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ABSTRACT 

A quick visual survey of the animal world around us reveals a wide array of 

morphological diversity, yet it is currently not known how such great diversity may have 

arisen in evolution. Traditionally, morphological characters and fossil records have been 

used to reconstruct the phylogenetic history of metazoans. The recent emergence of 

molecular and developmental data from the field of developmental genetics, including 

genes, gene expression patterns, and most recently entire genomes, have provided a new 

set of characters to add in the analysis of animal evolution. The inclusion of this data 

allows us to propose new hypotheses for the types of changes in developmental 

mechanisms/patterning systems that may have led to the vast morphological diversity 

found in extant metazoans. One morphological character that displays a wide range of 

diversity is the appendage. Within the arthropods in particular, limbs vary in their size, 

shape and number along the body axis, providing an excellent experimental model to 

study how these changes have come about in evolution. The work in this dissertation uses 

comparative gene expression patterns to address how an arthropod limb patterning 

network has been modified to produce different limb morphologies. 

Over the past several decades, data from the field of Drosophila developmental 

genetics have aided our understanding of how the fly limb is patterned. Yet, Drosop l̂a 

is a highly derived insect with an unbranched limb that undergoes a complete 

metamorphosis. I was interested in learning whether other arthropods displaying different 

modes of development as well as branched limbs use a similar molecular mechanism to 
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Drosophila in the development and patterning of their limbs. The examination of other 

arthropod limb types widens the database and allows us to begin reconstructing how the 

limb patterning network may have been modified in evolution. The first arthropod 

examined was TWcp^, a branchiopod crustacean with a highly branched and fiised limb 

type. This crustacean develops its limbs directly fi-om the ventral body wall. Although 

some of the genes in the Drosophila limb patterning network appear to be conserved in 

this animal, the space and time in which they are expressed are different fi'om what we 

observe in Drosophila (ch^ters 3,4 and 5). One example of the kinds of changes 

observed is in one of the ventral components of the pathway, a gene called wingless (yvg). 

wg has changed dramatically in expression and presumably fimction fi'om Drosophila, 

suggesting that this modification may preclude the presence of multiple branches. Other 

components of the pathway exhibit some degree of conservation but the final pattern does 

not suggest that the multi-branched limb uses a simple reiteration of the Drosophila 

network. In the second species examined, the grasshopper, Schistocerca americana, 

again the components of the limb patterning gene network are conserved but the 

expression patterns are different (chapter 6). It appears that in the grasshopper, 

downstream genes involved in patterning the P/D axis are conserved in expression and 

perhaps fimction, but early in development, there is a dramatic change in the expression 

of one of the more upstream, dorsal components, a gene called deaqjentaplegic {dpp), 

and it is correlated with the absence of imaginal discs. This data correlates early, 

upstream changes in the limb patterning network to changes in life history or 

developmental mode. 



These data in whole suggest that the limb patterning network is readily amenable 

and that development and morphology are correlated with changes in the netwoik. The 

exact molecular nature of these changes will require further experiments to Icx>k at how 

the different components are interacting at the molecular level with each other. This work 

is an attempt to initially map out the changes in expression patterns among different 

arthropods using a comparative approach to pinpoint where changes may have arisen in 

evolution. A continued effort in cross-species gene netwoilc comparisons will help in the 

elucidation of how these networks have changed to produce the plethora of 

morphological diversity observed in extant taxa. 
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CHAPTER ONE: INTRODUCTION 

I) Conservation vs. morphologiaU diversity: 

The animal worid around us exhibits a wide array of morphological diversity. 

How such great diversity is achieved in evolution is one of the great enigmas remaining 

in science today. Interest in this puzzle has recently been revived with the int^ration of 

the fields of developmental and evolutionary biology. Although many years ago Jacob 

(1977) proposed that diverse body plans would be generated by tinkering with a 

conserved set of genetic components, his hypothesis could not feasibly be tested until 

recently. Advances in molecular biology techniques such as the Polymerase Chain 

Reaction (PCR) have allowed developmental biologists to begin examining the molecular 

and genetic regulation of embryonic patterning systems in varying taxonomic groups. 

These molecular data have confirmed that the developmental and genetic processes 

operating throughout a variety of taxa are very similar. In other words, there are only a 

small number of genes that seem to be operating repeatedly in development, even among 

phylogeneticially distant taxa. Indeed, not only are homologous genes operating in 

development, but groups of genes are often found to participate together in similar 

pathways or networks. Gene networks operate in similar patterning phenomenon across 

taxa and even within an organism itself^ where these networks are deployed in the 

development of difierent tissues or organs. For example, the hedgehog (Mi) sigiuding 

cascade is involved in the patterning of the neural tube, limbs and branchial arches within 

vertebrates (reviewed in Vervoot, 2000). Another example is the Notch pathway, which 
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seems to be involved in establishing developmental boundaries, in fly, fish or fi'og 

(reviewed in Irvine, 1999). Perhaps the most striking example of conserved patterning 

systems operating throughout development is the discovery that the Hox genes are 

responsible for patterning the anterior/posterior body axes in a wide array of protostomes 

and deuterostomes (reviewed in Slack et al., 1993 and Carroll, S., 1995). The 

examination of molecular mechanisms operating throughout development across a wide 

range of taxa provides more clues as to how body plans are patterned to produce the 

observed adult morphology. Consequently, our view of the exact nature of "tinkering," or 

the changes in gene regulation required to &cilitate evolutionary change has become 

more sophisticated. One could imagine gene networks evolving by changing the targets 

of the core genes, changing the promoters of netwoilc components, enabling the space 

and time in which the different components are expressed, or by adding or subtracting 

individual components within the network. 

n) Similar gene networks at work: 

One example of how similar gene networks function to pattern similar structures 

in phylogenetically distant taxa is in the patterning of appendages. Among metazoans, 

only the vertebrates and arthropods have evolved limbs. These two groups have 

morphologically distinct appendages. Vertebrate appendages can be wings, legs or arms 

adapted for climbing, walking, nmning etc. They develop via ectodermal/mesodermal 

interactions and form an internal skeleton consisting of bones and cartilage upon which 

muscle and nerves are attached (Gilbert, 1997). Arthropods on the other hand, have a 
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cuticularized external skeleton. These appendages are incredibly diverse and between 

species and exhibit diffisrences in their size, shape, number and position. The ease in 

modification of these appendages, such as the evolution of wings, along with the range of 

habitats and number of species, has made the arthropods one of the most successful 

groups on earth (Brusca and Brusca, 1990). 

A review of recent molecular data fi'om the fly and chick fields reveal a similar 

deployment of gene networks in the development of these appendages (reviewed in 

Shubin et al., 1997). The establishment of the anterior/posterior (A/P) and proximal/distal 

(P/D) axes in both fly and chick limbs rely on similar signaling mechanisms. Hh sets up 

the posterior compartment in the fly disc and Sonic hedgehog (Shh) acts as a posterior 

organizer in the vertebrate limb. Another moXecuAe, fringe, acts similarly in both limbs to 

pattern the P/D axis. The discovery that the transcription &ctor Distalless {Dll) is 

detected in the outgrowths of many metazoans including the ampullae and siphons of 

tunicates, the tubefeet of echinoderms, the annelid parapodia and the onychophora 

suggests that Dll was involved in regulating body wall outgrowths in the common 

ancestor of insects and vertebrates (Panganiban et al., 1997). The amazing conservation 

of these signaling systems in these two divergent limb types suggests two scenarios as to 

how this may have occurred in evolution. One, these gene circuits were convergently 

recruited to make the limbs of different taxa, or two, these genetic networks are 

evolutionarily ancient and served to pattern a common structure in the ancestor of the 

protostomes and deuterostomes. Many developmental biologists have espoused the 
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second alternative and concluded that fly wings and chick limbs are homologous, if not 

on a strict morphological level, peiiiaps on a molecular level. 

From a traditional viewpoint, fly and chick limbs would never have been 

considered homologous. However, data emerging from the field of developmental 

genetics have added a new dimension to the concept of homology. TraditionaUy, 

homology was based primarily on morphological characters. A character such as a limb 

was only considered homologous if the common ancestor also shared this structure. The 

classic example of limb homology is the fish fin to tetrapod limb comparison. If we 

examine the fly wing and chick limb from this classical standpoint, they are not 

homologous. First, there is a huge evolutionary distance between birds and flies. The last 

common ancestor between flies and birds can be traced back to the Cambrian about 540 

million years ago (Futuyma, 1998)). There are also no intervening taxa that possess 

limbs. If the common ancestor did have limbs, they would have been lost in these taxa. 

Second, there is nothing in the fossil record to support the idea that this common ancestor 

possessed limbs. Without a fossil record and no clear transition of a limb-like structure to 

a limb in the intervening taxa between flies and chicks, these limbs are therefisre not 

traditionally considered homologous. 

It has recently been suggested that we need a new biological concept of 

homology, wherein homology can be defined on the basis of shared developmental 

mechanisms, independent of but not necessarily eliminating the use of morphological 

characters. The idea that homology can be expressed in hierarchical terms, by examining 

several levels of organization such as genes, gene expression patterns, embryonic origins 
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and morphology allows for the term homology to be redefined, in light of the new, 

comparative data (see review by AbouhieC 1997). 

If molecular and developmental data is incorporated, the conclusion that fly and 

chick limbs are homologous is not so far-fetched. The fact that similar sets of genes 

seem to pattern the three orthogonal axes in two divergent systems may not merely be a 

coincidence. There are two possibilities. One, the common ancestor used this gene 

network to pattern some other developmental feature and the netwoiic was simply co-

opted to pattern limbs in both taxa. This would be an amazing example of convergence if 

indeed this same network were used to pattern limbs in two divergent species. Two, the 

common ancestor used this gene netwoiic to pattern a limb-like character. There is 

nothing in the fossil record to support this, yet recent molecular evidence exists to 

suggest that the transcription factor, Dtl may be responsible for conferring "distal" 

identity across the metazoa. It is feasible that the common ancestor possessed a feature 

that may have protruded distally fi'om the body. It is remarkable that such similar gene 

networks are playing a role in the development of something as diverse as chick and fly 

limbs. This begs the question of how such different looking structures are produced 

using similar patterning systems. 

The answer returns us to Jacob's original proposal concerning "tinkering" with 

conserved genetic components. It seems to lie in understanding the underiying molecular 

differences in the netwoiic. As mentioned above there are several ways to imagine gene 

networks evolving. If the core components remain the same, but some targets change, 

one could imagine hh regulating vein and bristle patterning in the fly, and muscle and 
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bone in the vertd>rate. If cis regulatory changes have occurred in the promoters of some 

of the components of the networks, we could imagine a scenario where hh patterns the 

neural tube early and teeth and hair much later in development. This mechanism of 

changing the cis and trans elements allow for co-option of the netwoilc throughout space 

and time during ontogeny. Finally, one might imagine the core components of the 

network bringing in new players and/or deleting old ones. By changing protein-protein 

interactions, this alio* « for a very dififerent outcome of the network. 

m) Examination of the network in arthropods: 

At the onset of my thesis, I embarked on a journey to begin to empirically 

determine how the genetic network involved in the patterning of limbs might have 

changed in evolution to produce different morphologies. For the purposes of the work 

reported in my thesis, I have arbitrarily defined this network as a set of core genes found 

to be operating in both fly and vertd)rate limb patterning. This set of genes was chosen 

based on the significance of their genetic roles in both chick and fly appendage 

formation. In this study, they will include the Wnt signaling fiictor, wg, the TGF-3 

member decapentaplegic (dpp) and two downstream transcription factors of these growth 

factors, DistaUess (Dll) and Extradenticle (Exd) (see below a detailed introduction to 

these "core genes"). 

Given the difiSculties outlined above about comparing flies and vertebrates, I took 

a more feasible approach by directly comparing this network within the arthropods. 

There are several reasons for examining the limb patterning network within the 
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arthropods. First, there is less evolutionary distance between arthropod species than 

between vertebrates and arthropods, meaning that the last common ancestor to the 

arthropods is more related to these taxa than any arthropod is related to the last common 

ancestor to the vertebrates. Second, there is a greater diversity in the fossil record of the 

arthropod phylum (Conway-Morris, 1999) Third, there is a better definition of the 

homology of parts; for example, we can directly compare a Drttsaphila 1^ and a 

crustacean leg, (although as will become obvious later, there is some difficulty with this 

even within arthropods). Finally, there is a huge amount of diversity within the 

arthropods. They can have limbs ranging fi'om unbranched to highly branched. Thus, we 

can use the naturally occurring diversity within this group to ask questions about the 

relationships of morphological and molecular change. Moreover, we know a lot about 

one arthropod in particular, the fiiiitfly Drosophila. Appendage development is well 

characterized in this arthropod and provides an excellent foundation for a comparison of 

similarities and differences in gene networks patterning diverse arthropod appendages. 

IV) Drosophila limb patterning: 

Genetic and biochemical analyses reveal a model of limb development in which 

the establishment of compartments and territories of discrete, spatial patterns of gene 

expression are required for the correct patterning and growth of the fly limb. Thoracic 

imaginal discs are patterned in two phases- allocation and patterning (Figure 1.1). Discs 

are allocated fi'om the embryo using segment polarity genes, which mark the anterior and 
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Figure 1.1 - A schematic ilhistrating the two phases of Drosophila leg patterning, 
allocation and patterning. In the allocation phase, an earty ^^ient of dorsal and ventral 
information, encoded by c^p and DER respectively, set up the positional information for 
the placement of the imaginal discs (Ferguson et al., 1992; Raz and Shilo, 1993.)- Later, 
dpp resolves into two stripes of expression intersecting the segment polarity gene, wg, 
which allows the activation of the transcription &ctor Dll. Once the discs are correctly 
allocated from the ectoderm, subsequent patterning takes place within the disc using the 
same growth &ctors. wg and c^p set up dorsal and ventral territories within the disc and 
activate or repress downstream genes such as Dll, dac and Exd. 
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posterior boundaries of each s^ment. One of these genes, wingless (wg) (Baker, 1988), 

is found in a stripe of cells in the anterior compartment of each segment. At the time of 

disc allocation, a dorsal component, decapentaplegic {dpp) restricts wg to an anterior 

ventral portion of each ssgmem. Discs are subsequently positioned at this intersection of 

wg and c^p. The positioning of the discs relies on dorsal information encoded by dpp and 

ventral information encoded by the Drosophila EGF receptor {Der) and its Ugand spitz 

(Hyashi and Goto, 1997, Raz and Shilo, 1993). Mutant analyses show that deleting 

or Der fiuiction, DU is expanded either dorsally or ventrally and there is incorrect 

positioning of the disc. Once the discs are correctly positioned within the ectoderm, the 

transcription factor Distalless (DU) is activated and marks the presumptive imaginal disc 

(Cohen, 1993). The leg and wing primordia start out as a similarly patterned group of 

cells but Avill then later split off into dorsal and ventral discs. The wing and leg discs are 

patterned differently, although the initial allocation process is the same. 

