tigriopus californicus (Baker, 1912; Copepoda, Crustacea; hereafter referred to 

as Tigriopus) is a widely distributed taxon, occurring at great densities in high intertidal 

and supralittoral splash pools of the Pacific Coast of North America from Alaska to Baja 

California (Dethier, 1980).  It is extremely tolerant to a range of temperatures and 

salinities, which coupled with its short generation time (~2 weeks) makes it an ideal 

species for maintaining laboratory populations (Powlik et al., 1997; Powlik, 1999).  This 

species has been used in a wide variety of environmental toxicological (Raisuddin et al., 

2007), phylogeographic (Burton, 1998; Edmands, 2001; Willett and Ladner, 2009), 

population genetic (Burton et al., 1979; Burton and Feldman, 1981; Barretto et al., 2011), 

and speciation studies (Burton, 1987; Edmands, 2001; Willett and Burton, 2003). It is 

regarded as an integral species for genetic studies in invertebrates and has been proposed 

as a candidate for whole-genome sequencing by the World Association of 

Copepodologists (WAC; www.monoculus.org; Bron et al., 2011).  Tigriopus species 
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display a range of adaptive behaviors, such as male pre-copulatory mate-guarding 

(Fraser, 1936; Itô, 1970; Burton, 1985), mate recognition and preference (Lazaretto et al., 

1994; Kelley and Snell; 1998; Ting and Snell; 2003), light (UV) avoidance (Martin et al., 

2000), food preference (Powlik, 2000), and active swimming and grasping to combat 

currents (McAllen and Taylor, 2001), all of which speak against a simple nervous system.  

These features, and the interest of the broader research community working on copepods 

(and Tigriopus in particular) as well as the rich scientific history of this taxon, make it 

ideal for further detailed studies of the copepod brain and nervous system.   

 The present study asks which features of the copepod brain correspond to known 

brain anatomy of other tetraconates, thereby allowing the identification of any evolved 

departures from the ground pattern of the ancestral Tetraconate central nervous system.  

We describe reconstructions of the brain and fused ventral ganglia, neuronal connections 

in the brain, and cellular ultrastructure showing that, despite its minute size, the brain of 

Tigriopus indeed departs little from the malacostracan ground pattern.  

 The present account extends a preliminary description of the brain of Tigriopus 

previously used to incorporate this taxon into a neuroanatomical character matrix for 

cladistic analysis of arthropod genealogy (Strausfeld and Andrew, 2011). The present 

study employs an array of approaches to capture high-resolution descriptions of internal 

neuropil organization, connectivity, and ultrastructural detail. We show that brain 

organization in Tigriopus differentiates characters common to Malacostraca, Remipedia, 

and Insecta that are based on shared ancestry rather than convergent evolution.   
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MATERIALS AND METHODS 

Specimen 

Adult specimens of the harpacticoid copepod Tigriopus californicus (Baker, 1912) were 

obtained commercially from Carolina Biological Supply (North Carolina, USA) and 

maintained in the laboratory in artificial seawater on a diet of the marine algae 

Tetraselmis sp. (Carolina Biological Supply, North Carolina, USA).  The laboratory 

population was maintained and reared on a 12:12 hour light dark cycle at either room 

temperature (~23-25ºC) or for long-term culture propagation at 4ºC. 

 

Fixation and preparation for light and electron microscopy 

Specimens prepared for serial reconstruction and electron microscopy were fixed in one 

of three initial fixatives to determine the best regimen for preserving nervous tissue and 

external morphology for each type of microscopy.  In all cases, animals were first 

immobilized by transferring them from the holding colony to a small flask containing 

artificial seawater and placed on ice for ~5-10 min.  Animals were then transferred via 

micropipette to one of the fixatives described below, and the distal portions of the 

antennule (A1, the first antenna of crustaceans; Fig. 1A–B) and portions of the caudal 

urosome were removed to aid in rapid fixation.  The first fixative (Fix 1) contained 2.5% 

paraformaldehyde and 2% glutaraldehyde in 0.45M sodium cacodylate buffer (pH 7.4).  

Fixative 2 was based on that described by Weatherby et al. (2000). It contained 4% 

glutaraldehyde in a 0.1M sodium cacodylate buffer (pH 7.4) with the addition of 0.35M 

sucrose.  The final fixative (Fix 3), as described in Weatherby et al. (1981), contained 4% 
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glutaraldehyde in 0.1M Sørensen’s phosphate buffer (pH 7.4) with 0.35M sucrose.  Each 

of these fixatives also contained 0.1% aged picric acid to aid in fixation of membranes.  

For each fixative, specimens were transferred to fresh fixative after dissection and 

microwave fixed at 18ºC for two cycles of two minutes under vacuum and held overnight 

at 4ºC. 

 After primary fixation, specimens were prepared for semi- and ultrathin 

sectioning as described in Brown and Strausfeld (2009).  Briefly, animals were washed in 

multiple changes of the same buffer used in the fixative, post-fixed in 1% OsO4 solution 

for 1 hour at room temperature, rinsed with several 15 minute-long buffer changes, three 

10 minute-long washes in distilled H2O, and stained en bloc with a 2% uranyl acetate 

solution in distilled water for 1 hour.  For light and transmission electron microscopy 

(LM and TEM, respectively), specimens were dehydrated in a graded series of ethanol 

washes and embedded in Embed 812 epoxy resin (EMS, Hatfield, PA, USA).  

Consecutive serial sections were cut at 0.5, 1.0, and 2.5 µm thickness (semithin), and 

dried down onto glass slides.  Thin sections for TEM were cut at 80 nm, and collected 

onto formvar-coated copper slot grids.  Semithin sections were contrasted with 2% 

methylene blue, a basic dye that imparts tissue contrast and provides sharp structural 

detail.  Sections were stained for approximately 30 seconds at about 90ºC on a hotplate.  

Transmission electron microscopy sections were viewed in a Phillips CM12 transmission 

electron microscope; digital images were collected with an AMT 420 digital camera 

(Advanced Microscopy Techniques, Woburn, MA, USA).  Specimens prepared for 

scanning electron microscopy (SEM) were dehydrated in an ascending series of ethanol 
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concentrations, critical point dried, and sputter coated with gold-palladium using a 

Denton Desk II sputtering device before being imaged with a Hitachi S-4800 UHR field-

emission SEM (Hitachi High Technologies America, Inc., Dallas, TX, USA).   

 

Image analysis, 3-D reconstructions, and visualizations 

Semithin stained histological sections were viewed and imaged using a Zeiss AxioImager 

Z2 microscope at 63x magnification utilizing the MosaiX software package in the 

program AxioVision (version 4.8, Carl Zeiss Microimaging, Jena, Germany) to create 

large, high-resolution mosaic images of each section.  Digital images of sections were 

manually aligned in the z-plane through the entire series with the software Reconstruct 

(Fiala, 2005).  The outline of the brain and central nervous system, as well as internal 

neural structures, were traced manually through each section and 3-dimensional (3D) 

reconstructions of these circumscribed structures were visualized with Reconstruct (Fiala, 

2005). 

 

Immunohistochemistry 

Animals prepared for immunohistochemistry were fixed overnight at 4ºC in 4% 

paraformaldehyde in a 0.1M sodium cacodylate buffer (pH 7.4) adjusted with 0.35M 

sucrose.  The antennules and portions of the urosome were removed as described above 

to aid in the speed and penetration of fixative.  After fixation, specimens were washed 

several times in buffer, and then phosphate buffered saline (PBS; Sigma Aldrich, USA) 

before being embedded in albumin gelatin and sectioned to 60 µm using a Leica 
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VT1000S microtome (Leica Microsystems, Wetzlar, Germany).  Sections were washed 

several times in PBS with 0.5% Triton X-100 (Electron Microscopy Supply, Cat.#22140) 

(PBST) and blocked for 1 hour in the same solution with the addition of 5% normal 

donkey serum (NDS; Jackson ImmunoResearch, West Grove, PA, USA).  Primary 

antibodies were incubated overnight in PBST on an orbital shaker at room temperature.  

A commercially available serotonin (5-hydroxytryptamine) antibody was used at a 

concentration of 1:250 (Immunostar, catalog No.20080, Hudson, Wisconsin, USA).  This 

polyclonal antibody was raised in rabbits to serotonin coupled to bovine serum albumin 

(BSA) with paraformaldehyde and has previously been used in lobsters to show 

serotonin-specific staining in neurosecretory organs (Pulver and Marder, 2002).  As 

described by the manufacturer, staining with this antiserum is obviated by preadsorption 

with serotonin/BSA and shows no cross reactivity with 5-hydroxytryptophan, 5-

hydroxyindole-3-acetic acid, or dopamine.  In order to recognize the potential for cross-

reactivity, however, staining revealed by this antibody is referred to as “serotonin-like” 

immunoreactivity (5HT-LI).  The mouse monoclonal antibody against alpha-tubulin (α-

tubulin) was obtained from the Developmental Studies Hybridoma Bank (Antibody 

12G10, The University of Iowa, Department of Biology, Iowa City, IA) and was used at 

the concentration of 1:100.  After incubation in primary antibody, sections were washed 

several times in PBST, blocked for 1 hour in PBST with 5% NDS, and secondary IgG 

antibodies conjugated with Cy2, Cy3, or Cy5 (Jackson ImmunoResearch, West Grove, 

PA) were added at a concentration of 1:500.  Sections were incubated in secondary 

antibodies overnight at room temperature and washed thoroughly in fresh PBS.  The 
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DNA in nuclei was then stained with Yoyo-1 Iodide (Y3601, Invitrogen, Carlsbad, 

California, USA) for 15 minutes at a concentration of 1:2000 in PBS before several final 

15 minute washes in PBS.  Sections were finally mounted on slides with Mowiol 4-88 

(Polysciences Inc., Warrington, Pennsylvania, USA).   