Once the discs are laid down, subsequent patterning happens within the disc, wg 

is expressed in anterior ventral sector and c^p is expressed in an anterior dorsal sector. 

These two genes set up territories within the leg via a mutual antagonism (Diaz-

Benjumea et al, 1994; Jiang and Struhl, 1996). This cross-regulation of wg and t̂ p 

repressing each other serves to maintain these genes in the ventral and dorsal domains 

within the disc. These domains of gene expression function cooperatively to set up a 

gradient of positional information along the P/D axis of the limb (Lecuit and Cohen, 

1997). DU is turned on in response to high levels of both wg and dpp protein. 

Simultaneously, high levels of wg and dpp repress the transcription factor homothorax 
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(hth) (Wu and Cohen, 2000). Hth is required for the nuclear import of another 

transcription &ctor, exd, thus where hth is repressed, it prevents exd from functioning 

(Jaw et al, 2000; Rieckhof et al., 1997). At intermediate levels of wg and expression 

of genes such as daschund (dac) are induced in a ring separating the DU and hth domains. 

Thus, wg and dpp cooperatively function as morphogens to pattern the P/D axis of the 

leg. The fly limb develops from an imaginal disc, which is a single-layered epithelium 

that everts to produce an unbranched, rod-shaped leg with five segments. What might this 

network look like in a morphologically different looking limb? Would the expression 

patterns and molecular interactions remain the same? Even in the absence of an imaginal 

disc, it is expected that the allocation and patterning phases would use the network in 

similar manners. 

IV) The comparative approach: 

In this thesis, I compare the development of limbs in two arthropods, a 

branchiopod crustacean, Triops longicaudatus and a grasshopper, Schistocerca 

americana (Figure 1.2). Triops limbs have a highly branched morphology and 

consequently serve as an interesting comparison to the simple pattern of the unbranched 

Drosophila limb. Experiments in Drosophila suggest that branched limbs can be 

generated by a simple reiteration of the Drosophila limb patterning gene network. I 

sought to discover whether evolution had found the same solution to limb branching as 

the Drosophila biologist. There are two ways that one could imagine the Triops limb 

being patterned based on what we know of the molecular mechanisms in fly. One, the 
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Figure 1.2- The three fiiUy developed limb types used in this comparative study. On the 
left is a second thoracic leg from the grasshopper, Schistocerca americana. This leg is a 
prototypic insect leg with five segments and develops directly from the embryo without 
passing through a metamorphic stage. In the middle is a drawing of a second thoracic leg 
from the fruit fly, Drosophila melanogaster. On the right is a drawing of a thoracic 
appendage from the branchiopod crustacean, Triops longicaudatus. This limb will also 
develop directly from the body wall, delineating all e^t of its branches simultaneously. 
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Triops limb may be patterned as a whole, with one P/D axis. In this scenario, one would 

expect to see one domain of DU and Exd, wg and <^p. Second, each individual branch 

within the Triops limb may be patterned on an individual basis, with each branch having 

its own orthogonal axis. In this case, one might expect the genes DU, Exd, wg and t^p to 

display territories of expression in each branch as a reiteration of the Drost^thila model 

(Figure 1.3). The grasshopper was examined because it has a different noode of 

development. In contrast to Drosophila, which is a holometabolous insect and develops 

its limbs via an imaginal disc, grasshopper limbs develop via a direct out pocketing from 

the body wall. This hemimetabolous insect does not make imaginal discs; nonetheless, 

the adult limb structure is very similar between the fly and the grasshopper. By 

comparing the grasshopper to both Drosophila and Trit^s, I hoped to be able to 

understand which changes I had detected were due to changes in adult morphology, and 

which might be consequences of the altered life history of Drosophila. 

V) Chapter contents 

Chapter three describes the cloning and expression analysis of one of the 

components of the limb patterning network, wingless (h'̂ ), in the multi-branched limb of 

Triops. In flies, this gene is involved in segmentation of the embryo as well as in disc 

allocation and subsequent sub patterning of the limb. In this primitive limb, that has many 

branches delineated directly from the segments, what will this molecule do? Would we 
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One P/D axis Multiple P/D axes 

Dorsal 

Proximal 

Distal 

Dll 
! Eld 
I riwnt-1 • Exd 

• Tlwnt-1 

Figure 1.3- Two predictions for what the "Drosophila model of limb patterning" might 
look like in the Triops limb. On the left is a prediction of the expression patterns if the 
Triops limb is patterned as a ^«iK)le, with one P/D axis. On the right is a prediction of the 
expression patterns if each branch is patterned on an individual basis. 
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expect that the additional branches would be patterned via a simple reiteration of the fly 

mechanism? 

Chapter four and five examines additional components of the limb patterning 

network again in the multi-branched Triops limb. Exd and DU are downstream fi-om M/g 

in the network, and directly involved in the P/D patterning of the fly limb. It will be 

informative to know how these genes are utilized in elaborating the multi-branched limb, 

particularly in relation to changes I detected in wg expression. In addition, the gene 

nubbin was examined, due to observed changes detected in wg and DU expression. The 

nubbin gene is required for the correct patterning and growth of the Droso^la wing. 

There are several hypotheses about the evolution of wings, one of which posits a 

transformation of a dorsal branch in a multi-branched limb into a wing-like structure. 

Expression analyses show that the dorsal-most branch in the Triops limb, the epipod, is 

markedly different fi-om the other branches. These differences provided the impetus for 

testing the hypothesis that this branch may be wing-like in nature. 

Chapter six examines the network in the grasshopper limb, S. americana. This 

limb is morphologically similar to Drosophila limb, yet exhibits a direct-mode of 

development. Thus, this allows for a comparison between the networks and how it may 

be changing between species that pattern their limbs by distinctly different mechanisms 

during development. 

The last chapter outlines a model for branching and how the limb patterning 

network is changing in the face of life history and morphological diversity. In addition, I 

use the comparative data I have gathered to evaluate questions in arthropod phylogeny. 
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Finally, as the results reported here add insight into how limbs may be patterned and how 

appendage diversity may have arisen in evolution, it allows me to make testable 

hypotheses about how morphological diversity is created and maintained in evolution. 
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CHAPTER TWO: MATERIALS AND METHODS 

I) Cloning and sequencing of TtwiU-l 

Two degenerate otigos coding for the peptide sequences (S*) QECKCHG and (3') 

HWCC (AAO V were used for PCR amplification fi-om Tmyu genomic DNA, using 

conditions as described by (Sidow, 1992). A product of the expected size (3S0-S00bp) 

was isolated and gel extracted (Qiagen). The product was ligated and transformed imo 

PCR-Script 2.1 (Invitrogen). Five independent clones were sequenced in both directions 

using forward and reverse primers (ABI sequencing). Four of these represent identical 

Thvnt-1 orthologs; the fifth represents a different wnt family member and is reported 

elsewhere. Sequence analysis and orthology assignment was performed using the NCBI 

Blastx program and GCG (Wisconsin Package). 

n) T. longicaudatus larva 

Dried cysts of the branchiopod Triops longicaudatus were obtained fi'om Ward's 

Biological Supply Company and reared according to manufacturer's instructions. Larvae 

were fixed in 4% formaldehyde, IX PBS (IS minutes, room temperature, RT) and taken 

through increasing concentrations of methanol (2S%, 50%, 75% and 100%). Fixed 

embryos were stored at -20°C in 100% methanol. 
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m) S. americama rearing and fixation 

Schistocerca americana rearing and egg collection are described in Hunter (1961). 

Embryos were dissected in phosphate buffered saline (IX PBS, pH 7.2), fixed in 4% 

formaldehyde in PEM (for antibody staining) or in 0.08M Hepes, pH 6.9; 1.6niM MgSO, 

0.8mM EGTA; IX PBS, pH 7.2 (for in situ hybridization) for 4S-7S minutes, and stored 

in 100% MEOH at —20°C until use. Embryos were staged according to Bentley et al. 

(1979). 

IV) Whole mount in situ hybridization for T. longicaudatus 

Tlwnt-J sense and anti-sense probes were synthesized with either or T3 RNA 

polymerase (Boehringer/Mannheim Genius RNA labeling kit) fi-om linearized 

pBluescript templates containing the Thmt-1 PCR clone. Larvae to be stained were taken 

through a decreasing series of methanol and replaced with PBTw (PBS-H). 1% Tween). 

To allow for penetration of reagents through the cuticle, embryos were briefly sonicated 

(2-4 second pulses) in PBTw using an ultrasonic cleaner (Branson) (Manzanares, 1993). 

Embryos were then rinsed in O.IM Triethaloiuunine (TEA buffer pH=8.0) (Sigma) 2-3x, 

followed by acetic anhydride (10ul;4mls TEA buffer, (20 minutes RT). Embryos were 

washed in PBTw, PBTw + Hyb buffer (50% formamide, 5xSSC, 5x Denhardts, 0.1% 

Tween, 300ug/ml sheared salmon sperm, 0.1% Chaps) and then Ix in Hyb buffer. 

Animals were then heated to 7S^C in Hyb buffer (30 minutes) to remove endogenous 

phosphatases (Islam, 1996). Prehybridization was at 60°C overnight. Digoxigenin-
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labeled riboprobe was added (SOng/ml) and allowed to hybridize overnight at 60°C. 

Embryos were washed for 4 hours with periodic changes in Hyb buffer and then left 

overnight at 60^C in Hyb buffer. High stringency washes were performed at 60^C for 4x 

10 minutes in 2xSSC + 0.1% Chaps, followed by a final room temperature wash in 

PBTw. The antibody addition and detection were according to the Boehringer/Mannheim 

protocol (Genius Kit). Developing time is fi'om 3-S hours at room temperature. 

Specimens were mounted in 80% glycerol and observed and photographed with a Zeiss 

Axiophot microscope. 

V) Whole mount in situ hybridizatioii for & americana- wg and dpp 

Digoxygenin-labeled sense and anti-sense riboprobes were synthesized fi'om two 

sources; an S. americana dpp cDNA approximately 1.6kb in length that contains 673bp 

of coding sequence and roughly Ikb of 3' untranslated sequence (Newfeld and Gelbart, 

1995) and a 538bp S. americana wg PGR fi'agment provided by M. Friedrich (Genbank 

#AF149776). The probes were hydrolyzed to an average size of ISO bp. Embryos were 

rehydrated, then heated at 7S-80*'C in hybridization buffer (50% fbrmamide, 5xSSC, 100 

lag/mL sheared salmon sperm DNA, 50 ^g/mL heparin, and 0.1% Tween-20) for 30-60 

minutes to inactivate endogenous alkaline phosphatases and at 60°C for 4 hours. 

Embryos were hybridized overnight at 60*'C in 1 ng probe/)il hybridization buffer, 

washed over several hours at 60°C to remove excess probe, and blocked in 2% Bovine 

Serum Albumin in PBS + 0.1% Triton-X. Alkaline phosphatase conjugated anti-

digoxygenin antibody incubation and detection followed standard protocols (Nulsen and 
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Nagy, 1999). Embiyos were counterstained with 1 ^g/nil DAPI (Sigma) to visualize 

nuclei and mounted in 80% glycerol. Photogn^)hs were taken on a Zeiss Axiophot 

microscope with Ektachrome 160T film. 

VI) Immunocytochemistry- Dli, Ezd and nubbin 

The DU and Exd antibodies were generous gifts fi'om G. Panganiban and R. A.H 

White respectively. The nubbin cross-reactive antibody was a kind gift fi'om M. Averof. 

The Exd antibody was preabsorbed overnight on fixed grasshopper embryos. Exd and 

DU antibodies were used at a 1 ;20 dilution; the antibody detection protocol was exactly as 

described in Panganiban et al. (1995) using a secondary antibody conjugated to mouse/ 

Cy3 or rabbit/Cy2 (Jackson Labs). The nubbin antibody was used at a 1:10 dilution using 

a secondary antibody conjugated to mouse/Cy3. Antibody stained embryos were 

counterstained with DAPI and analyzed and imaged on a Biorad 600 confocal 

microscope. 

Vn) DrosophUa GFP expression 

dpp^ldpp^\ dpp-blink.Gal4[39B2]/TM6,7% flies were mated to flies 

homozygous for the UAS>superGFP[T2-l] transgene (kind gifts fi'om L. Marsh). The 

UAS.superGFP[T2-l] transgene is described in Ito et al. (1997) and the dpp-

blink.Gal4[39B2] driver is described in Staehling-Hampton et al. (1994). A subset of the 

larvae and pupae resulting from this cross express UAS.GFP driven by dpp-blink.Gal4. 