 Specimens prepared for immunohistochemistry were visualized on either a Zeiss 

LSM 5 Pascal Axioplan2 microscope system for confocal microscopy, or on a Zeiss 

Axioimager Z2 microscope system with Apotome.  Zeiss software was used to create 

images and 3D projections of immuno-labeling. 

 

Preparation of data 

To produce figures, Zeiss files for immunohistochemistry were converted and exported as 

tif files.  Light microscope images were also exported as tif images from Zeiss 

AxioVision software (Version 4.8).  In instances where adjacent semithin sections were 

needed to show a single structure, the software HeliconFocus (HeliconSoft, Kharkov, 

Ukraine) was used to  combine regions of interest from the two adjacent sections to form 

a composite figure that contained the entire structure of interest. Final figures were then 

produced from these files using Photoshop (CS3; Adobe Systems Inc., San Jose, 

California, USA).  The contrast and brightness parameters were adjusted for the final 

production of figures.   

 

RESULTS 

Anatomical overview of brain and ventral nerve cord. 
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The external anatomy of Tigriopus californicus has been described in detail (Coull, 

1982).  The external features of note are the large antennules, which are geniculate in 

males (A1; Fig. 1A–B), and the much smaller second antennae (A2).  A triplet of ocelli, 

which constitute the nauplius eye (also known as “frontal eyes” (Elofsson, 2006)), are not 

prominent in adults, but are nonetheless situated at the frontal dorsal region of the animal 

beneath the cuticle (Fig. 1C) and adjacent to the mass of nervous tissue that makes up the 

brain of Tigriopus; the ultrastructure of the nauplius eye has previously been described by 

Martin et al. (2000).  The brain of Tigriopus comprises three anterior neuropils that lie 

anterior or immediately adjacent to the esophagus.  The protocerebrum (P) is dorso-

medial and receives innervation from nerves of the ocelli (the ocellar nerve (ON); Fig. 

1C).  The deutocerebrum (D) is delineated from the more dorsal protocerebrum by a 

constriction of the neuropil associated with the presence of cell bodies.  The largest nerve 

in the nervous system enters the deutocerebrum (A1n, Fig. 1C) and carries receptor axons 

from, and motor axons to, the prominent antennule, or first antenna (A1).  The 

deutocerebrum is situated entirely anterior to the esophagus and merges seamlessly with 

the tritocerebrum (T) (Fig. 2A–B, Fig 3A, I), which starts just anterior to the esophagus 

and encloses the esophageal canal, providing innervation of the second antennae (or 

simply antennae: A2) (Fig. 2B).  Immediately posterior to the tritocerebrum are the fused 

neuropils and the associated nerves of the mandibles (MD), maxillules (MXL), maxillae 

(MX), and maxillipedes (MXP), which together compose the anterior neuromeres of the 

large ventral nervous system (VNS)  (Fig. 2B).  The anterior portion of the ventral 

nervous system is fused medially and flattened dorsoventrally with the maximum width 
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of approximately 100 µm.  The brain of Tigriopus ranges from 100–120 µm wide at its 

widest margin in the deutocerebrum and occupies anywhere from 150 to 200 µm from 

the base of the subesophageal ganglion to the most dorsal aspects of the protocerebrum.  

Neuronal cell bodies ensheath large portions of the brain and ventral nervous system (Fig. 

2C), with accumulations of somata at the dorsolateral and frontal margins of the 

protocerebrum and deutocerebrum, regions dubbed the dorsal (DSM) and frontal somatal 

masses (FSM), respectively (Fig. 2C, Fig. 3A–B, F–H, Fig. 4); the tritocerebrum is 

supplied by cell bodies that lie frontal and ventrally to the main mass of the neuropil, the 

ventral somatal mass (VSM) (Fig. 3I–K).  Specific arrangements of cell bodies for the 

remainder of the nervous system are detailed below. 

 The portions of the brain anterior to the esophagus are deflected approximately 

80–90º dorsally from the horizontal, or rostral-caudal, axis of the animal (Fig. 1C–D).  

This flexure of the neuraxis is common amongst previously surveyed harpacticoid 

copepods (i.e. Lang, 1948; Fahrenbach 1964) and necessitates a clarification of the 

coordinate descriptions of structures.  For the purposes of this manuscript, terms 

describing the positions and relationships of structures (i.e. dorsal-ventral, anterior-

posterior) will refer to the main axes of the animal (i.e. rostral-caudal, dorsal-ventral), 

which are illustrated in Fig. 1A.   

 

Protocerebrum. 

The protocerebrum is the dorsal most rostral neuromere of the brain, the neuropils of 

which are supplied by a cluster of neuronal cell bodies that we call the dorsal cell mass 
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(DCM, Fig. 4). This mass is many cells thick rostrally and extends caudally along the 

dorsal margin of the brain to eventually taper into a single cell thick layer along the 

lateral and posterior margins of the protocerebrum.  The main sensory inputs to the 

protocerebrum arise from the three ocelli of the nauplius eye (also referred to as the 

frontal eyes in crustaceans by Elofsson (2006)).  The two lateral ocelli are situated 

slightly ventrally and posterior to the median ocellus and their margins physically abut 

the frontal edge of the protocerebrum (Fig. 1C).  Each sends a small bundle of fibers 

posteriormedially where these merge to form a fascicle with the larger fiber arising from 

the medial ocellus, all together forming the ocellar nerve (ON), which supplies the 

nauplius eye neuropil (NEN) in the dorsal most protocerebral neuropil (Fig. 4).  This 

nauplius eye neuropil is central and unpaired in many harpacticoids (called the 

“Sehmasse” by Lang (1948)), including Tigriopus, and is spatially separated from the rest 

of the protocerebrum by a constriction of invading cell bodies and bypassing fibers (Fig. 

4D).  The internal structure of this neuropil consists of two lateral lobes linked by large 

crossing fibers (Fig. 4B–D).  The lateral margins of the NED are defined by two bundles 

of fibers that enter the protocerebrum from a dorsal cell body cluster and pass laterally 

along the sides of the neuropil to more ventral regions of the protocerebrum (Fig. 4D). 

 The protocerebrum of Tigriopus is elaborate, comprising several delineated 

neuropils (Fig. 3F–K; Fig. 5) in addition to regions that are harder to define, particularly 

in the absence of reliable immunohistochemical markers that stain specific subsets of 

neurons, as occurs in other arthropods (for example, the DC0 antibody that selectively 

labels mushroom body Kenyon cells; Farris, 2008).  We were, nonetheless, able to 
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identify two unpaired midline neuropils: the protocerebral bridge (PB) (Fig. 5A, D–E) 

and central body (CB) (Fig. 5B, F–G; Fig. 6B), as well as a pair of lateral protocerebral 

neuropils that likely correspond to the hemiellipsoid body (HB) of malacostracan 

crustaceans (Fig. 3A, G; Fig. 5B; Fig. 6A–B).  These neuropils were also described by 

Lowe (1935) in the calanoid copepod Calanus finmarchicus.   

 The protocerebral bridge is found directly posterior to an assemblage of 

protocerebral somata at the most anterior portion of the protocerebrum (Fig. 5A, D-E) 

and located approximately midway through its dorsoventral extent.  Although this 

neuropil is difficult to identify in semithin sections (Fig. 5E), it is revealed by the 

presence of a series of fibers that reciprocally cross the midline dorsoanteriorly of the 

main central body (Fig. 5D, d). This cross-over, or fascicle switch, typifies connections 

between the protocerebral bridge and central body in other tetraconates (see Boyan et al. 

2008; for decapod crustaceans, see Utting et al., 2000;). The central body itself is a larger 

unpaired neuropil that occupies the anterior midline portion of the protocerebrum (Fig. 

5B–C, F–G).  It is readily apparent in tangential (i.e. Fig. 5B) and frontal sections (Fig. 

5G) but less so in the sagittal plain (Fig. 1C).  Lateral and slightly caudoventral to the 

main portion of the central body is a large and dense lateral protocerebral neuropil with 

extensive fiber tracts supplying it from the midline (Fig. 5B–C; Fig. 6B).  These tracts 

can be traced in semithin preparations to cross the midline and reach back to glomerular 

deutocerebral neuropil  (Fig. 6A) on the ipsilateral side and contralateral deutocerebrum.  

In agreement with corresponding ascending deutocerebral fibers observed in other 

crustaceans, we have dubbed this group of fibers the olfactory globular tract (OGT; Fig. 
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5C; Fig. 6A) and their cognate lateral protocerebral neuropil the hemiellipsoid body (Fig. 

5B–C; Fig. 6A–B) although it is not yet known which are the cell bodies that give rise to 

this neuropil.   

 

Deutocerebrum. 

The deutocerebrum is dominated by inputs from the stout antennular nerve (Fig. 1C–D; 

Fig. 6B; Fig. 7A; Fig 8A) and consequently makes up the widest portion of the brain.  

There is a one-cell-thick layer of cell bodies lining the lateral margin of the 

deutocerebrum. This is supplemented by a cluster of cells occurring medially between the 

antennular nerve, the frontal somatal mass (FSM) (Fig. 6C; Fig. 7A).  Anterior and 

medial to each antennular nerve is a large mass of cells that makes up the antennular 

somatal cluster (A1sc; Fig. 1C; Fig. 2C; Fig. 3A).  These cells supply the bulk of the 

antennular input and their cell bodies cover a large portion of the anterior and medial 

portions of the incoming nerve.  The antennular nerves enter the brain immediately 

ventral to the caudal boundary of the protocerebrum (Fig. 1C), then pass immediately 

below and perpendicularly to the tract of axons supplying the hemiellipsoid body (i.e. the 

OGT), to finally project ventrocaudally to the large and well-defined antennular neuropil 

(Fig. 6B–C).  Frontal semithin sections show the main bulk of the incoming nerve 

splitting into two parallel and distinct tracts (Fig. 7C), with a smaller medial tract 

extending more caudal and ventral before terminating in the medial portion of the 

deutocerebral neuropil.  Lowe (1935) was able to trace these more ventro-medially 

projecting portions of the antennular nerve to antennule muscles in C. finmarchicus, 
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thereby suggesting a motor a function for these parts of the deutocerebral neuropil, which 

are connected to each other via a large commissure (Fig. 7A).  The more lateral 

projecting portions of the antennular nerve project to numerous distinct and ovoid shaped 

deutocerebral neuropils (Fig. 8A, F) that span the dorso-ventral extent of the 

deutocerebrum and extend caudoventrally into the circumesophogeal connectives (Fig. 

2C; Fig. 6).  These domains are roughly ovoid in cross-section. They provide axons 

extending from them into the OGT, which then ascends to the protocerebrum’s 

hemiellipsoid body (Fig. 6A).  Transmission electron micrography (TEM) shows portions 

of these glomerulus-like domains surrounded by glial sheaths (Fig. 9), identified by the 

presence of glycogen and ribosomal particles (Oland et al. 1990), and the absence of 

microtubules.  The glomerulus-like domains contained a large number of synapses (Fig. 

8B–E, G).  A second, smaller nerve that supplies muscles of the antennule enters the 

brain caudal to the main antennular nerve and progresses along the lateral margin of the 

brain before entering the ventral deutocerebral neuropil. 

 

Tritocerebrum. 

The anterior border of the tritocerebrum is not sharply delineated from the posterior 

margin of the deutocerebrum (i.e. Fig. 6C; Fig. 7A). The tritocerebral neuropil proper 

begins dorsally and frontally with respect to the esophageal foramen and enwraps this 

canal completely. Rather than there being circumesophageal connectives, the esophagous 

penetrates through the rostral part of the tritocerebrum.  The caudal limit of the 

tritocerebrum is indicated by the tritocerebral commissure (TCom) behind the esophagus 
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(Fig. 7B).  There are no recognizably distinct glomeruli in this region of the brain.  The 

antennal nerve enters from the frontal and lateral margins of the tritocerebrum, at the 

level at which the esophagous penetrates its neuropil (Fig. 3I–K). Axons from the 

antenna terminate along the rostro-caudal extent of the neuropil.  The antennal nerve also 

receives a contribution from cell bodies that lie in the antennal somatal cluster (A2sc), 

which is situated along the dorsal surface of the antennal nerve and continues along the 

nerve as it tapers and exits ventrally from the antenna (Fig. 3I).  Following the nerve 

towards the antenna, reveals that it bifurcates: a smaller dorsal branch separates from the 

main bulk of the nerve.  The cell bodies that supply the tritocerebral neuropil occupy a 

single cell layer flanking the brain laterally as well as a cluster of somata that cover the 

entire rostral and ventral surface of the brain as a thick mass of up to four cells thick, here 

termed the ventral somatal mass (VSM; Fig. 3I–K). There are no cell bodies on the 

caudal part of the tritocerebrum or along the peri-esophageal portions of the 

tritocerebrum.  The medial portion of the tritocerebrum, immediately adjacent to the 

esophagus, has a bundle of large-diameter fibers that passes through the extent of the 

tritocerebrum en route to caudal targets.   

 

Postoral nervous system. 

The neuropil for the mouthparts are continuous with the peri- and post-esophageal 

portions of the tritocerebrum and make up the beginning of the ventral, that is, postoral, 

nervous system.  Anteriorly, the subesophageal ganglion lies immediately below a large 

tendon, the tentorium, which serves as the attachment point for many large muscles of the 
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mandibles and maxillules as well as for smaller muscles associated with the esophagus 

(Fig. 2A).  As in D. cystoecus (Fahrenbach, 1962), two labial retractor muscles attach to 

the tentorium and traverse directly through the medial portion of the subesophageal 

ganglion (visible in Fig. 2B).  Many segmental muscles abut the main mass of cell bodies 

in the dorsal and anterior regions of the ventral nerve cord and longitudinal muscles 

define the lateral margins of the ventral nervous system caudally.   Small outlying 

somatal clusters are associated with the nerves of the mouthparts and are generally found 

close the attachment point of the nerve with the main mass of ventral neuropil but distinct 

from the contiguous clusters of cell bodies that ensheath the ventral nervous system (Fig. 

2B).  These somatal clusters are named for the appendage that their associated nerve 

innervates.  There is a prominent cluster of neuronal somata many cells thick on the 

dorsal portion of the ventral nervous system (Fig 2A, C).  This cluster tapers into a 1–3 

cell thick layer along the lateral margins of the length of the VNS reflecting no obvious 

segmental arrangements.  The ventral surface of the VNS also contains a layer of cell 

bodies, with a large grouping at the anterior region of the central nervous system 

immediately caudal to the esophagus.   

 The nerves supplying the mandible arise at the level of the tentorium, slightly 

anterior and ventral to it and enter the brain just behind the esophagus, with the dorsal 

branch supplied in part by the mandibular somatal cluster (MDsc; Fig. 2B; Fig. 3J–K).  

Ganglion cells for this segment reside immediately anterior to the tentorium (Fig. 3J–K).  

The region of the ventral nervous system caudal to this regains a relatively uniform width 

as it is supplied by a number of nerves relating to the maxillules, maxillae, and 
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maxillipedes.  This arrangement is similar to that found in other harpacticoids, and 

therefore seems to be a conserved organization (Lang, 1948).  Further caudally, the VNS 

tapers, supplying smaller neuropil volumes that relate to the swimming legs and urosome.  

Beginning at the level of the urosome the ventral nervous system proper bifurcates into 

two branches that continue the length of the animal.  The nerves of the swimming legs 

and urosome are comparable to those described by Fahrenbach (1962), and are similar to 

the well conserved organization of nerves described in other harpacticoid species (Lang, 

1948). 

 

Serotonin-like immunoreactivity. 

This is the first demonstration of serotonin-like (5-hydroxytryptamine, or 5HT) 

immunoreactivity (5HT-LI) to be reported in a harpacticoid copepod, although the 

distribution of 5HT in various calanoid species has previously been described (Benzid et 

al., 2005; Barthélémy et al., 2006; Hartline and Christie, 2010).  In agreement with these 

reports, particularly that of Hartline and Christie (2010), 5HT-LI is distributed in distinct 

locations throughout the brain of Tigriopus, with a few small areas of enriched 

expression.  It was difficult to attribute immunoreactivity to specific neuropils that had 

been observed in semithin light microscopy reconstructions reported above, so regions of 

immunoreactivity are here referred to simply as putative serotonergic neuropil (SN).  The 

strongest labeling is found in two regions of the protocerebrum termed serotonergic 

neuropil 1 and 2 (SN1, SN2) (Fig. 10A, a, C).  SN1 is a paired neuropil located in the 

lateral portions of the most dorsal and frontal regions of the protocerebrum (Fig. 10A-a, 
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C).  Dense labeling in this region is provided by a pair of lateral protocerebral 5HT-LI 

positive neurons that further project to more ventral and caudal SIR regions as well (Fig. 

10A, C).  A small medial projection (Fig. 10B-C) is accompanied by diffuse lateral 

projections throughout the ventrolateral regions of the protocerebrum, adjacent to the 

deutocerebrum.  This protocerebral immunoreactivity is contiguous with expression in 

lateral portions of the deutocerebrum (SN3; Fig. 10A–a, B–C) that appear to circumscribe 

a single glomerulus (Fig. 10B, b).  There is further, albeit sparse labeling in the 

tritocerebral neuropil flanking the esophagus (Fig. 10D).  The subesophageal ganglion 

contains another distinct serotinergic neuropil region (Fig. 10a, D) that continues into 

diffuse labeling along the length of the ventral nervous system (Fig. 10D–F).  5HT-LI 

fibers leave the ventral nervous system in segmental nerves (Fig. 10E–F). 