These larvae and pupae were identified by their non-7% phenotype. GFP expression was 
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examined in live, dissected leg discs on a Zeiss Axiophot microscope and a Biorad 600 

confocal microscope. 
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CHAPTER THREE; THE ROLE OF WG IN THE DEXTLOPMENT OF THE MULTI-
BRANCHED TRIOPSUMR 

I) Introduction 

Arthropod limbs have diversified in shape and form to serve as sensory and 

respiratory structures, and have been adapted for walking, flying, swimming, feeding, 

and egg-carrying. They display an array of forms ranging fi'om the rod-shaped 

uniramous insect limbs, to the flat and paddle-shaped insect wings, the common 

biramous (two-branched) crustacean limb and the multibranched limbs of the basal 

branchiopod crustaceans (reviewed in Williams and Nagy, 1996). We are testing 

whether modifications in limb shape can be traced to modifications in the utilization of 

the genes used to build a limb in Drost̂ hila. 

Drosophila limb development relies on two main processes- the allocation of the 

limb primordia (imaginal discs) in the early embryo, and the subsequent patterning and 

growth of the disc during larval life (reviewed in Cohen, 1993). Allocation of the 

imaginal disc precursors depends on an interaction between gene products of the 

developmental systems that establish the anterior/posterior (A/P) and dorsal/ ventral 

(OrV) axes of the embryo. A single primordium that will form both leg and wing 

imaginal disc is positioned at the boundary between these two axes (reviewed in Cohen 

et al. 1993). Each Drosophila body segment is compartmentalized into anterior and 

posterior compartments: cells in the posterior compartment express engrailed (eri) and 

hedgehog (hh) and cells immediately anterior to the compartment boundary express wg 

(reviewed in Martinez-Arias, 1993). These genes are initially expressed in stripes that 
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extend around the entire circumference of the embryo, but later wg is restricted 

ventrally (Baker, 1988; van den Heuvel et al. 1989). The A/P "address" of the limb 

primordia is at the boundary between wg and en expression in each segment. A cluster 

of cells spanning the compartment boundary and begin to express Distalless (Dll), 

which is required for distal outgrowth of the leg (Cohen, 1990). In wg mutants no discs 

are formed (Simcox et al. 1989) and Dtl is not activated (Cohen 1990; Cohen et al. 

1993). The DA  ̂"address" is provided by the combined activity of the Drosophila 

epidermal growth factor receptor (DER) homologue, which is essential for restricting 

the imaginal disc primordia ventrally (Raz and Shilo, 1993) and the Drosophila 

deccq)entaplegic (c^p) gene which acts to inhibit limb development dorsally (Goto 

Hayashi, 1997). 

Subsequent patterning within the disc employs these same growth factors 

(reviewed in Campbell and Tomlinson, 1995). During the growth and patterning of the 

Drosophila imaginal leg disc, wg expression is activated in an anterior ventral sector and 

c^p expression in an anterior dorsal region, through the actions of the secreted signaling 

factor, hh, which is expressed in the posterior, f/i-expressing cells. The boundary created 

between these domains of gene expression defines the organizing center for P/D 

elongation. Loss of Dpp or Wg can result in loss of distal leg structures; ectopic 

expression that creates a new Wg/Dpp boundary also creates new distal outgrowth or 

forked legs with a superficially branched appearance (Campbell et al. 1993; Diaz-

Benjumea et al. 1994; Campbell and Tomlinson, 1994; Held, 1995). In the 

supernumerary limbs that result fi'om the misexpression of wg, dpp or hh, the expression 
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of these axis-determining genes, as well the DU gene, parallels that seen during the 

initiation of growth of the main axis of the limb (Basler and Struhl, 1994; Campbell et al. 

1993; Diaz-Benjumea, 1994; Struhl, 1993). This provides support for the idea that the 

misexpression experiments can organize a new limb field, even within the confines of 

another limb. Modulations in the boundaries formed by key patterning genes could 

therefore be responsible for arthropod limb diversity. For example, the most common 

variation in limb formation in arthropods is the formation of extra branches. The simplest 

prediction is that a branched limb develops fi'om an altered expression of a signaling 

molecule. If this were the case, extra branches should reveal a duplication o^ or a mirror 

image duplication of^ the axial gene expression patterns of the original limb. 

To determine what types of molecular changes underlie the actual 

morphological changes in limbs seen in arthropod evolution, we examined the 

expression of the signaling molecule wg in the development of the multibranched limb 

of the branchiopod Triops longiccmdatus. We found that the manner in which 

individual branches are initisdly allocated fi-om the ventral body wall does not fit the 

Drosophila paradigm of limb specification. Our data suggests that an eariy modification 

in the Hwnt-I expression pattern is responsible for the observed morphological 

differences between the multibranched limb of Triops and the uniramous limb of 

Drosophila. These early changes likely result fi'om modifying the patterning of the 

primary dorso-ventral axis, rather than via a reiteration of the Drosophila pattern of 

limb specification. 
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n) Isolation of Thvnt-l 

A wnt -1 ortholog was isolated from the crustacean Trit̂ s longicaudatus using a 

PCR approach with degenerate primers (Sidow, 1992). The Tlwnt-1 gene contains an 

uninterrupted open reading frame containing 407 bp with primers and has 75% overall 

similarity at the amino acid level to Drosophila wingless (wg) (Figure 3.1). Orthology 

to wnt-I was assigned based on comparison with sequences from other wnt fiunily 

member protein sequences available from the sequence databases (see legend, Figure3. 

1). 

m) Anatomy and devdopmcnt of TrU^s larva 

At hatching, the Triops larva is ~600^m long and has a segmented head and 

trunk region. Development proceeds in an anterior to posterior direction. The ontogeny 

of the Triops larva allows one to study limb development temporally and spatially 

within the trunk of the same animal. The trunk of the newly hatched nauplius larva is 

marked by a graded series of morphological development along the anteroposterior 

(A/P) axis, which for convenience we divide into three regions (Figure 3.2). The first 

region consists of three to four limb«bearing segments on either side of the ventral 

midline. 
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Figure 3.1- Comparison of previously identified Wnt femily genes and the deduced 
Wntl amino acid sequence fi'om Tri€ips. The predicted amino-acid sequence of the 
isolated Ttwnt-1 gene is aligned with the corresponding segment of Wnt &mily 
members from selected insect and mouse sequences uncovered from our BlastX 
searches. The Triops sequence is numbered and gaps introduced to optimize alignment 
are indicated by dots wit^ the sequence. For simplicity, a large insertion unique to the 
Dmwntl gene (position 67 in this figure) is not shown. Amino acids which are found 
only in Wnt-1 family members are marked with an asterix below the Triops sequence 
(positions 11,12,33,85,87,154). Amino acids that are conserved throughout all Wnt 
family members are underlined in the final sequence. The overall protein similarity 
deduced from the partial Tlwnt-I gene to the corresponding segment of the Drosophila 
wg sequence is 75%, with 66% identical amino acids. BlastX searched indicate that the 
Triops wnt'J sequence is most similar to the insect wnt-I sequences in the NCBI 
database, with the strongest match to Precis, Bombyx, Tribolium and Manduca wnt-1, 
which are all 78-81% similar. Oxhec Drosf^hita Wnt family members, wnt-2, wnt-3 and 
wnt-4 are from 56-61% similar within this domain of the Thvnt-I sequence. (Genbank 
accession no; AF082219). Bm, Bombyx mori. Dm, Drosophila melanogaster. Mm, 
Mus musculusr, Tc, Tribolium castaneum-, Tl, Triops longicaudatus. 
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REGIONS 

Figure 3.2- Schematic diagram ofTriops larval trunk regions at hatching. The 
developing Triops larva can be divided into three distinct regions. In region #1, all the 
segments bear limbs. Region #2 consists of two to three segments bearing either no or 
very small limb primordia. Region #3 is an unsegmented region, with no limbs. 
Development proceeds in an anterior to posterior direction. Anterior is to the left. 
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The limbs, which occupy the entire ventral to ventrolateral surface of each segment, 

consist of eight small, paddle-shaped lobes. The lobes are the primordia of the fiiture 

limb branches. The next region (region #2, Figure 3.2), just posterior to the limb-

bearing tnmk segments, is an area that contains two to three segments with no visibly 

protruding lobes. In this region, each segment extends five cell diameters along the A/P 

axis. Occasionally, the most anterior segment in this region can be seen making the 

transition to region #1, and in some instances, limbs can be detected with protruding 

lobes. Finally, just posterior to this segmented area (region #3, Figure 3.2) is a small 

region bearing no limbs or segments. This region can be further subdivided into an area 

of high cell density and area of low cell density (Williams and MuUer, 1996). 

IV) Thvnt-1 expression pattern during segmentation 

At hatching, in region #1 Tlwnt-I mRNA transcripts are expressed in 

discontinuous stripes. In region #2, Tlwnt-I transcripts form a continuous, single cell 

wide stripe across the ventral body wall of each segment. The stripes extend fi'om the 

lateral edges of the larva across the ventral midline (Figure 3.3 A, B). As the larvae 

pass through successive instars, new segments are added in a sequential fashion fi'om 

the posterior and Tlwnt-/ transcripts are detected in each newly formed segment. Thvnt-

1 transcripts are also detected in a single row of cells encircling the posterior of the 

animal in region #3, which we refer to as the posterior ring (Figure 3.3C, arrow). This 

ring of Tlwnt-1 expressing cells is in the post-naupliar region where there is a high 

density of cells and does not appear to separate the telson fi-om the trunk. This ring of 



Figure 3.3- Whole mount in situ hybridization on a Triops hatchling. (A) This ventral 
view of a whole mount specimen shows Tlwnt-I expression in stripes extending across 
the ventral midline to the ventro-lateral margin (arrows) near the posterior of the 
animal, where newly forming segments are made. Each newly formed segment reveals 
a new stripe of Thvnt-I. (B) Higher magnification of the posterior in (A). (C) Two 
larvae mounted dorsal side up reveal a ring of Tlwnt-I expression in the posterior 
(arrow). Note also the lack of Thvnt-l transcripts dorsally (asterisk). Scale bar=20nm. 
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expression is approximately 20-25 cell diameters posterior to the segmental stripes. 

There is no detectable Thmt-1 expression dorsally in any of the segments anterior to 

this posterior ring (Figure 3.3C, asterisk). 

V) Thvnt-1 expression during initial limb outgrowth 

During larval growth, the stripes of Tlwnt-I expressing cells in the most anterior 

segments of region #2 become discontinuous. This is concomitant with the 

morphological appearance of the lobes that will form the limb branches and the 

transition of these segments into region #1. The first observable discontinuity occurs by 

the disappearance of Tlwnt-I fi'om the ventral midline. Then, an additional bilateral 

break in the stripe appears near the lateral edges of the larva. This initial break appears 

to be in the region where the endopod/exopod will first develop. The stripe continues to 

break up and eventually a periodic "on-oS" pattern of Tlwnt-1 mRNA transcripts can be 

detected across the ventro- lateral extent of the epidermis (Figure 3.4 A, B). 

VI) Anatomy and ThvHt-I expression in the developing Triops multi-branched limb 

Triops have multibranched trunk limbs each consisting of eight branches. For 

convenience, we will adhere to the following convention: fi'om dorsal to ventral the 

branches are designated epipod, exopod, endopod, endite-1, endite-2, endite-3, endite-4 

and gnathobase (see Figure 3.SA). The limb primordia initially protrude ventrally and 

ventrolaterally and are morphologically visible as eight paddle-shaped lobes positioned 

in a ventral arc across the midline. By the third instar the epipod and exopod are 
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Figure 3.4- Triops 3rd instar larvae exhibiting the first signs of limb differentiation. (A) 
This ventral view of a whole mount specimen shows the progression of limb 
development from anterior to posterior and the concomitant breaking up of the Tlwnt-I 
transcripts. (B) A different specimen showing that the Tlwnt-I expression pattern 
remains continuous at the first signs of limb outgrowth but then begins to "break up" 
into a discontinuous stripe (arrowheads). The stripe will continue to break up until the 
limbs are distally branched. The Tlwnt-I transcripts will then become expressed in the 
characteristic reiterated pattern illustrated in Fig. 5. Anterior is to the left. Scale 
bar=20|im. 
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endo 

Figure 3.5- Tlwnt-/ expression pattern in the developing limbs of second and third 
instar Triops larvae. Limbs were dissected away from the animal after whole mount 
staining using etched tungsten needles and oriented with dorsal to the left, ventral to the 
right and anterior in the plane of the image. (A) A Triops 2nd instar dissected limb 
showing Tlwnt-1 mRNA transcripts in a reiterated pattern in the ventral limb branches. 
Transcripts are detected in an anterior ventral portion of each of the branches, with the 
exception of the epipod and gnathobase. (B) Third instar limb highlighting the 
exceptions to the reiterated pattern. Tlwni-1 mRNA transcripts are detected all the way 
around the epipod and dorsally, as well as ventrally, in the gnathobase and exopod. (C) 
A higher magnification of the limb in (B) showing the Tlwnt-I mRNA extending 
circumferentially around the epipod and the dorsal and ventral staining in the exopod. 
Abbreviations: ep, epipod; ex, exopod; endo, endopod; en, endites; gn, gnathobase. 
Scale bar=20nm. 
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entirely dorsal, the rest of the branches are ventral and the gnathobase is pointed 

towards the ventral midline (for a detailed description of Triops limb development see 

(Williams and MuUer, 1996). 

The breaks observed in the Thvnt'I stripe correspond with the restriction of 

Thmt-l transcripts to an anterior ventral portion of the five ventral most limb branches 

(endopod, endites 1-4). These ventral limb branches each have a partial stripe of Thmt-I 

expression, consisting of two to three cell diameters. The Thmt-I expression does not 

reach all the way to the tip of the branch, but is found along the ventral margin of each 

branch (Figure 3.5A). The exceptions to this pattern fall in the epipod, exopod and 

gnathobase. In the gnathobase and exopod, transcripts are visible both ventrally and 

dorsally. In the endopod, Tlwnt-l expression is found along the ventral margin, but 

extends fiirther toward the tip of the branch (Figure 3.SB). The most obvious deviation 

fi-om the reiterated Tlwnt-I pattern is found in the epipod. In the epipod, transcripts are 

found around the circumference of the branch in a one-cell-wide row (Figure 3.SC). 