 There are several protocerebral cell bodies that are consistently immunoreactive 

for serotonin.  These include a pair of very strongly stained cells that are found in the 

dorsolateral and caudal protocerebral cell body cluster (Fig. 10A–a, C).  Unlike some of 

the more weakly stained cells, these cells were easily identifiable in every preparation. A 

medial protocerebral cluster of approximately 4-5 cells were observed in most 

preparations (Fig. 10a), but their immunoreactivity was often of variably strengths, so a 

precise count of these cells was difficult.  The tritocerebrum is supplied by a pair of 

medially located cells that lie adjacent to the esophagus and project a large axon 

anteriorly and dorsally to the tritocerebrum (Fig. 10B, b, F).  Another pair of 5HT-LI 

cells is found in the ventromedial cluster of cell bodies of the subesophageal ganglion, 

which supply the serotonergic input to this region (Fig. 10a).   
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 The large lateral protocerebral 5HT-LI cells project medially to give rise to the 

lateral 5HT neuropil (SN1) and then continue to meet in the midline and project to lower 

regions of the brain (Fig 10a, C).  They form a medial tract that extends into the 

deutocerebrum where it then branches laterally to supply the deutocerebrum with diffuse 

projections (SN3).  This medial tract is also supplied by the medial cluster of 5HT-LI 

cells.  Because of the close proximity of their branches within this medial tract, we were 

unable to determine if the medial and lateral 5HT-LI cells project to the same regions or 

if they differentially supply 5HT-LI neuropil.  A large tract continues along the length of 

the tritocerebrum before it bifurcates, sending one branch along to the subesophageal 

ganglion and the other to the tritocerebral commissure where it decussates immediately 

behind the esophagus (Fig. 10a).   

 

Neuronal and synaptic ultrastructure. 

Transmission electron microscopy (TEM) was used to investigate neuropil and synaptic 

ultrastructure (Fig. 8; Fig. 9; Fig. 11).  Fixation of neural tissue was best achieved with 

4% glutaraldehyde in 0.1 M sodium cacodylate buffer supplemented with 0.35 M sucrose 

and 0.1% picric acid (refer to Fixation #2; Material and Methods).  This fixation resulted 

in excellent membrane preservation, and maintained osmotic balance such that the 

integrity of neural tissue was preserved.  Low magnification TEMs revealed bundles of 

fibers such as those entering the brain from the antennules and antennae (Fig. 8A).  

Within the deutocerebrum, multiple synapse-rich varicosities were observed that were at 

least partially surrounded with glial sheaths (Fig. 8F).  These synaptic regions are 
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reminiscent of glomerular structures in the deutocerebra of many other arthropod taxa, 

but at a much smaller scale.  The pre-synaptic active zones within these regions, and 

indeed throughout the brain, have a characteristic “T” shape similar in appearance to the 

so-called “T-bars” of Drosophila melanogaster (Fig. 8B–E, G; Fig. 11C) 

(Meinertzhagen, 1996; Koenig and Ikeda, 1999; Fouquet et al., 2009), which possess an 

electron dense pedestal that emanates from the plasma membrane and is topped by a 

platform adjacent to collections of synaptic vesicles.  Synaptic vesicles are readily 

apparent around these specializations, with increased density closer to platform; the 

crossbar of the “T” (Fig. 8C–D).  Large (50–100 nm in diameter), electron dense vesicles 

are often found in the vicinity of these synaptic specializations (Fig. 11C).  Postsynaptic 

densities can also be observed across the synaptic cleft opposite T-bars (Fig. 8G), many 

of which are multiple-contact synapses; where a single presynaptic element provides 

input to numerous postsynaptic elements, similar to those found in Drosophila 

photoreceptors (Fröhlich, 1985) and possibly throughout insect central nervous systems 

(Meinertzhagen, 2010).  The presence of large dense-core vesicles at some presynaptic 

specializations suggests a potential role in peptide or monoamine synaptic transmission 

(Zhai and Bellen, 2004).   

 

DISCUSSION 

Comparison of the brain of Tigriopus californicus with those of other copepods 

Nervous system organization and defined neuropil 
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Early accounts of nervous system organization in copepods were brief and focused on the 

gross organization of sensory innervation and the location and number of segmental 

nerves (Claus, 1863; Hartog, 1891; Hanström, 1924).  Moreover, these accounts focused 

primarily on species in the orders Calinoida or Cyclopoida, neglecting a large portion of 

other important copepod orders.  Lang (1948), and later Fahrenbach (1962), gave the first 

thorough descriptions of the brains from species in the Order Harpacticoida and noted 

important differences between their taxa and the free-living calanoids (Lowe, 1935) and 

cyclopoids (Hartog, 1891) previously studied, including a lack of any observable 

protocerebral bridge or central body in harpacticoids.   

 The present account, however, clearly shows the presence of both a protocerebral 

bridge and central body, in addition to the second order olfactory neuropil of the 

hemiellipsoid bodies, suggesting a greater complexity of harpacticoid nervous systems 

than previously recognized.  One explanation for suggestions that other harpacticoid taxa 

lack protocerebral neuropil is likely due to the crude methods used in the 19th and early 

20th Century.  Another, albeit speculative explanation, is that the primarily benthic habitat 

of other harpacticoids reduced behavioral complexity and associated neurological 

elaborations.  The supralittoral habitat of Tigriopus, in the splash zone reached by the 

highest tides, is spatially and temporally more complex than the undisturbed benthos, and 

shares aspects of the pelagic environs of previously studied planktonic calanoids and 

cyclopoids (i.e. Calanus finmarchicus (Lowe, 1935), and Cyclops brevicornis (Hartog, 

1891)), the protocerebral structures are comparable to those of Tigriopus.  Tigriopus also 

exhibits a range of complex free-swimming behaviors that must be enabled by its nervous 
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system, which consequently shows greater elaboration of protocerebral regions as 

compared to exclusively benthic kin.   

 The protocerebrum of Tigriopus is similar in organization to that described by 

Lowe (1935) in Calanus finmarchicus, containing a minute and anteriorly located 

protocerebral bridge including crossing fibers between the two most rostral fascicles of 

the brain, a central body neuropil subdivided across its extent into modules, and lateral 

protocerebral neuropil dubbed (erroneously) by Lowe, the corpora pedunculata (cp). 

This is the traditional name (English: mushroom bodies) given to paired neuropils of 

cephalocarid crustaceans (Stegner and Richter, 2011) and non-crustacean arthropods 

(Strausfeld, 2012; Wolff et al., 2012).  Lowe describes the two lateral portions of the “cp” 

in Calanus as being interconnected by a large transverse commissure and supplied by 

afferent fibers from the antennular nerve (1935).  This arrangement would argue against 

these neuropils being homologous to mushroom bodies, and suggests that what she 

describes are neuropils corresponding to the deutocerebral glomeruli shown in the present 

study.  A modern understanding of mushroom bodies, and the corresponding 

hemiellipsoid bodies of crustacean (Wolff et al. 2010), functionally defines these 

structures as higher order sensory (often olfactory) integrators and memory centers 

(Strausfeld et al., 1998; Heisenberg, 2003; Strausfeld et al., 2009).  In Tigriopus, we are 

able to trace axon bundles from glomeruli supplied by the antennular nerves to a distinct 

neuropil in the lateral protocerebrum. This morphological relationship between 

antennular glomeruli and the protocerebrum demonstrates that lateral centers in the 

protocerebrum are second order olfactory neuropils. Thus, despite their simplicity they 
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correspond to the hemiellipsoid bodies described from taxa lacking optic lobe neuropils, 

such a remipedes (Fahnenbruck and Harzsch, 2005), as well as in plesiomorphic 

malacostracans equipped with compound eyes, such as phyllocarids (Strausfeld and 

Andrew, 2011), and the more recently evolved decapods (Sullivan and Beltz, 2004). 

 Apart from the differences in protocerebral neuropil between Tigriopus and 

previously described harpacticoids, there are only minor deviations in detailed 

organization of caudal segmental neuropil or gross organization of segmental nerves and 

ganglia (Fahrenbach, 1962).  Indeed, as Lang observed (1948), the organization of the 

subesophageal ganglia supplying innervation to the mandibles, maxillules, maxillae, and 

maxillipedes are only subtly different in even highly diverged taxa, although the 

segmental level of bifurcation of the caudal ventral nerve cord tends to vary widely (see 

Dahms, 1993).   

 

Serotonin-like immunoreactivity in Copepods 

Aramant and Elofsson (1976) were able to show the presence of monoaminergic cell 

bodies and neuropil in specific brain regions of the cyclopoid copepod Cyclops strenuus, 

but it was much later before immunohistochemistry was able to attribute this labeling to 

the neurotransmitter serotonin (5-hydroxytryptamine, or 5HT) in a calanoid species, 

Centropages typicus (Benzid et al., 2005).  This short preliminary report clearly showed 

5HT-like immunoreactivity (5HT-LI) in the proto-, deuto-, and tritocerebrum, as well as 

fibers extending along the ventral nerve cord (Benzid et al., 2005).  Barthélémy et al. 

(2006) undertook a comparative study of 5HT-LI in three species of calanoid copepods, 
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each of which showed similar and extensive staining patterns throughout the nervous 

system, with distinct neuropil groups in the three frontal segmental neuropil.  Hartline 

and Christie (2010) undertook the most recent immunohistochemical study on copepods, 

focusing their efforts on the calanoid Calanus finmarchicus.  In agreement with 

Barthélémy et al. (2006), they found distinct neuropil regions stained with varicosities 

positive for 5HT.  In particular, they saw three 5HT-rich protocerebral neuropil, with a 

larger and more densely stained central neuropil flanked on both sides by smaller and 

more sparsely innervated lateral regions.  They also observed 5HT-rich neuropil adjacent 

to the esophagus in the deutocerebrum and the tritocerebrum (Hartline and Christie, 

2010).   

 Our results from Tigriopus are the first report of 5HT-LI in a harpacticoid species, 

and they correspond well with the above-mentioned studies.  In particular, we also 

observed three 5HT-LI protocerebral regions, one large central region (SN2 in Fig. 10C) 

flanked on either side by smaller dorsolateral neuropils (SN1 in Fig. 10A, a, b).  These 

protocerebral regions are supplied by 5HT-like positive cell groups in the medial 

protocerebrum and by two large dorsolateral protocerebral neurons (Fig. 10A, a, C) that 

send large axons medially and ventrally to the rest of the brain.  Hartline and Christie 

(2010) describe a dorsally situated “bar” of 5HT-LI linking the two sides of the brain that 

we were also able to show in Tigriopus (Fig. 10a, C).  This “bar” is shown to be the 

axons of the large dorsolateral 5HT-like cells that also supply the lateral protocerebral 

neuropil (Fig. 10A,a).  We also showed staining in the deuto- and tritocerebrum in 

Tigriopus, but we describe a novel innervation pattern in the deutocerebrum, which 
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shows 5HT-like immunoreactive fibers surrounding a deutocerebral glomerulus (Fig. 

10b).  Previous studies on copepods did not show this pattern, leaving us to conclude that 

this may be an innovation in Tigriopus or harpacticoids more generally.  Again, as in 

Calanus finmarchicus, our taxon shows 5HT-LI throughout the ventral nerve cord with 

fibers projecting out of the VNS leaving the nerve roots (Fig. 10D-F).  Generally, the 

similarity of cell body placement and projection patterns in these diverse taxa suggests a 

high degree of conservation in the serotonin system of copepods.   

  

Ultrastructural analysis of neural tissue 

Synaptic organization 

The ultrastructure of presynaptic densities in Tigriopus are remarkably similar in 

appearance to glutamanergic synapses in the fly Drosophila melanogaster (i.e. Koenig 

and Ikeda, 1999; Fouquet et al., 2009) and can be considered the sites of synaptic vesicle 

docking, fusion, and subsequent neurotransmitter release, all of which are the 

prerequisites for active zones (Zhai and Bellen, 2004).  The presynaptic specializations 

have a stereotypical “T” shape in cross-section, with a dense bar extending 

cytoplasmically from the presynaptic membrane, called a pedestal, that is intersected 

perpendicularly by an extended platform that is proximate to dense aggregations of 

synaptic vesicles (Meinertzhagen, 1996; Fig. 8C–D, G).   

 Morphologically distinct presynaptic densities are found throughout the 

arthropods, including in arachnids (i.e. amblypygids: Foelix et al., 2002; wolf spiders 

(Lycosidae): Melamed and Trujillo-Cenóz, 1971), other crustaceans (i.e. decapods: Katz 
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et al., 1993; Wojtowicz et al., 1994), a variety of insects (i.e. cockroach: Ribi, 1977; 

cricket: Frambach et al., 2004; ant: Lamparter et al., 1969; honey bee: Brown et al., 2004; 

moth: Hohensee et al., 2008; fly: Strausfeld and Campos-Ortega, 1977; Atwood et al., 

1993; Feeney et al., 1998; locust: Leitinger and Simmons, 2002; mantis: Leitinger et al., 

1999), and other copepod taxa (Raymont et al., 1974; Bannister, 1993; Lacalli, 2009; 

Wilson and Hartline, 2011a, 2011b).  These numerous examples of presynaptic 

specializations rarely approach the morphological complexity of the T-shaped active 

zones present in Tigriopus and other copepod taxa (Lacalli, 2009; Wilson and Hartline, 

2011a, 2011b); rather they often consist of simple bar- or cylinder-shaped inclusions 

lacking a platform.  Shaw and Meinertzhagen (1986) observed that more recently 

diverged (i.e. apomorphic) dipteran insect species had increasingly prominent platforms, 

whereas more plesiomorphic taxa lacked this synaptic specialization, leading them to 

propose that the T-shape was a novel apomorphy in muscomorph flies.  Our observations 

of a comparably complex structure in Tigriopus support the idea that the genomic and 

molecular requirements to produce this type of synaptic specialization are much more 

ancient than previously thought.  Recent molecular clock analyses time the divergence of 

the (Malacostraca + Cirripedia) + Copepoda clade from that containing hexapods to ~520 

million years ago (Rehm et al., 2011), suggesting an ancient origin for complex synaptic 

architecture in tetraconates, which themselves inherited already complex synaptic 

machinery (Ryan and Grant, 2009). 
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Comparison of neural organization in Tigriopus with other arthropods, particularly 

Tetraconata 

Neurophylogenetic analysis of tetraconate brains 

Neuroanatomical characters were recognized early on as providing useful and potent 

morphological characters for comparative evolutionary analyses in arthropods 

(Holmgren, 1916; Hanström, 1926).  The usefulness of neural characters to elucidate the 

evolutionary history of arthropod groups has more recently become an important tool for 

evaluating ideas of arthropod relatedness, sparking a resurgence in the field of 

neurophylogenetics (Paul, 1989; Harzsch, 2006) and systematics (Strausfeld and Andrew, 

2011; Strausfeld 2012).  Moreover, an approach that considers both modern 

phylogenomic hypotheses and neuroanatomical traits provides a robust framework for 

investigating trajectories of neuroanatomical adaptations and evaluation of homologous 

neural structures (Andrew, 2011; Strausfeld and Andrew, 2011; Wolff et al., 2012).  The 

interrelationships of hexapod and crustacean groups, which together compose a 

monophyletic group called Tetraconata (Dohle, 1997, 2001), has been the focus of 

numerous studies (Strausfeld et al., 1998, 2006).  Recent studies on more neglected taxa 

such as cephalocarids (Stegner et al., 2011), remipedes (Fanenbruck et al., 2004; 

Fanenbruck and Harzsch, 2005), mystacocarids (Brenneis and Richter, 2010) and 

branchiopods (Harzsch and Glötzner, 2002; Kirsch and Richter, 2007; Fritsch and 

Richter, 2010) have provided a wealth of data on neuroanatomical characters for 

comparative analyses.  It is in the light of these studies that we interpret our findings on 

the brain of Tigriopus.   
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 A current consensus in both transcriptome-based (Meusemann et al., 2010; 

Andrew, 2011) and directed sequencing approaches (Regier et al., 2008, 2010) to 

arthropod molecular phylogenetics places copepods as the sister group to a Thecostracan 

+ Malacostracan clade, thereby creating a monophyletic clade dubbed Multicrustacea by 

Regier et al. (2010).  Although there is still active debate about the placement of other 

crustacean groups within Tetraconata (i.e. Remipedia, Cephalocarida, Branchiopoda), 

particularly in regard to the sister-group of Hexapoda (Meusemann et al., 2010; Andrew, 

2011; Regier et al., 2008, 2010), this placement of Copepoda within Multicrustacea is 

well supported.  The resolution of evolutionary positions has important implications for 

the trajectory of evolutionary change in anatomical structures, the definition of 

plesiomorphic versus apomorphic structures, the determination of structural homologies 

versus homoplasies, and the interpretation of ancestral ground plans of major groups.  It 

is therefore crucial to the current discussion that multiple lines of evidence support the 

above placement of Copepoda in relation to Malacostraca and Hexapoda. 

 Based on the present description of the brain of Tigriopus, we consider the 

following four characters to have particular importance regarding Tetraconate brain 

evolution: 1) the central complex and its components; 2) the presence and appearance of 

olfactory glomeruli; 3) an ascending tract from deutocerebral olfactory centers to a dense 

lateral protocerebral neuropil; and 4) the presence, location, and appearance of a higher 

order olfactory neuropil in the lateral protocerebrum (Fig. 12).  Characters pertaining to 

the compound eyes and visual system, although very prevalent to debates on arthropod 
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brain evolution, are necessarily precluded from the following discussion due to the 

secondary loss of compound eyes and associated neuropils in copepods. 