VTI) Anatomy and Thvnt-1 expression in the developing Triops head appendages 

The head appendages exhibit a diversity of limb morphologies. The first 

antennae are unbranched while the second antennae have both ventral and dorsal 

branches. Initially, the mouthparts (mandible and maxillae) are simple and unbranched 

but later, the mandible branches, giving rise to the gnathobasic spine and mandibular 

palp. (For a detailed description of the development of the head appendages see Fryer, 

1988). 



Figure 3.6- Tlwnt-/ expression pattern in the developing head appendages of a third 
instar larva. Appendages were dissected and oriented with dorsal on top. The first 
antennae (A) exhibits ventral staining similar to the trunk limbs, but the mandible (B) 
and maxillae (C) have additional staining in the dorsal part of the appendages. Scale 
bar=20|im. 
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Figure 3.7- Additional Tlwnt-l staining. (A) Tlwnt-I transcripts are detected at the edge 
of the carapace encircling the entire structure in a two-cell-wide row. Image shows 
only the dorsal-posterior one-half of the carapace dissected away from the body. (B) 
The caudal flirci staining exhibits ventral staining similar to what is observed in the 
trunk limbs. The proctodeum staining is marked by an arrowhead. (C) Tlwnt-/ 
transcripts are also observed in the developing labrum in a 3-4 cell wide stripe on either 
side of the structure but not reaching to the midline. This pattern of staining is also 
apparent in the undissected labrum visible in Fig. 3A. Scale bar=20^m. 
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Hwnt-I expression in the head appendages resembles that in the different branches of the 

trunk limbs. The first antennae have an anterior ventral staining pattern which extends to 

the tip of the appendage, very similar to the endopod staining in the limb (compare 

Figures 3.6A and 3.SB). The mandibles and maxillae exhibit both ventral and dorsal 

staining, similar to the gnathobase (compare Figures 3.6B,C and 3.SB). 

VlU) Additional HwHt-l expression 

In addition to the expression described in the segmental epidermis and 

appendages, Tlwnt-I staining is observed at the periphery of the dorsal carapace in a 

two cell wide row (Figure 3.7A). Strong Tlwnt-I mRNA staining is also observed on 

either side of the terminal end of the gut and on the ventral side of the developing 

caudal fiirci (Figure 3.7B). The gut staining is similar to that observed in Tribolium 

and Drosophila (Baker, 1987; Nagy, 1994). Staining is also observed in the labnmi, a 

short and flat protrusion that folds down over the mouthparts in later instars. The labrum 

is unique in that it exhibits Thvnt-l transcripts in several rows of cells on either dorsal 

side. This row of Tlwnt-1 expressing cells does not reach to the ventral midline (Figure 

3.7C). 

IX) Discussion 

(jiven the similarity of En expression found in crustaceans and insects (Patel et al. 

1989a,b), it was expected that the role of wnt-J wttuldbe conserved between crustaceans 

and insects. Although some aspects of segmentation and appendage patterning appear to 
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be conserved between Trit^s and insects, we have discovered several differences 

between Triops wni expression and that already described for insects. First, during 

segmentation, Tlwnt-l transcripts are always restricted to the ventral epidermis and 

second, the initial specification of limbs appears to be correlated with a dynamic change 

in Tlwnt-l transcripts. Thus, wnt-J in this basal crustacean plays a semi-conservative role 

in segmentation and appendage formation, but an eariy change in the way Tricps 

establishes its axis is likely responsible for the observed modifications of Tlwnt-l 

expression. We note, however, that the ensuing discussion is based on comparison of 

only mRNA expression patterns and whether the pattern of protein expression 

corresponds exactly has not yet been analyzed. 

A) Thvnt-1 does not function in dorsal segmentation 

At hatching, all newly formed Triops segments express Tlwnt-l transcripts in the 

anterior of each segment and En in a single row of cells in the posterior of each segment 

(Averof and Patel, pers. communication). However, Tlwnt-I transcripts are expressed 

only ventrally during segmentation, whereas in Drosophila, wg transcripts are detected 

encircling the embryo, albeit slightly weaker dorsally (Baker, 1988). The absence of 

dorsal Tlwnt-l transcripts was unexpected and suggests that there is a difference in the 

way ventral vs. dorsal tissue is patterned in Triops. The phenotypes of Drosophila wg 

mutations have not suggested a difference in wg fiinction dorsally (Nusslein-Volhard and 

Wieschaus, 1980; Nusslein-Volhard et al. 1984; Perrimon and Mahowald, 1987; Baker, 

1988). However, the maintenance of wg activity in dorsal and ventral epidermis requires 
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separate regulatory mechanisms (JagIa et al. 1997). The lack of Thmt-l transcripts in the 

dorsal half of each Triops segment is unlikely an artifact, because we do see dorsal 

staining in both the carapace and the posterior ring (see Figures 3.7A, 3.3C). Nor do we 

propose that this difference is due to a shift in timing, because this pattern is observed in 

ail newly forming segments as well. 

Is there any other evidence for the dissociation of dorsal and ventral 

segmentation in arthropods? Most arthropods bear one pair of limbs per segment, yet it 

has been observed that the posterior abdominal segment in Triops is variable in this 

regard. They can bear from one to seven limbs with the number increasing posterioriy 

(Longhurst, 1955). Averof and Patel (pers. comm.) have observed a discrepancy in the 

number of dorsal and ventral En stripes in these posterior segments, suggesting a 

mechanistic separation of dorsal from ventral segmentation. Fossil evidence for 

decoupled dorsal and ventral segmentation has also been reported for euthycarcinoids 

and Fuxicmhuia (Chen et al. 1995). However, in all these cases only the posterior-most 

segments are not congruent in pattern from ventral to dorsal sides, whereas we never 

observe Jlwnt-l transcripts dorsally, even during the formation of the more anterior 

segments. Millipedes provide another possible example of dorsal/ventral dissociation, 

as these animals bear two pairs of limbs ventrally for each dorsal segment. However, in 

this case the variance between dorsal and ventral segmentation is thought to arise as a 

later fusion event of two segment primordia dorsally (Minelli and Bortoletto, 1988). 

The lack of Tlwnt-l expression dorsally suggests that it does not play a role in either the 

delineation or direction of dorsal cell fates in Trit^s. The dorsal cells may employ a 
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different developmental mechanism in order to grow and/or maintain segment polarity. 

In this regard, it will be interesting to determine whether other Triops wnt family 

members have dorsal expression patterns. 

B) Docs Thvnt-1 regulate segment formation? 

Another interesting feature of the Triops Thmt-I expresaon pattern is the 

terminal ring. A terminal ring of wg expression has now been observed in Drosophiia, 

Tribolium and Triops (Baker, 1988; Nagy, 1994). Tht Drosophiia terminal ring 

expression has always been attributed to the precursor cells to the proctodeum, which 

also stains with wg later (Baker, 1987; Hartenstein et at. 1985). However, the 

proctodeal staining can be clearly distinguished from the terminal ring in Triops (see 

figure 3.3C). wg is a growth factor known to play a role in proliferation in the notum of 

the wing and the formation of Malphigian tubules in Drosophiia (Neumann and Cohen, 

1996; Skaer, 1989). It is reasonable to expect that it may be playing a similar role in the 

proliferation of segments from the posterior in Triops. Triops segments become 

delineated from the posterior of the larva in the region of the posterior ring. Similar to 

the "progress zone" model in the chick limb bud (reviewed in Schwabe et al. 1998; 

Tickle and Eichele, 1994), cells may be actively proliferating from the posterior. The 

posterior Thvni-J expressing cells could be the source of a morphogen necessary for the 

function of the growth zone. High levels of ITwnt-I posteriorly could function either as 

a signal for mitosis, or as an inhibitor for differentiation. Evidence for the existence of 

posterior morphogens has also been suggested from experimental manipulations on 
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many insect embryos (reviewed in Sander, 1976). Once the segments are formed, the 

more anterior, segmentally reiterated ventral stripes of Thmt-1 may then play a role in 

the maintenance and polarity of each newly formed segment. 

Q Thvnt-l expression during '*Ute'* appendage devdopment exhibits 

parallels to the DrasophUa uniramous paradigm 

Expression patterns of several genes are conserved in the development of 

branches of the multibranched limb of Triops and the uniramous limb of Drf>soptula. In 

Drosophila limb development, wg is required in an anterior ventral sector of the 1^ 

imaginal disc, en in the posterior of the disc and Dll at the center of the disc, «1iere it 

promotes proximo-distal outgrowth (reviewed in Campbell and Tomlinson, 1995; Held, 

1995). The interaction between these genes has led to a model of limb development in 

Drosophila termed the uniramous paradigm (Williams and Muiler, 1996). During the 

development of the multibranched limbs of Triops, Tlwnt-l is restricted to an antero-

ventral portion of most of the ventral branches. En is posterior (Nulsen and Nagy, 

unpublished) and DU is detected in each of the developing limb branches (Williams, 

1998). Thus, Triops Tlwnt-l, En and Dll expression patterns show striking molecular 

parallels between the patterning of an individual branch in a multibranched limb and the 

patterning of a uniramous Drosophila limb. This suggests that Trit^s limb branches are 

patterned individually, each branch consisting of its own set of orthogonal axes and 

supports the hypothesis that multiple branches in a multibranched limb are patterned as 

a molecular reiteration of the key elements utilized to pattern a Drosf^hila limb. 
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Drawing a strict parallel is problematic however, as Thmt-l is not restricted to 

the anteroventral sector of all limb branches. Notably, in the most dorsal branch, the 

epipod, Thmt-l transcripts are detected in a one-cell wide row encircling the entire 

branch. Another variation in the Thmt-l expression pattern during limb outgrowth 

occurs in the exopod and gnathobase of the developing trunk limbs. These two 

branches exhibit Tlwnt-l transcripts not only in a ventral sector of the branch, but also 

dorsally (Figure 3.5). We observe a similar expression pattern in the developing 

mandibles and maxillae (see Figures 3.6B,C). Imerestingly, the mandible is branched 

and the maxilla unbranched, yet both exhibit similar expression patterns. It is clear 

&om these data that the three-way intersection model of limb development generated 

from Drosophila experiments (reviewed in Campbell and Tomlinson, I99S) is not the 

only mechanism for elaboration of a proximo-distal axis. Proximo-distal outgrowths 

can develop in the absence of a restriction of wg to the ventral sector. The variants of 

Thvnt-1 expression seen in different limb branches provide molecular evidence that 

individual multibranched limb branches are not all formed by a simple iterative process. 

Rather, in this crustacean, individual limb branches have unique characteristics to their 

patterning, apparent from the earliest stages of development. It appears that each limb 

modification, whether it be a flattened, lobate dorsal epipod or a chewing appendage 

like the mandible, correlates with a change in Tlwnt-l expression. 

Averof and Cohen (1997) recently provided evidence that crustacean dorsal 

epipods and insect wings are homologous structures, based on the expression of the 

Drosophila wing patterning genes apterous and nubbin in one of the two dorsal epipods 
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of the branchiopod crustacean Anemia franciscana and the malacostracan Pacifastacus 

leniusculus. The Thmt-l expres»on pattern in the Trit^s epipod appears to provide 

additional support for this hypothesis. The Ttwnt-1 expression in the epipod is similar 

to the wg expression pattern in the middle stages of Drost^hila wing development, 

where wg transcripts are detected along the entire wing margin (Couso et al. 1994). An 

alternative interpretation, however, would be that this pattern ofThmt-l expression 

functions to generate a branch shape that is more flattened and lobate and on this basis 

has been selected for independently in both crustacean and insect lineages. An 

examination of the wnt expression pattern in the rod-shaped dorsal epipod of the 

malacostracan crustacean would be informative. 

D) The Thvnt-l pattern during "early" limb development deviates from the 

uniramous paradigm 

The most striking deviation from the Drosophila uniramous paradigm concerns 

the initial specification of the limb primordia from the ventral body wall. In 

Drosophila^ the developing limb primordia occupies at most 1/5 of the dorso-ventral 

extent of the body wall (see Couso and Gonzalez-Gaitan, 1993; Vachon et al., 

1992;Goto and Hayashi, 1997). By contrast, the limb field of the Triops larva consists 

of nearly the entire ventral body wall. It is interesting to speculate, based on the Wnt 

and Dil expression patterns, that Triops develops eight separate legs on each 

hemisegment, which later in development fuse to form one swimming appendage. 

However, we prefer the interpretation that there is one large limb primordia that 
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subsequently divides into eight parts. Morphologically, the ventral body wall first 

protrudes as a single epithelial ridge (Williams and Muller, 1996). From this ridge the 

eight limb branches subsequently protrude. 

At the first signs of limb dififerentiation, when the limbs protrude fi-om the 

ventral body wall, Jlwnt-l transcripts are still observed in a nearly continuous stripe 

(Figure 3.4). P/D elongation of branches occurs before Tlwnt-l is restricted to the 

ventral portion of each branch. The disruption of the continuous Thvnt-I stripe does not 

occur until the lobes are clearly distinguishable. Similarly, DU protein can only be 

detected in the Trit^s limb lobes after P/D elongation of the branches (Williams, 1998). 

In contrast, in the Drosophila imaginal disc, P/D elongation requires that wg be 

restricted to a discrete ventral domain of expression before DU expression proceeds, and 

that this temporal and spatial pattern is required for P/D elongation (Cohen, 1993a; 

Couso, 1993; Diaz-Benjumea, 1994). This data suggests an additional mechanism for 

the formation of P/D axis formation in Triops compared to Drosophila. 

The dynamic expression of Tlwnt-l argues that innovation in limb form found in 

Triops is likely due to an early change in D/V patterning. The Drosophila paradigm 

relies on an initial specification of the imaginal primordia via an early interaction 

between D/V and A/P patterning genes. How does Tri<^s estabUsh multiple branches 

fi'om one set of A/P and D/V coordinates? We propose that limbs with many branches, 

like those seen in the trunk swimming appendages of the branchiopod crustacean Triops 

longicaudatus, result fi'om an increase in the size of the limb primordia allocated during 

dorsal-ventral axis formation in the earliest stages of development. A change in how 
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the Ji/W axis is patterned results in the production of a much larger limb primordia. 

Thvnt-I transcripts are subsequently repressed in particular groups of cells, within this 

enlarged primordia. An expression analysis of conserved patterning genes, as well 

as the expression of wg and DU in arthropods with biramous limbs, will help test this 

hypothesis. 
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CHAPTER FOUR: ADDITIONAL COMPONENTS OF THE LEG PATTERNING 
GENE NETWORK IN THE MULTI-BRANCHED TRIOPS LIMB: EXD and DLL 

I) Introduction 

The intriguing expresaon pattern of wg (chapter 3) leads to a conclu»on that each 

of the Triops limb branches may be patterned individually. Indeed, the branches can be 

divided into at least 4 types based on the expresnon pattern of this gene. In addition to 

wg, there are two components of the limb patterning gene regulatory cascade that are 

important in the establishnoent and elaboration of the P/D axis of the Drosophila 

appendage that can easily be examined in Triops. The examination of the expression 

patterns of these other genes could strengthen the hypothesis that the Triops limb 

branches are patterned individually. One of these, extradenticle (exd) is a transcription 

factor responsible for conferring proximal appendage identity, the other, Distalless (Dll), 

is also a transcription factor and is responsible for conferring distal appendage identity. 

Employing exd as a marker for proximal identity, and D!I as a marker of distal identity, 

will help distinguish whether the limb is patterned as a whole, or if each branch is 

patterned individually. For example, if Exd and Dll demarcated a proximal and distal 

domain of expression in each of the limb branches, it would indicate that each branch 

indeed has its own orthogonal axis and a separate identity from the rest of the limb. 

In addition to these proteins helping to elucidate how the limb is patterned, the 

expression patterns could help clear up a long-standing question among crustacean 
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moq)hok)gists. In the Triops limb, it is not clear where the segmental boundaries are, or 

even if there are segments at all. This is due to the highly fused nature of the branchiopod 

appendage. Thus, the location of the most proximal leg segment, or coxa, in the 

branchiopod appendage is a point of controversy and remains unresolved. The 

expression of exd is usefiil because it could potentially define the molecular landmarks 

needed to assign identities to the branchiopod appendage parts. Exd might define the 

coxa and/or body wall in the limb, thus identifying the Triops coxopodite and telopodite. 

Therefore, we sought to examine the expression of both of these genes in the developing 

Triops limb. 

Exd was originally discovered as a Hox cofactor and is required for the segmental 

patterning of Drosophila (Pfifer and Weichaus, 1990; see review in Mann and Chan, 

1996). In the segmental patterning of the embryo, Hox protein and Exd protein are 

expressed and co-localize to certain cells to assign their segmental identity. Exd activity 

is also important in the patterning of the imaginal disc and has consequences for the adult 

moqjhoiogy of the leg. 

Exd has a unique mode of regulation. Its product is nuclear where the gene is 

functional and cytoplasmic where it is not required, suggesting that it is regulated at the 

post-translational level (Mann and Abu-Shaar, 1996; Aspland and White, 1997). The 

imaginal disc contains a proximal region where Exd is nuclear and a distal region where 

Exd is cytoplasmic (Mann and Abu-Shaar, 1996; Aspland and White, 1997). Only the 

nuclear form is functional and responsible for patterning the proximal leg. Early in 
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development, this protein is exclusively in the cytoplasm. Its accumulation in the nucleus 

at later stages is under very tight spatial control (Aspland and White, 1997). The post-

translational regulation of exd is important for its activity. For example, it is cytoplasmic 

in the distal domain of the leg disc where DU is expressed -this absence of exd activity is 

important to maintain DU expression in that domain. 

exd clones differentiate abnormally in the proximal regions of the leg but 

distally have no effect, suggesting that the leg is subdivided into two regions according to 

their Exd fiinctional requirement (Gonzalez-Crespo and Morata, 199S; Rauskolb et al., 

1995). When ectopically expressed, exd prevents distal development and gives rise to 

truncated appendages lacking distal elements (Gonzalez-Crespo and Morata, 1996). exc/ 

function and dppfwg signaling are antagonistic and divide the leg into two mutually 

exclusive domains. In the distal domain, exd function is suppressed indirectly by wgldpp, 

and in the proximal domain, exd function inhibits cells from responding to dpphvg 

signaling (Gonzalez-Crespo et al., 1998). DU is a homeobox gene that is expressed in the 

central part of the leg disc, a region that has been fated to become the distal-most regions 

of the leg (Cohen, 1993). Genetic and mosaic analysis reveal that Dll is required 

specifically in the region defined by its expression pattern. The most severe Dll mutations 

produce a truncated leg with all segments missing distal to the coxa (Cohen et al., 1989). 

In heteroallelic combinations, loss of distal leg segments happen in a distal to proximal 

direction, indicating that Dll is required in a graded fashion for the distalization of the 

appendage. 
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In addition to exd playing a role in patterning the proximal elements of the 

appendage, it has been proposed that exd represents a "coxopodite" gene. The coxopodite 

refers to the immediate body wall, coxa and eventually later the trochanter and proximal 

femur (Schram, in press). It has been proposed that in the limbless ancestor, expansion of 

the body wall would originate the base of the appendages (coxopodite) and that leg 

elements forming distal to this would represent the true, outer limb or telopodite. Morata 

and Sanchez-Herrero (1999) propose that in order to generate an appendage, exd must be 

eliminated to allow full response to w^^dpp. This sets up a molecular definition of the 

appendage; a cytoplasmic, or inactive, domain of exd represents the true appendage 

whose growth and pattern is established via wgldpp signaling and nuclear, or active, exd 

represents an expansion of the trunk. Thus, the absence of wgldpp signaling represents 

the "coxopodite" and is marked by ths expression of exd. Congruently, it has been 

argued that the region of the leg corresponding to £>// expression is the "true appendage" 

and marks the telopodite (Cohen and Jurgens, 1989; Cohen, 1993). It is important to note 

that this molecular definition does not correspond to any morphological landmarks. In 

the Drosophila leg for example, the coxa and trochanter are traditionally defined as leg 

segments, but according to the above definition, they would be considered part of the 

trunk. Thus, there is a discrepancy between the morphological definitions used by 

arthropod biologists and the molecular definitions proposed by Drosophila biologists. 

Exd homologies (pbx-1 and pbx-2) and Dll homologues have been found to play 

similar roles in developing vertd>rate and arthropod limb buds suggesting that the 

subdivision of the limb into two antagonistic domains may be a general feature of limb 
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development (Rauskolb et al., 1993; Gonzalez-Crespo et al., 1998; Mercader et al., 1999; 

Panganiban et al., 1997). 

We sought to examine the expression of these two proteins, using cross-reactive 

antibodies, in the developing Triops limb. 

H) Results-

We first analyzed DU using a cross-reactive antibody that recognizes a conserved 

epitope across a wide variety of species (Panganiban, 1997). DU is first detected in a few 

cells in the presumptive endopod/exopod branches and proceeds in a lateral to medial 

direction across the limb (figure 4.1) (see Williams, 1997 for a detailed description of DU 

expression in Triops). Later, DU expression is in aU of the distal branches with the 

exception of the epipod where protdn is not detected (figure 4.2). Interestingly, the 

epipod never stains with DU indicating that branches can be formed without this protein. 

Exd was analyzed using a Drosophila antibody made to a conserved epitope 

within the homeodomain (Aspland and White, 1997). The developing Triops larva 

can be divided into a head and a trunk region, with the tnmk being fiirther divided into 

dorsal trunk, ventral trunk with segment bearing limbs, a segmented region with no limbs 

and a non-segmented posterior region. Exd expression is observed in all regions of the 

developing larva. In the head, nuclearly localized protein is found scattered throughout 

the head appendages including the first and second antenna, mandibles, maxiUa and 

labrum (Figure 4.3 A). Exd is localized in the maxilla to the lateral half of the appendage. 

In segments already bearing branched limbs, nuclear Exd is found throughout the stem of 
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Figure 4.1 - Lateral whole mount of a second instar Triops larva stained with DU cross-
reactive antibody. Staining is first apparent in 3-5 cells where the presumptive 
endopod/exopod branches will form (arrow). Expression proceeds in a lateral (top of 
picture) to medial (bottom) direction. DIl protein eventually stains the distal tips of every 
branch with exception of the epipod. One thoracic limb is outlined in black to demarcate 
the branches. Scale bar=10uM 



Figure 4.2- Two dissected Triops limbs stained for DU protein. On the left is an N2 
staged limb and on the right is a slightly older limb. Dll protein is detected in every 
branch with the exception of the epipod. 
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Figure 4.3- A) A ventral view of a whole mount 2"^ instar Triops larva showing the 
localization of Exd protein in head appendages. Nuclear locali^tion of Exd is foimd 
tliroughout the head including the first and second antennae, the labnim, the mandibles 
and the maxilla. B) A ventral view of a whole mount 2"^ instar Triops larva showing the 
localization of Exd protein in the posterior abdomen and trunk. In the non-segmented, 
posterior abdomen there is no Exd protein detected (asterisk). As the segments begin to 
develop, Exd is detected in a row of cells spanning the posterior of each segment 
(arrows). As the limbs begin to branch fi-om the segments, Exd protein begins to spread 
anteriorly to the base of the limb. C) A high magnification view of the thoracic limbs of 
a 3^'' instar Triops larva. Exd protein is localized to the base of the limb as well as in the 
most ventral branches, the endites (arrow). In all panels, posterior is to the left, anterior is 
to the right. All larvae are mounted ventral side up. 
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the limb as well as all of the branches (Figure 4.3B). As the limbs continue to branch, 

Exd becomes more tightly localized to the stem and the base of each 

endite (Figure 4.3C). In segments that do not yet bear limbs, nuclear Exd is found in a 

line in the posterior of each segment. In the posterior abdomen, where segments are not 

yet formed, there is no Exd detected (Figure 4.3B). In the trunk, dorsally and ventraUy, 

Exd is localized to the nucleus in all cells. 

To gain a better understanding of this apparently dynamic expression pattern 

within the branching limbs, we performed double immunocytochemistry on the 

developing Triops larva using Exd and DU cross-reactive antibodies. When Dll protein is 

first detected, Exd is down regulated in the endopod and exopod (figure 4.4). As the limb 

elongates, and the Dll expression begins to spread medially, Exd begins to be shut off* in 

the most distal aspects of the limb. A ventral, whole mount view reveals Exd expression 

becoming restricted to the stem and proximal regions of the endites. Exd/DU expression 

for the most part is exclusive, but a few cells that lie at the boundary between the Exd/DU 

domains persist in expressing both proteins in the nucleus. One exception to this is the 

gnathobasic branch where expression is localized the lateral half of this branch similar to 

the expression pattern in the maxilla (figure 4.S). Because this branch is medially 

directed, another way of describing this localization is to call the lateral half proximal and 

the medial half distal. By the third instar, when the limb is well branched, nuclear Exd is 

found throughout the stem of the limb and at the base of each endite (Figure 4.6A). At 

the base of these endites, particularly at the epipod/exopod boundary, there is some 
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Figure 4.4- Lateral mount of Triops stained for Exd (green) and DU (red) proteins. Exd is 
first detected in the trunk and limbs everywhere. As soon as DU expressing cells appear in 
the presumptive endopod/exopod branches (arrow), Exd is turned oflf. 
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Figure 4.5- Whole mount 3"* instar Triops stained for Exd (green) and DU (red). Exd 
protein is detected in the lateral half of the gnathobase as well as at the proximal regions 
of the endites. Exd protein also remains in the trunk. 
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Figure 4.6- A) A third instar dissected Triops limb stained for DU (red) and Exd (green). 
Exd stains the entire "stem" of the limb and into some of the proximal regions of the 
endites. B) A third instar exopod and epipod showing the two proteins overlapping 
(yellow) at the base of the exopod. C) A fifth instar dissected limb showing a higher 
magnification of the endites showing overlap of the Exd and DU proteins (yeUow) at the 
proximal base of the endites. 
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overlap of Exd and DU proteins, particularly in the lateral regions of the exopod (figure 

4.6B). This overlap of Exd and DU at the base of each endite persists even into the S"* 

instar where both proteins are detected in some ceUs at the base of the endites (Figure 

4.6C). 

m) Discussion-

In Drosophila  ̂ Exd and DU function to confer proximal and distal identity to 

developing limbs via a complex signaling cascade that involves wg and dpp. Where wg 

and dpp are activating £>//, they are indirectly repressing exd. In the developing limbs of 

the Triops larvae, we observe DU excluding Exd fi'om the presumptive endopod/exopod 

branches. Just before branching happens, Exd and DU are juxtaposed within a segment 

that will bear limbs. As the limb begins to branch out and elaborate, the Exd pattern 

begins to spread across the limb and is expressed in the stem of the limb and at the base 

of each endite. With these expression data, we can begin to evaluate 1) if the limb is 

patterned as a whole, or if each individual branch is patterned independently and 2) 

where the coxopodite and telopodite are in the Triops limb. 

In the Drost̂ hila model, Exd is excluded fi'om the distal domain of the leg via an 

indirect repression by wg and c^p. In other words, where DU is expressed, nuclear Exd is 

absent and this molecular interaction is crucial in determining proximal versus distal fates 

in the imaginal disc. In Triops, the early expression patterns of Exd and DU initiaUy 

appear to agree with this model, but as the branches elaborate, Exd/DU dynamics are 

quite different. Early on, Exd is expressed in the body wall and in a Une transversing the 
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posterior segment. As soon as Dll protein first q>pears, Exd is shut off in these DU-

expressing cells (the presumptive endopod/exopod). Thus, early (before limb branching) 

Exd and Dll are expressed in complementary domains. This indicates that early, before 

branching, there is one P/D axis set up across the segment. Yet, as the limb begins to 

branch and grow away fi'om the ventral body wall, Exd expression begins to spread up 

into the base of the limb and eventually localizes to the entire stem of the limb. Not only 

is the expression in the stem of the limb, but Exd protein is also found at the base of the 

endites, overlapping with Dll. This indicates that perhaps now each branch has a domain 

of Dll and a domain of Exd. 