 

Central Complex: Central Body and Protocerebral Bridge   

The central body is a spindle shaped, unpaired midline neuropil found across Arthropoda 

with various degrees of elaboration (Loesel et al., 2002).  The central body is often found 

in conjunction with other unpaired midline neuropils, such as the protocerebral bridge, 

which together make up the central complex.  These neuropils have been well 

characterized in a diverse variety of insets and crustaceans and are widely considered to 

be an ancestral neural structure in tetraconates (Utting et al., 2000; discussed in Harzsch 

and Glötzner (2002) for Crustacea) and arthropods in general (Homberg, 2008), although 

as Loesel et al. (2011) point out, there are still active debates regarding the homology of 

the arcuate body of chelicerates (but for an opposite view see Strausfeld, 2012).  Neither 

Lang (1948) nor Fahrenbruck (1962) observed either a protocerebral bridge or central 

body in the brains of the harpacticoid copepods that they examined, including a 

congeneric species of T. californicus, the European species T. brevicornis (Lang, 1948), 

an omission that could suggest that either these neuropils were lost in this group or their 

methods were insufficient to observe these small neuropil.  In contrast, Lacalli (2009) 

observed transverse fascicles in the protocerebrum of larvae from the harpacticoid 

species Dactylopusia tisboides, and suggested that these may represent the germ of 

connections between developing midline protocerebral neuropils.  We clearly show that 

these central neuropil are indeed present in Tigriopus californicus.  This is in agreement 
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with the observation that other copepod taxa possess central complexes, particularly 

calanoids (Lowe, 1935) and cyclopoids (Aramant and Eloffson, 1976).  We conclude that 

a central complex is part of the ground pattern for copepod brains, but concede that these 

neuropils may have been to some degree lost in other copepod taxa, in which they have 

not been observed. 

 

Lateral Protocerebral Neuropil: Hemiellipsoid bodies 

Another identifiable protocerebral neuropil in Tigriopus is the paired, spheroid lateral 

neuropil that receive inputs from deutocerebral olfactory neuropil.  In other crustaceans, 

such as Remipedia (Fanenbruck et al., 2004) and Malacostraca (Sullivan and Beltz, 

2004), these lateral protocerebral neuropil are called the hemiellipsoid bodies (HB), and 

are often dome-shaped and comprised of a dense network of processes from minute 

basophilic cell bodies, termed globuli cells, and inputs from the deutocerebrum.  In more 

recently diverged malacostraca, such as stomatopods and decapods, the HBs are often 

organized into identifiable layers (Sullivan and Beltz, 2004; Harzsch and Hansson, 2008; 

Krieger et al., 2010; Strausfeld, 2012; Wolff et al., 2012).  In eumalacostracan 

crustaceans, projection neurons from the olfactory neuropil target the lateral 

protocerebrum, which contains numerous protocerebral neuropils collective known as the 

medulla terminalis (MT) and HB (Sullivan and Beltz, 2001).  The protocerebral targets of 

olfactory projection neurons vary within Malacostraca (Sullivan and Beltz, 2004), with 

some taxa (i.e. Caridea and Stenopodidea) showing projections primarily to the HB while 

others (i.e. Eureptantia) target parts of the MT (Sullivan and Beltz, 2001).  In remipedes, 
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olfactory projections exclusively target the HB (Fanenbruck and Harzsch, 2005).  In both 

remipedes and Malacostraca, the ascending olfactory tract, called the olfactory-globular 

tract (OGT), projects medially from the deutocerebrum where it meets the contralateral 

OGT at the midline. Axons in both tracts branch such that the OGT reaching each HB 

consists of axons from both olfactory lobes.  The organization in Tigriopus is similar to 

that in Remipedes and several Malacostraca, with a tract of olfactory projection neuron 

axons crossing the midline to target a dense, almost spherical neuropil that bulges from 

contralateral protocerebrum.  This correspondence of structure and connectivity supports 

naming these lateral protocerebral neuropils in Tigriopus the hemiellipsoid bodies.  

 

Deutocerebral glomeruli 

The deutocerebrum of Tetraconata are generally dominated by the olfactory lobes, neural 

centers that receive inputs from olfactory sensory neurons of the antenna of insects or 

their homologues in crustaceans called antennules.  Olfactory lobes across Tetraconata 

are organized into distinct anatomical modules (reviewed in Schachtner et al., 2005). In 

insects these modules are called olfactory glomeruli, whereas in most eumalacostracans 

the organization and shapes of modules are crucially different, and are referred to as 

wedges (Fig. 12) (Strausfeld, 2012).  The architecture of the olfactory neuropil in 

Malacostra, particularly Decapoda, has been extensively studied in a variety of taxa, and 

the modular organization of olfactory centers in this diverse group is nearly ubiquitous 

(Schmidt and Ache, 1996, 1997; Strausfeld, 2012).  In contrast, the olfactory lobes of 

Branchiopoda are much reduced, and there is no evidence for modules supplied by the 
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antennules of anostracan branchiopods, such as Artemia salina (Aramant and Elofsson, 

1976, Harzsch and Glötzner, 2002; although see Hanström, 1929, Strausfeld, 2012).  

Glomerular modules of the notostracan branchiopods, such as Tanymastix stagnalis, are 

diminutive and irregularly shaped (Hanström, 1928, 1931).  Glomeruli, sensu stricto, 

have been described in several crustacean groups including Remipedia (Fanenbruck, 

2004), Cephalocarida (Elofsson and Hessler, 1990; Stegner and Richter, 2011), 

phyllocarids and stomatopods (Strausfeld, 2012).   

 In copepods, true glomeruli were claimed for two taxa by Hanström (1928, 1929), 

but his observations, which were notoriously unreliable, could not be confirmed by later 

researchers.  Rather, the deutocerebrum of copepods were simply described as distinct or 

prominent, but detailed structures within their olfactory lobes were not identified (i.e. 

Lang, 1948; Park, 1966; Aramant and Elofsson, 1976).  Here we show that Hanström was 

in fact correct and that the internal organization of olfactory lobes in Tigriopus is 

composed of several distinct glomeruli.  These take the form of ovoid islets of synaptic 

neuropils surrounded, at least in part, by glial sheaths (Fig. 8A, F).  The glial 

ensheathment is readily recognizable in TEM micrographs (Fig. 9), which reveal ovoid 

glomeruli embedded in non-glomerular neural tissue.  Tigriopus does not display a 

distinct or easily circumscribable olfactory lobe that contains all the deutocerebral 

glomeruli, as is the case in insects and malacostracan crustaceans.  Rather, the glomeruli 

are found throughout the extent of the deutocerebrum.  It is difficult to determine the 

precise number of glomeruli in individual specimen as it is technically challenging to 

recover an uninterrupted series of images through the extent of the deutocerebrum and 
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the location of glomeruli were not absolutely stereotypical between different individual 

specimen.  We estimate there to be between 6-8 anatomically distinct glomeruli on each 

side of the brain (illustrated diagrammatically with 6 glomeruli in Fig. 12). 

This organization is quite distinct from the wedge-like arrangements found in 

Decapoda, although not in phyllocarid malacostracans such as Nebalia pugettensis 

(Strausfeld, 2012). Possibly, a glomerular rather than a wedge-like organization of 

modules may reflect the reduced number of olfactory asthetascs present on the antennules 

of Tigriopus, as compared with the thousands found on larger crustaceans (see, Steullet et 

al., 2000).  For instance, Boxshall and Huys (1998) describe the presence of only three 

asthetasc-like sensilla on the antennule of the harpacticoid Ambunguipes rufocincta, and 

the number for Tigriopus is comparable (Boxshall and Halsey, 2004).  As glomerular 

organization of olfactory neuropil is considered to be the ground pattern for Tetraconata 

(Stegner and Richter, 2011), we propose that the numerically few glomeruli in the 

deutocerebrum in Tigriopus, and potentially other copepod taxa, represents an anatomical 

state reflecting the paucity of olfactory sensory neurons decorating the antennule.   

 

Evolutionary implications for the complexity of tetraconate nervous systems. 

Based on a suite of shared anatomical characters, some of the first cladistics studies that 

focused on arthropod nervous systems concluded that malacostracan crustaceans and 

hexapods were closely related to each other.  The inference was that shared apomorphic 

neural characters were missing in other crustacean groups (Strausfeld, 1998, 2012; 

Fanenbruck and Harzsch, 2004; Strausfeld et al., 2006).  Those studies argued against the 
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view, proposed by molecular phylogeneticists, that insects are most closely related to 

Branchiopoda (Regier et al., 2005; Glenner et al., 2006; Mallatt and Giribet, 2006) and 

therefore evolved from an entomostracan-like ancestor.  Molecular phylogenetics is 

particularly sensitive to the molecular sequences and computational techniques used to 

infer phylogenetic relationships, and only more recently have large-scale phylogenomic 

studies started to show a more consistent view of arthropod and tetraconate relationships, 

although many purported relationships are ambiguous at best (Giribet and Edgecombe, 

2011).  One persistent result of recent molecular phylogenetic studies is the lack of 

support for a hexapod + malacostraca group (although, see Koenemann et al., 2010), 

despite the well-documented and numerous examples of shared neural traits in these taxa 

that are notably lacking in other crustacean groups such as branchiopods, cirripedes, and 

various maxillopods.   

 How, then, do we explain the striking similarities of organization found 

throughout the sensory and nervous systems of Malacostraca and Hexapoda?  One 

explanation is that malacostracans and insects share a large number of neural characters 

inherited from an already elaborate ancestor, the brain of which was more malacostracan-

like than branchiopod-like.  We propose that many traits typifying the insect-

malacostracan ground pattern have been lost in certain crustacean and plesiomorphic 

hexapod groups, including Branchiopoda, Cirripedia, and Entognatha (Collembola).  The 

existence of widespread simplification in the nervous systems of these groups can 

obscure genealogical correspondence of Malacostraca and Hexapoda.  Secondary 

simplification or modification of nervous systems is well documented for a variety of 
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diverse animal groups (Porter and Crandall, 2003; Heuer et al., 2010) and has recently 

been proposed to explain the reduced complexity of branchiopod brains (Andrew, 2011; 

Strausfeld and Andrew, 2011; Strausfeld 2012).   

 In conclusion, we here demonstrate that copepods, exemplified by Tigriopus, 

share numerous neural characters with Malacostraca and Hexapods that are absent in 

Branchiopoda.  These include a multi-component central complex (with a central body 

and protocerebral bridge), olfactory glomeruli in the deutocerebrum, ascending 

connections from olfactory centers of the deutocerebrum to lateral protocerebral neuropil, 

fused segmental organization of the ventral nerve cord, and morphologically complex 

synaptic organization.  Consequently, we view these traits as having been inherited from 

the common ancestor of “Multicrustacea” (i.e. Copepoda, Thecostraca, and 

Malacostraca) and Hexapoda.  And, as the current best estimate for the divergence date 

between these two large and diverse groups of arthropods is more than 500 million years 

ago (Rehm et al., 2011), it is likely that the brain of the ancient ancestral tetraconate was 

considerably more elaborate than hitherto admitted.   
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FIGURE LEGENDS 

Figure 1: Overview of external and central nervous system morphology in Tigriopus 

californicus.  A, B:  Scanning electron micrograph of the lateral (A) and ventral (B) 

views of a male T. californicus.  The large antennules (A1) of the male are geniculate (A, 

at arrow) to facilitate mate grasping behavior during copulation and are covered near the 

lateral distal ends with numerous sensory bristles, and a grasping hook (b).  Antennules 

of females (not shown) lack these male-specific structures.  Antennae (“second antenna,” 

A2 in B) are much smaller and often do not extend beyond the margin of the prosome.  

The axes shown in A relate to both the main axes of the animal as well as descriptions of 

the nervous system throughout this account (A = anterior, P = posterior, D = dorsal, V = 

ventral).  C: Sagittal view of the brain and anterior ventral nervous system, showing the 

locations of the protocerebrum (P), deutocerebrum (D), tritocerebrum (T), and ventral 

nervous system (VNS), here shown as fused postoral neuromeres comprising the 

subesophageal “ganglion” (SEG) in relation to the esophagus (E), whose approximate 

location in more medial sections is illustrated with dotted lines.  At the level of the 

esophagus, the anterior brain (i.e. P and D) is bent upwards by ~80º from the horizontal 

with respect to the ventral nervous system.  The large antennular nerve (A1n) and 

associated neural somata cluster (A1sc) can be seen entering the brain below one of the 

lateral ocelli (LO).  D:  Digital reconstructions of the brain and anterior ventral nervous 

system made from serial semithin (0.5 µm) sections (shown in Fig. 2A–B).  A lateral 

(and slightly dorsal) view of the brain reconstruction situated as in C, showing the 

locations of the P, D, T, SEG, and VNS in relation to the esophagus (E).  The boxes 
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represent the approximate locations of the plane of section shown in Fig. 2A–B.  Scale 

bars: A–B = 200 µm; C = 50 µm. 

 

Figure 2:  Representative semithin sections and digital reconstructions. A-B: Horizontal 

semithin (0.5 µm) sections through the brain used for creating digital reconstructions.  

The tentorium (Te) is a large structure that lies caudal to the esophagus (E) and serves as 

an attachment point for many muscles and tendons of the prosome.  Satellite somatal 

cluster of the antennal nerve (nerve, A2n; somatal cluster, A2sc), mandible (MDsc), 

maxillule (MXLsc), as well as nerves for the maxillae (MXn) and maxillipeds (MXPn) 

can be seen in B. C: Neuronal cell bodies ensheath the brain, with large clusters in the 

antennular somatal cluster (A1sc), the anterior and dorsal aspects of the brain, and the 

ventral cord.  D:  Internal structures of the brain are shown, including the central body 

(CB), hemiellipsoid bodies (HB), olfactory globular tract (OGT), and tritocerebral 

neuropil (T).  VNS = ventral (postoral) nervous system.  Scale bars: A–B = 50 µm.  

 

Figure 3: Optical confocal sections of anti-α-tubulin immunoreactivity through the brain 

of T. californicus.  A–C: An oblique confocal section through the brain showing the 

spatial relationship of portions of the protocerebrum (P), deutocerebrum (D), and 

tritocerebrum (T) in relation to the esophagus (E).  Anti-α-tubulin staining (A, B) reliably 

stained neuropils and was able to show large diameter fibers (arrow in A–B), whereas the 

DNA stain Yoyo-1 (green in A, alone in C) was used to show the location of neuronal 

somata, particularly the frontal somatal mass (FSM) and proximal portions of the 
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antennule’s somatal cluster (A1sc).  D, E: Lateral views of a digital reconstruction of the 

brain showing the approximate locations of optical sections shown in A–C (D) and F–K 

(E).  The axes in E relate to the axes of the animal as in Fig. 1 such that section F lies 

dorsal to section G and so on.  F–K:  Horizontal confocal fluorescent sections through 

rostral brain show internal structures of the proto- and deutocerebrum with anti-α-tubulin 

(α-Tub) immunohistochemical and DNA staining (with Yoyo-1).  This method shows 

ventral aspects of the central body (CB in F); the hemiellipsoid body (HB in A–C, F–H); 

broad outlines of antennular neuropil (and the clear separation of glomeruli (GL) in G, 

H) supplied by the large antennular nerve (A1n); the input to the hemiellipsoid body (the 

olfactory globular tract: OGT).  Nerves subserving the antennae (A2n) and mandibles 

(MDn) are visible with anti-α-tubulin staining.  Cell bodies, brightly stained with the 

DNA stain Yoyo-1, reveal the locations of cell bodies in the ventral somata mass (VSM), 

and those of the antennal and mandibular somatal clusters (A2sc and MDsc, 

respectively).  The subesophageal ganglion (SEG) is shown in K posterior to the 

tritocerebral commissure (TCom).  Scale bars: A–C, F–K = 20 µm. 

 

Figure 4: Neuropils associated with the nauplius eye resolved from semithin light 

microscopical images.  A: The approximate planes of section for the micrographs in 

panels B–D are illustrated on a digitally reconstructed brain, as in Figure 2.  B: The 

ocellar nerve (ON) is seen extending from the medial ocellus (MO) en route to the 

nauplius eye neuropil (NEN), or “Sehmasse” of Lang (1948).  Nerves for the lateral ocelli 

(LO) enter at more dorsal levels.  Medially crossing fibers (arrowheads in B-D) unite the 
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bilobed structure of the NEN (paired arrows in C).  C: The NEN is located medially in 

the dorsal protocerebrum and surrounded on all sides by neuronal and glial cell bodies 

that constitute the dorsal somatal mass (DSM).  The lobate structure of the NEN is 

apparent in C, with large diameter fibers (arrowhead) connecting its two lobes (arrows).  

D:  This frontal view of the dorsal protocerebrum shows the dorsoventral extent of the 

NEN and its relation to the DSM, which surrounds the neuropil and delineates an isthmus 

of cell bodies located between NEN and other protocerebral regions (i.e. the 

hemiellipsoid bodies (HB)).  The DSM can be seen to provide neurites (arrow) to deeper 

regions of the brain immediately lateral to the NEN.  Scale bars: B–D = 10 µm. 

 

Figure 5: Protocerebral neuropil.  A–C: Semithin (1 µm) sections through the 

protocerebrum showing the locations of the protocerebral bridge (PB), central body (CB), 

and neuronal somata clusters (frontal somatal mass (FSM) and dorsal somatal mass 

(DSM)).  A: The protocerebral bridge relates to a bundle of dorsoanteriorly crossing 

fibers (arrowhead) adjacent to the frontal somata mass (FSM).  A more ventral section 

through the protocerebrum (B) shows a frontal view of the central body (CB) flanked by 

the dorsal aspects of the paired hemiellipsoid bodies (HB; asterisks (*) in A-C, F).  The 

most rostral glomerulus of the deutocerebrum can be seen in B (bracketed), as well as a 

decussation of giant fibers at the caudal margin (arrow in B).  C: The olfactory globular 

tract (OGT, arrowed) is seen leading to the lateral HBs (asterisks), which are situated 

dorsally with respect to the incoming antennular nerve (A1n).  A portion of the antennal 

nerve (A2n) traverses the lateral deutocerebrum en route to the tritocerebrum. D: 
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Immunohistochemical staining of α-tubulin shows the location of the “fascicle switch” 

provided by crossing fibers that link the PB and CB.  These are shown at enhanced 

contrast in inset d and are further demonstrated by combining images of two consecutive 

semithin sections in E (at arrowhead).  F:  Fan-like arrangements of processes revealed 

by the expression of α-tubulin immunoreactivity divide the about 20 µm wide lenticular 

shaped central body (CB) into discrete modules reminiscent of those seen in hexapods 

(see Discussion). G: Caudal to the central body, fibers (arrowhead) cross the midline and 

send branches deep into two lobate neuropils that may correspond to the lateral accessory 

lobes (LAL) described in studies of insects and decapod crustaceans (see Discussion).  