The differences in DU are worth pointing out as well. One apparent difference is 

that there is no DU detected in the epipod. In the Drosophila model, DU is required to 

produce an outgrowth. Without DU, there is no leg. The fiict that we see a branch without 

this functional protein suggests that there is more than one way to distalize an outgrowth. 

Another important difference between what we observe in Triops and what is known 

from the Drosophila model, is that branching happens before DU is turned on in 

the all of the branches (Williams, 1996). The Triops limb exhibits a unique mode of 

development in that the branches that make up the limbs proper protrude aU at once fi'om 

the ventral body waU. TypicaUy, crustacean limbs develop via elongation and branching 

is subsequent to this. In the multi-branched Trit^s limb, branching happens first, 

foUowed by elongation. This mode of development may preclude a necessary change in 

the limb patterning netwoilc. DU is first detected before branching in the presumptive 

endopod and exopod branches. It may be that this region may act as an early organizer. 



72 

sending a secondary signal to the remainder of the branches instructing them to grow. 

Preliminary experiments performed by Williams (pers. communication), have shown that 

early ablation of this DU expressing region can affect the more medial branches. 

Outgrowth and patterning are severely disrupted in the endites, suggesting that this early 

DU expressing region is important in establishing signals for the rest of the 

limb, operating as an organizer. Yet, the fact that DU stains the distal tips of most of the 

branches later suggests that each individual branch may be patterned using an individual 

axis. 

In addition, Exd is found all over the stem or base of the limb. According to the 

molecular definition, this would mean that this is really the coxopodite (or an extension 

of the body wall) and that the branches are the telopodite or "true appendage" as defined 

by the absence of Exd. This poses a dilemma- where is the limb proper in this 

appendage? The entire appendage has always been viewed by crustacean morphologists 

as the limb proper in the branchiopods (Brusca and Brusca, 1990). This presents a large 

disparity between the molecular and morphological definitions. There are several 

possible ways to reconcile this discrepancy: 1) the molecular definition is true, meaning 

that the stem of this limb (where Exd is expressed) is proximal and all of the branches are 

distal. Thus, the middle portion of this limb is merely an extension of the body wall and 

the branches are the legs or appendages. 2) The morphological definition is true, but as 

the whole of the limb is incredibly fiised and shortened; expression patterns may not 

correlate with morphology in the same manner as they do in a typical uniramous limb. 3) 

Both of the above possibilities can be reconciled if we hypothesize that Exd and DU 
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function in a temporal fashion, taking on an early and a late patterning role. The 

expression of Exd and Dll can be divided into two phases. One is an eariy phase, in 

which Dll marks the presumptive distal tip of the entire limb. This distal tip would 

include the exopod and endopod. Exd defines the proximal region of the entire limb. 

Thus, early there is one P/D axis that is delineated similariy to Drosophila. The 

mechanism for how these expression pattons may be set up however is not so easy to 

reconcile with the wg staining pattern. In DrosofMla^ high levels of wg and dpp inhibit 

the nuclear localization of Exd. In the developing Triaps limb, wg is found across the 

segment, overlapping with Exd. Thus, the mechanism for nuclear localization of this 

protein may be bypassing the wg-signaling cascade, yet still responsible for determining 

the P/D axis. Later, when the branches begin to form it appears the Exd and DU have P/D 

domains within each branch, yet maintain strong staining in the entire stem of the limb 

and the endopod/exopod. Perhaps, the entire limb maintains one P/D axis and the smaller 

branches such as the endites and gnathobase become differentiated later, taking on an 

individual identity. 

In conclusion, the expression patterns of Exd and DU are dynamic and suggest 

that a temporal shift in the expression of these genes is critical for patterning the 

multibranched branchiopod limb. Unfortunately, the patterns of Exd and Dll don't make 

it clear as to whether the limb is first patterned as a whole or, if the individual branches 

are established with their own primary axes and the resulting limb is due to a fusion of 

these unique branch identities. Since we see an early pattern of Exd and Dll in mutually 
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exclusive domains before all the branches are formed, this suggests that early the limb 

field may have one P/D identity. As branching occurs, these expression patterns localize 

to proximal and distal domains within each branch. It may be that the limb is patterned in 

two phases, an early and late phase and uses a temporal shift in gene expression to 

correctly pattern the limb (see chapter 7 for a model on multi-branched limb 

development). Additional markers and functional experiments are needed to further test 

this idea. 
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CHAPTER FIVE: EXPRESSION OF THE WING PATTERNING HOMOLOGUE, 
NUBBIN, IN THE DEVELOPING TRIOPS MULTI-BRANCHED LIMB 

I) Introduction 

One of the branches in the Triops limb, the epipod, is morphologicaiiy and 

molecularly unique. Morphologically, it is distinct from the rest of the limb because it 

will become directed laterally in the aduh (Williams and Mueller, 1996> and develops 

into a very large, flap-like branch, situated dorso-laterally in relation to the rest of the 

limb. Epipods in other crustaceans usually develop as the principal respiratory structures 

and may form highly specialized gills as seen in the malocostracans (Brusca and Brusca, 

1990). They also frequently assist in directing water flow beneath the carapace 

(McLaughlin, 1982). Molecularly, the Triops epipod is also different. There is no 

Distalless (DU) detected in this branch at any time in development (chapter 4, figure 4.2), 

which is unusual because this transcription factor normally accompanies P/D outgrowth 

in every metazoan examined thus far, with the exception of the insect mandible 

(Panganiban et al., 1997; Poapdic et al., 1998). Also notable, is the localization of 

wingless (wg) transcripts in this branch, wg transcripts are found spaimLng the 

circumference of the epipod at what might be called the branch margin ^chapter 3, figure 

3. 5c). This is the only branch exhibiting this pattern of wg expression. These molecular 

differences in the Triops epipod, provide evidence that this branch is unique from the rest 

of the limb. 



Intriguingly, these molecular expression patterns mimic some of the gene functions and 

patterns found in the Drosophila wing. In the Drosophila wing, Dll 

transcripts are detected- with the exception of deleted bristles at the wing margin, there 

appears to be no known function for the protein (Campbell and Tomlinson, 1998; 

Gorfinkel et al., 1997). In addition, wg is detected at the wing margin in the developing 

Drosophila wing imaginal disc. After eversion, is found at the circumference of the 

wing blade (Cohen, 1993). These molecular similarities between the Drosaptnla wing 

and the Triops epipod, coupled with the morphological uniqueness of this branch, elicit 

the question of whether these two structures are homologous. Can expression patterns, 

mapped onto morphological structures, tell us anything about homology? In this case, 

could these-and other, expression patterns tell us anything about the evolution of wings? 

It has been hypothesized that a dorsal leg branch, similar to the epipod branch in 

extant crustaceans, may be the precursory structure of the insect wing. This precursor 

would have been a dorsal, proximal leg branch that probably served some respiratory 

function (Kukolova-Peck, 1983; Wigglesworth, 1976). Another, competing hypothesis 

on the origin of insect wings, posits that the wing may have arisen de novo from the 

dorsal thorax (Snodgrass, 1935). These hypotheses have recently been tested using 

comparative expression patterns of two Drosophila wing specific patterning genes, ap 

(op) and nub (nub). 

In the developing Drosophila imaginal wing disc, ap is expressed in the dorsal 

half of the developing limb and is the primary determinant for DA^ patterning of the wing 

(Williams et al., 1993; EMaz-Benjumea et al., 1993 and Blair et al., 1994). nub is found 



77 

localized throughout the wing pouch (Ng et al., 199S and Ng et a!., 1996) and is 

responsible for the correct P/D specification of the growing wing, as well as for the 

proper segmentation and growth of the leg (Cifiientes and Garcia-Bellido, 1997). The 

nub gene was originally identified as a viable spontaneous mutation, which causes a 

dramatic reduction in the size of wings and halteres (Lindsley and Zimm, 1992). In the 

strongest viable allele, the wing blade is reduced to a tiny stump and the wing hinge is 

partially deleted (Ng et. al, 1995). nub also plays a role in the segmentation of the leg and 

is expressed in concentric rings in the Drosophila pupal leg (Ng et. al, 1995). Mutations 

of nub in the leg cause shortening and deletion of leg segments (Rauskold and Irvine, 

1999). 

Averof and Cohen (1997), show localized expression of these two genes in 

Artemia francisccma (a branchiopod with a phyllopodus limb type) and Pacifastacus 

leniusculus (a malocostracan with a biramous limb type). The Artemia limb is 

phyllopodus with two dorsally localized epipods (see figure 5.1). Expression of both nub 

and ap is localized to the medial most epipod. No explanation is given as to why the 

expression of these genes is not localized to the most dorsal epipod. The crayfish, 

Pacificus, has a main walking leg defined as the endopod, with laterally directed exopod 

and epipod branches (see figure 5.1). nub is localized to the epipod, similar to Artemia^ as 

well as in rings in the endopod. Averof and Cohen take these data as evidence that the 

crustacean epipod and the Drosophila wing are indeed homologous structures. 
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Figure 5.1- A schematic line drawing of the different branch morphologies of the limbs 
outlined in the introduction. From left to right they represent an Artemia franciscana 
phyllopodus limb type, a Triops longicaudatus appendage, the crayfish, Pacificus ... limb 
and a Drosophila melanogaster wing and leg. Notice the presence of two dorsally 
located epipods in the Artemia limb versus one in the Triops limb. The red dots indicate 
the location of the epipods. Epi=epipod, exo=exopod, endo=endopod, end=endites and 
gna=gnathobase. 
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Given the unique expression patterns of wg and DU in the Triaps limb, in 

conjunction with the recent Artemia/cny6sh results, we are in a position to look at nub 

expression in Triops. The expression of nub in Triaps will be informative for several 

reasons. One, the Artemia and Triops limbs exhibit different morphologies (see figure 

5.1). Since Triops only has one epipod, it will be easier to interpret where nub is 

functional as opposed to the Ariemia limb where there are two epipods and expression is 

only detected in one. Two, the expression of nub in Triops will give us another data 

point to add to the accumulating set of expression data in cross-species comparisons. The 

more crustaceans we examine, the stronger the argument will be as to the epipod/wing 

relationship. Finally, it will contribute to our understanding of whether the branches in 

Triops are indeed patterned on an individual basis- a question outlined in previous 

chapters. 

Using an Ariemia, cross-reactive antibody made to a conserved epitope of the nub 

gene, I examine where this protein is expressed in the developing Triops multi-branched 

limb. 

n) Results 

nub protein is detected in all of the nuclei of the entire epipod in the multi-

branched Triops limb (figure 5.2). Surprisingly, nub protein is also observed in patches 

of 4-6 nuclei within the endites and endopod of the Triops limb. A single nucleus 

expressing nub is always detected in the exopod (figure 5.3). The expression in the 

endites is sub-epithelial and is localized to a region where developing neurons are 
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Figure 5.2- On the left is a third instar dissected Triops limb stained with a nub cross-
reactive antibody. Nuclear staining is detected in the entire epipod as well in the endites. 
On the right is a higher magnification of the epipod showing that nuclear staining is 
detected throughout this branch. 



Figure 5.3- A dissected, third instar Triops limb showing the nuclear staining of nub in 
the endites. Arrows point to the patches of staining detected in the middle of each enditic 
branches. 
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terminating within the branches (data not shown). There is no nub detected in the head or 

trunk of the developing larva. Expression is localized to the developing limbs and cannot 

be detected until the epipod is branched out. 

m) Discussion 

The expression of nub in the Triops epipod is not surprising given the recent 

results from Averof and Cohen (1997). It is interesting that a wing gene homologue is 

localized to this highly specialized branch in three multi-branched crustacean limbs. 

Averof and Cohen argue that these data provides molecular evidence that the insect wing 

precursor could very well have been this type of specialized, lateral branch in the 

ancestral arthropod. It is not straightforward however, to draw such conclusions based 

solely on this type of molecular data (see review Jockusch and Nagy, 1997). It may be 

that these patterning systems may simply have been co-opted and do not a priori 

constitute a strict homology. Thus, the similar expression pattern of nub between the 

dorsal epipods in the crustaceans and the Drosophila wing does not discriminate between 

the two hypotheses of how insect wings may have arisen in evolution. In one case, it 

may be that these two dorsal appendages are in fact morphological homologues of one 

another and thus share similar patterning mechanisms because the common ancestor to 

the insects and crustaceans also used these genes. Alternatively, the insect wing may have 

arisen de novo and may have simply co-opted epipod genes in order to make the wing. It 

may be that this signaling network is used not to pattern wing tissue per se, but instead 
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direct the patterning and growth of a flattened, lobular-like iq>pendage. Thus, a flattened, 

lobular structure such as the wing or epipod may be using the same genes by coordinating 

the upstream or downstream signaling factors in different ways. Perhaps these signaling 

molecules are working to turn on downstream genes that would make thin epithelium 

stick together, or allow the morphology of the branch to be loose and flap-like. 

Alternatively, the ancestral arthropod may have used these genes for a completely 

unrelated function such as nervous system patterning- thus; these genes may have simply 

been convergent co-opted to make the different branch or appendage. 

To discriminate between the two hypotheses of how wings may have arisen in 

evolution, it would be more informative to look at a more basal insect group such as the 

apterygotes, or non-winged insects. If expression of nub or ap were localized to a group 

of cells in the dorsal, proximal region of the leg, it might suggest that indeed, this tissue is 

competent to make wing from leg. On the other hand, if nub or ap were localized to a 

region on the dorsal thorax, this would support the argument that the wing may have 

arisen de novo. One could also look at more winged insects, basal to the Diptera, like 

Tribolium or grasshoppers; or in 4winged insects such as the dragonflies and mayflies. 