Scale bars: A–C, E–G = 20 µm; D, d = 10 µm. 

 

Figure 6: Neuropils and identifiable fiber tracts of the proto- and deutocerebrum.  A–C: 

1 µm semithin sections reveal the internal structures of deutocerebral (D) neuropil, which 

is supplied by the antennular nerves (A1n). These enter the anterior face of the brain, 

immediately below the level of the olfactory globular tracts (OGT).  Distinct ovoid 

antennular glomeruli (GL, outlined in all panels) are visible throughout the extent of the 

deutocerebrum, but are not present in the tritocerebrum (T), which is penetrated by the 

esophagus (E).  Serial semithin sections reveal that the olfactory globular tract (OGT) 

originates in antennular glomeruli (GL) and crosses the midline (arrow in A) in its 

passage to the hemiellipsoid body.  Deutocerebral neurons are supplied in part by somata 

clustered in the frontal somatal mass (FSM) of the anterior face of the brain (neurites 

leading to neuropil indicated by black arrowhead in A).  Scale bars: A–C = 25µm. 
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Figure 7: Deuto- and tritocerebral neuropil, tracts, and commissures.  A:  A large 

deutocerebral commisure (arrowed DCom) links the most ventral regions of the 

deutocerebrum, immediately anterior to the esophagus (E). Deutocerebral glomeruli are 

outlined in A.  B: The tritocerebral commissure (TCom) links the two sides of that 

neuropil just posterior to the esophagus.  The ventral somatal mass (VSM) is a large cell 

mass on the ventral surface of the tritocerebrum.  C:  Upon entering the brain, the 

antennular nerve (A1n; outlined in C) splits into two branches as seen from this frontal 

section.  The left side of the image is slightly more rostral than the right side and 

accordingly shows the antennular nerve as a single unit that splits into two portions in 

more caudal sections (to the right).  The larger lateral portion (A1nl) supplies the large 

deutocerebral glomerulus shown in Fig. 6C, whereas the smaller, medial portion (A1nm) 

progresses ventrocaudally to terminate in a glomerulus associated with the large 

deutocerebral commissure outlined in A. Scale bars: A–C = 20µm. 

 

Figure 8:  Transmission electron micrographs (TEM) of deutocerebral glomeruli.  A: A 

low-magnification overview TEM of an antennular glomerulus (GL) supplied by axons 

from the antennular nerve (bracketed).  The most dorsal aspects of the incoming antennal 

nerve of the tritocerebrum is revealed as several large diameter fibers lateral to the 

deutocerebral neuropil (bracketed, A2n).  B: A higher magnification TEM of glomerular 

neuropil showing synapses with their characteristic T-shaped presynaptic ribbons.  Two 

representative synapses (boxed) are shown at high magnification in panels C and D.  E: 
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A single glomerulus that contains the synapses detailed at high magnification in panels F 

and G. At high magnification the synaptic cleft is clearly visible (arrowhead in F) as are 

electron dense postsynaptic specializations (arrow in g).  Scale bars: A, F = 5 µm; B, E = 

500 nm; C–D, G, g = 250 nm. 

 

Figure 9:  Deutocerebral glomeruli are surrounded by a glial sheath, making them readily 

identifiable.  A:  A low magnification TEM shows a single glomerulus.  Glial processes 

encapsulating this glomerulus have been colored (green) to aid identification.  The three 

boxed regions are shown enlarged in B, C and D, where the arrows indicate some of the 

glial processes.  Scale bars: A–D = 2µm.   

 

 

Figure 10:  Serotonin-like immunoreactivity (5HT-LI) in the brain (row A, B, and panel 

C) and ventral nerve cord (D, F).  A–a’:  An oblique horizontal view of the brain and 

subesophageal ganglia (SEG) that shows the location of 5HT-LI in relation to neuropil, 

revealed by anti-α-tubulin immunostaining (A, a’), and somata (DNA in A, B, and C is 

visualized with Yoyo-1 nucleic acid stain).  A pair of caudal dorsolateral cells (asterisks 

in A, a and C) are consistently labeled by antisera against 5HT, and provide fibers that 

project medially and anteriorly into a paired lateral protocerebral (P) neuropil (arrowhead 

in a), before continuing medially and descending into the deutocerebrum (D) (arrowhead 

in C).  Two protocerebral serotonergic-like immunoreactive neuropils are present in the 

protocerebrum: the paired dorsal protocerebral neuropil (SN1 in a), and the midline 
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neuropil associated with descending immunoreactive fibers (SN2 in C). A group of 4-5 

cells situated anteromedially (arrow in a) provides a bundle of medial descending fibers 

that innervate the deutocerebrum and tritocerebrum.  Large immunoreactive fibers pass 

through the post-esophageal tritocerebral commissure (open arrowhead in a) and descend 

into the SEG where there are numerous diffuse terminals.  5HT-LI occurs around the 

periphery of deutocerebral glomeruli as shown in B, b (SN3).  B, C: Confocal optical 

sections (B, b) show medial projections from the protocerebrum (arrowhead in b and C) 

providing 5HT-LI fibers to the deutocerebrum that distribute around antennular glomeruli 

(SN3, bracket in b).  C: A confocal maximum intensity projection of a frontal view 

shows 5HT-LI in the lateral deutocerebrum (SN3) and anterior tritocerebrum.  D: 5HT-LI 

in the subesophageal ganglion (SEG) and anterior ventral nervous system (VNS).  

Numerous 5HT-LI cell bodies occur along the length of the brain and ventral cord 

(asterisks * in D, F).  Two main tracts of 5HT-LI fibers run along the length of the 

ventral cord. One is situated medially and gives rise to crossing fibers (arrows in D and 

F), whereas the other occupies the lateral margins (arrows in e) of the cord and gives rise 

to immunoreactive fibers that exit the cord via nerves of each segment (arrowheads in E–

F).  Scale bars: 20 µm. 

 

Figure 11:  Transmission electron micrographs (TEM) of dense core vesicles (DCVs) 

near active synaptic zones.  A: A region of the protocerebrum with numerous cells 

showing large (approximately 50 nm) electron dense vesicles near synaptic sites.  A cell 

with a massive arrangement of microtubules (arrows) is filled throughout with DCVs.  
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These vesicles often form in cells that show distinct regions of membrane with unknown 

function (asterisks * in A and B).  B: Higher magnification of the region demarked in A, 

showing details of the ovoid, internally vesicle rich structures (asterisks) and DCVs 

(arrowheads).  C: DCVs (arrowheads) are often found around active synaptic zones 

(arrows), supporting their role as peptide rich vesicles bound for synaptic release.  Scale 

bars: 500 nm. 

 

Figure 12:  Phylogenetic relationship of Tigriopus to other Tetraconata, with reference to 

the organization of salient proto- and deutocerebral centers that relate to olfactory 

pathways.  The topology of the tree is based on large-scale phylogenomic inferences (see 

Andrew, 2011) showing ‘Crustacea’ as a paraphyletic group with a wholly contained and 

monophyletic Hexapoda.  Aspects of olfactory brain centers that are important to 

phylogenetic discussions are illustrated, in addition to the presence and elaboration of the 

central body and protocerebral bridge (yellow). Olfactory glomeruli are shown pink; their 

ascending olfactory projections in magenta; and second order lateral protocerebral 

olfactory neuropils are shown in red.  Olfactory glomeruli are organized to comprise a 

prominent olfactory lobe (as in Astacus and Periplaneta) or are embedded separately in 

the deutocerebral ganglion (as in Copepoda, Branchiopoda and Machlidae). There are an 

estimated 6-8 glomeruli on each side of the Tigriopus brain (see text), illustrated here by 

only six glomeruli. In the lateral protocerebral neuropil, the hemiellipsoid bodies of 

Tigriopus and Malacostraca, and the mushroom bodies of hexapods (all shown red), are 

shown receiving olfactory projections via the olfactory globular tracts.  Projections of 
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relay (projection) neuron axons from glomeruli cross the midline in Tigriopus as well as 

the representative malacostracan, Astacus, to provide collaterals to both sides of the 

protocerebrum. Projections are, however, homolateral in mono- and dicondylic hexapods 

(Machilis and Periplaneta).  Drawings of brains have been adapted from Figure 4 of 

Strausfeld and Andrew (2011).  
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