Additional gene data such as spalt, vestigial, omb and other downstream candidate genes 

could be gathered as well. The expression of these downstream genes would provide 

insight as to whether the targets are changing. One could also perform a subtractive 

hybridization in the crustaceans between the rest of limb and epipod to identify other 

potentially novel epipod/wing specific genes. The identification of epipod specific genes 

will prevent bias towards always looking at wing specific genes. 
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The fact that we see nub in the endites of Trit^s limb is intriguing and not 

expected based on the Artemia or crayfish data. Although rings of expression are seen in 

the endopod of the crayfish, we never observe rings in the Triops endites. The 

simultaneous expression in two different branch types within Trices provides support for 

the hypothesis that the branches in the Triops limb are indeed being patterned on an 

individual basis and that each one of them is individually a homologue of the Drosophila 

leg. It is in the endites where the limb patterning gene network is most consistent with 

what is known in Drosophila. For instance, DU stains the distal tips of the endites and wg 

is localized to an anterior sector of each of these branches. We now see an additional 

limb gene in the endites. We do not see what can be called rings of nub expression in the 

endites, as in Drosophila or the rod-shaped endopod of the crayfish. Perhaps it is because 

the Triops endites are fused and shortened and if the endites were longer, the patches of 

nub expression could resolve into rings. 

This data provides evidence, based on homologous gene expression patterns, that 

the crustacean epipod may be a wing precursor. This is a good example of using 

expression patterns to aid in the reconstruction of phylogenetic history, although more 

data points are needed. 
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CHAPTER SIX; DIFFERENCES IN DPP EXPRESSION DO NOT LEAD TO 
DIFFERENCES IN THE EXPRESSION OF DOWNSTREAM COMPONENTS OF THE 
LEG PATTERNING PATHWAY IN THE GRASSHOPPER, S. AMERICANA 

I) Introduction 

Morphologically, Drosophila is characterized by a highly derived mode of leg 

development. Both the development of adult legs from imaginal discs and the allocation 

of discs during embryogenesis, rather than during the last larval instar, are derived within 

the Diptera (Truman and Riddiford, 1999). Primitively in insects, all appendages 

developed as direct outgrowths of the body wall. This mode of development is retained in 

all ametabolous and hemimetabolous species and in many holometabolous species. 

Although the adult appendages resulting from direct development and from imaginal discs 

are similar, the appendages differ developmentally in important ways, including tissue 

architecture and relative timing of development, both of which may have consequences for 

molecular patterning. 

A sophisticated model for the development of Drost̂ hila legs has emerged during 

the last few years; however, the applicability of this model to other species, including 

those with direct development of legs, remains largely unexplored. Drosophila leg 

development can be separated into two phases, each controlled by distinct patterns of gene 

regulation. Early in embryonic development, leg discs are allocated from the embryonic 

ectoderm via an interaction between the genes that pattern the anteroposterior (A/P) and 

dorsoventral (DA^ axes of the embryo. Leg imaginal discs are positioned at the boundary 
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between wg and engrailed (en)ihedgehog {hh) expressing cells along the A/P axis (Diaz-

Benjumea et al., 1994). Along the D/V axis, DEIR (the Drosophila epidermal growth 

factor receptor homologue) is essential for restricting the leg primordia ventrally (Raz and 

Shilo, 1993) and the c^p gene acts to inhibit distal leg development dorsally (Goto and 

Hayashi, 1997). Wg activates d7/ in a circular cluster of cells at the boundary between wg 

and en/hh expression and at the ventral edge of expresaon (Cohen, 1990; Diaz-

Benjumea et al., 1994). dll is essential for outgrowth of legs in Drosophila as null mutants 

show loss of the distal leg structures up to the proximal leg segment (Cohen et al. 1989). 

At the end of this allocation phase of leg development, imaginal discs are segregated from 

the remainder of the embryo as small invaginations that lie beneath the ectoderm. 

A second phase of leg development, which we refer to as imaginal disc patterning, 

occurs during larval and pupal development. Elaboration of the P/D axis, which involves 

some of the same genes used to allocate leg primordia, occurs during this phase. Wg and 

Dpp are thought to act cooperatively as morphogens to activate or repress target genes in 

discrete domains along the P/D axis (Lecuit and Cohen, 1997; Wu and Cohen, 1999). In 

the leg imaginal discs, wg is expressed at high levels ventrally and dpp at high levels 

dorsally (Baker, 1988; Couso et al., 1993; Masucci et al. 1990). Thus, cells near the 

center of the disc (corresponding to distal limb segments) receive high levels of both Wg 

and Dpp while more peripheral cells (corresponding to proximal limb segments) do not. 

High levels of both Wg and Dpp activate Dll (Lecuit and Cohen, 1997) and repress 

homothorax (hth), another transcription fector (Wu and Cohen, 1999). Hth is expressed at 

high levels proximally where it binds to Extradenticle (Exd) and fecilitates its movement 
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into the nucleus. Thus, restriction of Exd function to the proximal region is an indirect 

result of Wg and Dpp signaling (reviewed in Morata and Sanchez-Herrero, 1999). 

Nucleariy localized Exd controls proximal leg patterning. Recently, Goto and Hayashi 

(1999) have argued that an additional intercalary mechanism is involved in patterning the 

intermediate regions of the leg. 

How leg development is regulated in insects with other modes of devdopment is 

not known. While it might be expected that the evolution of imaginal discs would be 

accompanied by substantial alterations in limb allocation and patterning, it could also be 

the case that the same mechanism is deployed in species with and without imaginal discs. 

The latter possibility would require a change in the timing of the elaboration of the P/D 

axis. Currently, what little is known about the molecular basis of appendage patterning in 

other insects suggests that leg patterning is remarkably conserved, including in insects 

with different modes of development (Niwa et al., 1997; Panganiban et al., 1994; Nagy 

and CarroU, 1994; Sanchez-Salazar et al., 1996). 

We have examined the expression of homologues of four Drosaphila leg 

patterning genes - wg, dpp, DU and Exd - in the hemimetabolous insect Schistocerca 

americana. The expression of wg mRNA appears as predicted based on wg expression 

patterns in Tribolium and Drosophila. (Baker, 1987; Nagy and Carroll, 1994). However, 

we detect major differences in the pattern of d^p expression. Nonetheless, the patterns of 

Dll and Exd, respectively a direct and an indirect target of Wg-Dpp regulation in 

Drosophila, closely parallel their expression patterns in Drosc^hila. This suggests a 
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model for evolutionary changes in limb development wherein downstream events are 

conserved, ^vhile the upstream regulators are open to change. This model provides a 

mechanism for changes that occur early in an organism's life history, such as the evolution 

of imaginal discs. 

H) dpp expression during grasshopper devdopment 

In fly embryos, i^p is initially expressed in a gradient that resolves into two 

longitudinal stripes on each side of the embryo, one along the dorsal edge of the embryo 

and one more ventrolaterally, which nms through the dorsal side of the disc primordia 

during the allocation phase (Cohen et al., 1993; Goto and Hayashi, 1997). Later, during 

the patterning phase of leg development, d^p is expressed at high levels in an anterior 

dorsal sector and at low levels in an anterior ventral sector of leg imaginal discs (Masucci 

et al., 1990; Theisen et al., 1996). We used a S. americana dpp cDNA to identify ĉ p 

transcripts in grasshopper embryos. The coding region of the S. americana dpp cDNA 

shows 83.5% amino acid similarity to Drosophila dpp and probes derived from this cDNA 

hybridize to a single transcript on Northern blots containing polyA+ RNA from 

grasshopper embryos (Newfeld and Gelbart 1995). 

In grasshoppers, we find that <^p expression is highly dynamic. We see parallels 

to both the dorsal embryonic stripe and the dorsal leg stripe of Drosophila. However, not 

all aspects of fly <^p expression are shared with grasshoppers. In particular, we see no 

parallel to the lateral longitudinal stripe of c^p that is thought to play a role in allocating 

the imaginal discs in the early Drost^hila embryo (Goto and Hayashi, 1997). 
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Furthermore, several features of Schistocerca dpp expression in the developing legs 

appear to lack parallels in flies; most notable is a set of segmentally reiterated stripes 

suggestive of a leg segmentation role for dpp in grasshoppers. Here we describe the dpp 

expression pattern during early, mid and late leg development phases in which dpp 

appears to serve different functions. 

m) dpp mRNA expression during early grasshopper leg development does not 

parallel Drosophila allocation phase expression 

At the earliest accessible stages in grasshopper development (ca. 15-20% D), 

is expressed in two partial stripes in each hemisegment, paralleling the axis. One 

stripe lies roughly in the middle of the segment and the other lies near the presumed 

intersegmental boundary (Figure 6.1 A,B). This pattern does not resemble any dpp 

expression pattern seen in the early Drosophila embryo, dpp is also expressed along the 

periphery of the germ anlage (Figure 6.1C), a domain that corresponds to the most dorsal 

longitudinal stripe of c^p expression in the Drosophila embryo. This dorsal stripe persists 

throughout the stages we have examined here. There are no additional longitudinal stripes 

or modulation of expression along the DA  ̂axis of the embryo, as seen in Dros(̂ hila 

embryos. Thus, early grasshopper dpp expression does not parallel Drosophila dpp 

allocation phase expression. 

IV) dpp expression during the eariiest stages of grasshopper leg outgrowth resembles 

its expression during disc patterning in Drosophila 
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Prior to and immediately following the onset of leg outpocketing (ca. 25% D), mRNA 

expression patterns change rapidly (Figures 6.1, 6.2). The intrasegmental stripes 

come to dominate and extend along both the dorsal and ventral sides of the presumptive 

leg fields (Figure 6. IC). The ventral leg expression may correspond to the low level of 

c^p expression in the anterior ventral sector of the Drosophila leg imaginal disc, which 

has no known fimction. Shortly after outpocketing, the stripes become restricted to the 

dorsal side of the limb domain (Figure 6. ID, E). At this stage, the leg bud expression 

pattern resembles that of the second and third instar leg imaginal discs of D. 

melanogaster, where <^p is expressed at high levels in a wedge across the anterior dorsal 

portion of the disc (Diaz-Benjumea et al., 1994; Jiang and Stnihi, 1996; Theisen et al., 

1996). Our data do not distinguish between two mechanisms that could result in this 

transition in grasshoppers: 1) ventral cells that are initially expressing c^p could shut-off* 

c^p transcription while more dorsal cells initiate dpp transcription; or 2) the ventral 

midline tissue might be proliferating, pushing the ventrolateral tissue dorsally. However, 

the resemblance between dpp expression in grasshopper and fly limbs is transient. 

V) dpp mRNA is transiently absent in the dorsal stripe and becomes expressed in 

circumferential rings in mid-stage leg development 

In flies, once established, the dorsal stripe of d^p in the leg domain persists 

unmodulated throughout development (Massucci et al., 1990; also see below). In 

grasshoppers, however, the dpp expression pattern remains dynamic. Before 30% 

development, the dorsal leg stripe of dpp mRNA becomes undetectable (Figure 6.2A). 
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Figure 6.1- dpp mRNA expression in early S. americana embryos (ca. 15-25% 
development). All embryos are viewed ventrally with anterior to the left. A) <20% 
development. Grasshopper embryos develop gradually along both A/P and axes. At 
this stage of development, the head is visible as two large lobes at the anterior, followed 
by the gnathal and thoracic segments. Additional segments will be added sequentiaUy, 
from the posterior end, as the embryo grows. The dorsal-ventral extent of the embryo is 
also quite limited at this stage, with the edges of the embryo at the top and bottom of the 
picture representing the most dorsal regions of the embryo. stripes are present both 
intra- (arrow) and intersegmentally (arrowhead). B) Hi^er magnification of embryo 
shown in A. C) 20% development, d^p is expressed in band along the dorsal (lateral) 
edge of the embryo (arrowhead); in the legs, staining has resolved to a pair of dominant 
intrasegmental stripes in each segment (arrow). D) 25% development. The legs have 
begun to develop by direct outpocketing fi-om the ventral surface (out of the plane of the 
image), dpp expression is detected intrasegmentally (arrow). E) Higher magnification of 
the second thoracic segment shown in C. scale bar = 20 ^m. m=mandible, T2= second 
thoracic segment. 
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dpp mRNA is now detectable in two small clusters of cells located subterminally near 

each appendage tip, one cluster located anteriorly and the other posteriorly. In addition, 

there is a strong "armpit" node of expression (Figure 6.2 A), which likely derives from the 

intersegmental patches detected earlier (Figure 6. ID, E). This expression domain has no 

apparent counterpart in Dros(^hikL The limb patches transform into a nearly 

circumferential ring of dpp expression near the distal limb tip (Figure 6.2B). This ring is 

initially incomplete ventrally (not shown), but eventually closes and cleaily extends 

through both the anterior and posterior compartments of the leg. Expression of dpp in 

posterior compartments is unexpected. In DrosophUa, dpp is repressed in the posterior leg 

compartment by engrailed (en ) (Sanicola et al., 1995) whose expression along the A/P 

axis is conserved in Schistocerca (Patel et al., 1989). The dorsal leg stripe of grasshopper 

dpp expression returns, albeit weakly, and is nuu-ked by nodes of higher expression 

(Figure 6.2C). These nodes appear to mark the positions along the P/D axis at which 

subsequent circumferential rings of dpp mRNA expression appear. The five primary leg 

segments are visible by 40% development, at which point it can be seen that the t̂ p 

expression rings are located roughly in the middle of the primary leg segments (Figure 

6.2D). We have not confirmed the presence of a ring in the coxal segment. In addition, 

each of the more distal leg segments has a fainter partial ring of expression, and there is a 

faint stripe along the ventral edge of the leg, which could correspond to the faint (̂ p 

expression in the ventral wg domain of the Drosophila leg inu^inal disc. 

The correspondence between rings of c^p expression and leg segments suggests 

that c^p plays a role in segmentation of the grasshopper leg. Importantly, the change in 
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Figure 6.2- dpp mRNA expression in the legs of mid-stage grasshopper embryos (<30%-
40% development). Embryos in A and B are legs shown in lateral view with anterior to 
the left. C and D show dissected legs with dorsal to the left. A) <30% development: dpp 
mRNA is detected along the dorsal band, in a pair of spots near the distal tip of each leg, 
and in an "armpit" patch (arrow). No staining is detectable along the dorsal edge of the 
leg. B) 35% development; dpp is strongly expressed in a nearly circumferential ring close 
to the distal end of the appendage. In addition, there is a faint stripe along the dorsal 
length of the developing leg (arrows). C) Similar stage as B. Nodes of higher expression 
in the dorsal stripe (arrowheads) may correspond to places where additional rings will 
form, as shown in D. D) 40% development; leg segments are defined externally. An 
additional circumferential ring of high dpp expression has appeared proximal to the first 
ring; both rings are located intrasegmentally, in the presumptive tarsus and tibia. Scale 
bar = 10 fim. 



95 

Figure 6.3- dpp mRNA expression in other appendages of mid-stage grasshopper embryos 
(ca. 30% development). Note the rings in the A) antenna (body wall attachment to left); B) 
maxillary palp (body wall attachment at top); and C) pleuropodium, an embryonic 
appendage on A1 (body wall attachment at top). These appendages are dissected from the 
embryo and shown in lateral view. Scale bar = 10 fim. 
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gene expression from dorsal stripe to intrasegmental rings precedes morphological 

segmentation (for the tarsal segment, compare Figure 6.2C to 6.2D). Additional support 

for this role comes from the observation that eilpp is also expressed in circumferential rings 

in the other appendages that become segmented - the antennae (Figure 6.3 A), maxillary 

(Figure 6.3B) and labial (not shown) palps - but not in appendages or appendage branches 

that remain unsegmented - the labrum, mandible and inner branches of maxillae (Figure 

6.3B) and labium (not shown). The only exception to this correspondence between rings 

of (pp expression and segmentation is that a ring of expression appears in the 

pleuropodium (Figure 6.3C), which is not considered a segmented appendage. 

VI) mRNA expression in tiie late grasshopper leg 

After limb segmentation is complete (45% D), ipp expression is no longer similar 

in different appendage types. In the legs, expression is restricted to a small region around 

the developing tarsal claws (Figure 6.4) and in a partial stripe on the ventral edge of the 

femur (not shown). As the grasshopper metathoracic legs are morphologically modified 

for jumping, we looked carefully for differences in expression between the metathoracic 

legs and the more anterior legs. The only qualitative difference in tpp expression between 

T1 - T2 and T3 legs occurs late in development, when (pp is expressed in a pair of spurs 

that develop at the distal tibial tip in T3 (Figure 6.4B). Neither the tibial spurs nor the dpp 

expression occurs in T1-T2 (Figure 6.4A). 
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Figure 6.4- dpp mRNA in the legs of grasshopper embryos (ca. 5 5% development). The 
legs have been dissected away from the body wall and are oriented with their attachment 
point towards the top, dorsal side to the left. A) A mesothoracic leg showing dpp 
transcripts in two patches at the distal tip of the leg surrounding the presumptive claw. 
Arrow marks the tibia-tarsus boundary. B) A metathoracic leg, in which dpp is also 
expressed in spurs at the distal end of the tibia. Scale bar = 10 fim. 
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VTI) dpp expression in DrosophUa pupal legs 

The t̂ p expression pattern we observe in Schistocerca is markedly different than 

that reported for Drosophila. However, the Drosophila expression pattern has only 

been reported through the early pupal stages (Masucci et al., 1990). To determine whether 

Drosophila dpp might be expressed in a segmentally reiterated fashion later in 

development, we analyzed dpp expression in pupal leg discs using UAS.GFP (Ito et al., 

1997) driven by dpp-blink. Gal4 (Staehling-Hampton et al., 1994). In wild-type third 

instar larval leg imaginal discs, dpp-blink. Gal4 drives expression of UAS transgenes in 

the same spatial pattern seen using c^p in situ hybridization, though at slightly higher 

levels (e.g. Theisen et al., 1996). In early pupal legs, we observed GFP expression in a 

strong 

dorsal stripe with weaker ventral expression (up to ~6 hours after pupariation; Figure 

6.5A) as reported by Masucci et al. (1990) using <^p in situ hybridization. After the leg is 

fully everted and segments are clearly delineated (—12 hours after pupariation), we 

observe two changes in the dpp expression pattern. The dorsal expression no longer forms 

a continuous stripe. There are periodic positions along both the dorsal and ventral sides 

that are lacking c^p expression, in regions that appear to correspond to the joints. 

Secondly, the expression levels become more equivalent on dorsal and ventral sides of the 

leg (Figure 6. SB). This periodic expression does not result in segmental rings of 

expression and occurs much later in leg morphogenesis than the segmental rings we detect 

in the grasshopper legs. Just before eclosion, when leg remodeling is complete, t̂ p is 

also strongly expressed in two muscle fibers in the femur (Figure 6.5C). 
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Figure 6.5- UAS.GFP expression driven by a dpp-blink. Gal4 in Drosophila everted pupal 
legs. A) Everted leg disc, 6 hours after pupariation. Arrow points to the dorsal side of the 
leg. B) Whole mount preparations of everted pupal leg discs 12 hours after pupariation. 
Fragmentation of the dorsal stripe is indicated by arrowheads. Anterior is to the left. C) 
Femur of everted leg disc, just prior to eclosion. The arrow marks the dorsal epithelium; 
arrowheads demarcate the two dpp staining muscles. Scale bar = 10 ^m. 
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Figure 6.6- wg mRNA expression in mid-stage grasshopper embryos. A) 30% 
development. B) Higher magnification of A. C) Dissected metathoracic leg (45% 
development). The leg is oriented with ventral side down. Embryos in A and B are 
oriented ventral side up, with anterior to the left. m=mandibular segment, T2= second 
thoracic segment, T3= third thoracic segment 
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VlU) wg expression in the developing grasshopper leg 

In contrast to the variation we have detected between grasshopper and fly 

expression, the expression of the wg transcript is nearly invariant between grasshoppers 

(Figure 6.6), beetles and flies (Baker 1987; Baker 1988; van den Heuvel et al. 1989; Nagy 

and Carroll 1994). During grasshopper leg development, wg transcripts are detected in 

two to three rows of cells that extend from the ventral midline to the distal tip of the 

appendage (Figure 6.6). The only minor variation detected is that the level of wg mRNA 

is not uniform within each stripe in the grasshopper. The distal portion of the limb has 

lower levels of wg transcript. This same pattern is seen in the antennal, gnathal and 

thoracic appendages, with the exception of the mandible (see Figure 6.6A) in which the 

wg stripe disappears from the middle of the limb primordia, but remains present both 

ventrally and dorsally, as has been reported previously for Tribolium (Nagy and Carroll, 

1994). 

IX) DU expression in the developing grasshopper leg 

Given the unexpected pattern of grasshopper expression but conservation of 

wg expression, we next examined whether expression of DU and Exd, two components of 

the Drosophila leg patterning network that function downstream of wg and c^p, also differ 

in their expression during the development of the grasshopper leg. In flies, dll expression 

is initiated in the center of the disc primordia during early embiyogenesis (Cohen, 1990; 

Cohen et al., 1989). This expression persists throughout larval development. By mid-late 

third instar, a second more proximal domain of dli appears, which is regulated 
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Figure 6.7- Dli protein expression in grasshopper embryos. Whole mount embryos (A-C, 
E) and dissected legs (D, F-I). A) <25% development; this is the earliest stage at which 
Dll is detected in the thorax. DU is detected in a small patch of cells within the gnathal 
(except for the mandible) and leg primordia (arrow). B) 25% development and C) <30% 
development; following limb outpocketing, DU is expressed in a single domain in the 
distal limb. D) <30% development; Dll is downregulated in a narrow central domain 
(arrow). E-I) 30%-55% development; Dll becomes undetectable in this central domain, 
marked by the arrow and arrowhead in each panel, which expands as the leg grows. 
Following external segmentation (G-I), the distal Dll domain covers the tarsus and distal 
tibia and the narrower proximal domain spans the femur-trochanter joint. Sceile bar =10 
|im. m=mandibular segment, T2=second thoracic segment, T3=third thoracic segment. 
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independently of dpp (Diaz-Benjumea et al., 1994). The distal domain covers the distal 

tibia and tarsus while the proximal domain is in the presumptive proximal femur/distal 

trochanter (Wu and Cohen, 1999). A brief report of the expression of DU in developing 

grasshopper limbs has been published (Palopoli and Patel, 1998). We extend their 

observations by following DU expression in developing grasshopper limbs from the 

initiation of DU expression until leg segmentation is complete. The pattern of DU 

expression in developing grasshopper and fly legs is very similar. 

DU expression was absent or only observed in the antenna] primordia of embryos 

of the youngest embryos examined (15-20% D; not shown). Prior to Umb outpocketing, 

about the same time that the intrasegmental dpp stripes come to dominate, DU expression 

is initiated in bilateraUy symmetrical spots in the maxiUary, labial, and thoracic segments 

(Figure 6.7 A). Comparison of the D/V extent of the dpp and DU domains at this stage 

(Figure 6. IC and 6.7A) suggests that dpp is not confined to the dorsal half of the DU 

domain, but rather extends across most or aU of it. The change in dpp to the more dorsal 

region (Figure 6. ID) during early Umb outgrowth would lead to its restriction to the dorsal 

half of the DU domain sUghtly later in development. 

As the Umbs grow out from the body wall, nuclearly-located DU is initiaUy 

expressed continuously along the P/D axis from the distal tip of the Umb for 

approximately 60% of the axis length (Figure 6.7B,C). Between 25 and 30% 

development, DU expression begins to fade from a central portion of its domain (figure 

6.7D), leading to a gap in DU expression. As development proceeds, this gap expands 

(Figure 6.7E-I). When the primary leg segments become morphoIogicaUy visible, the 
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Figure 6.8- Grasshopper legs double-labeled for Exd and Dll. Anterior is up, ventral is in 
the plane of the picture. Nuclearly-localized Dll (green) and Exd (red) are expressed in 
adjacent but non-overlapping domains in A) <25%development and B) <30% 
development. C) By 40% development, Dll and Exd overlap in a 3-4 cell wide band on 
the proximal edge of the proximal DLL domain. The distal femur and proximal tibia 
express neither nuclear Exd nor Dll. Scale bar = 10 nm. 
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terminal region of DU extends from the distal tip of the tarsus proximally to the central 

part of the tibia, and a more proximal ring of expression encompasses the femur-

trochanter joint. These expression patterns closely parallel DU expression patterns found 

in crickets (Niwa et al., 1997), and resemble those in flies. In flies, however, the disjunct 

DU domains may result from expression of DU in a new region rather than from loss of 

expression in the middle of an initiaUy contiguous domain (Diaz-Benjumea et al. 1994). 

X) Exd expression in the developing grasshopper leg 

In Drosophila, Exd protein patterns the coxa, trochanter and the adjacent body 

wail (Gonzalez-Crespo and Morata, 1996; Rauskolb and Irvine, 1999). In fly leg 

primcrdia, nuclear Exd and DU expression domains overlap briefly in the eariy embryo 

(Abu-Shaar and Mann 1998), remain adjacent until the end of the second instar, and then 

are separated during the third instar. During mid-late third instar, nuclear Exd and DU 

overlap in the proximal ring of DU. Using a monoclonal antibody developed against 

Drosophila Exd (Aspland and White, 1997), we examined the pattern of Exd expression 

and its relationship to DU in grasshopper leg development from the first signs of leg 

differentiation until late leg segmentation. 

In Schistocerca, nuclear Exd and DU are expressed in adjacent but non-

overlapping domains throughout most of the stages we examined (2S%-40% D; Figure 

6.8). Early in development, Exd is nuclearly located in most ceUs of the embryo with the 

exception of smaU circles of ceUs expressing DU, which wUI become the distal portions of 
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the legs (Figure 6.8A). As the leg bud grows, the Exd and Dll domains both expand and 

remain adjacent but non-overlapping (Figure 6.8B). Following morphological 

segmentation of the legs, the boundary between nuclear Exd and the proximal ring of Dll 

expressing cells lies in the trochanter. Late in limb development (40%) there is a small 

region of overlap (2-3 cells wide) between the proximal ring of Dll and the Exd domain 

(Figure 6.8C), paralleling the overlap seen in mid-late third instar Drosophila 1^ discs. 

XI) Discussion 

We have analyzed molecular patterning during leg development in the grasshopper 

Schistocerca americana^ in which legs develop directly, in order to evaluate the generality 

of the current Drosophila model for leg development. We find unexpected differences in 

dpp expression during the limb allocation stage. While grasshopper wg expression 

directly parallels wg expression in Drosophila, grasshopper dpp and wg never develop the 

ladder-like expression pattern seen during Drosophila leg allocation, which is 

hypothesized to be required for proper allocation of the limbs (Cohen et al., 1993; Goto 

and Hayashi, 1997). We also see only a transient resemblance in dpp expression during 

limb patterning. While Drosophila dpp is expressed in a continuous dorsal leg stripe 

throughout imaginal disc patterning, grasshopper dpp expression during leg development 

is highly dynamic. A dorsal leg stripe is present only at certain stages. In addition, a 

series of intrasegmental rings of dpp expression appear prior to leg segmentation in 

grasshoppers. This suggests that dpp plays a role in segmentation in grasshopper legs. 

Despite these early and late differences in dpp expression, Dll and Exd are expressed in 
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similar patterns during the development of grasshopper and fly legs. In the absence of 

data on functional interactions among these genes during grasshopper limb development, 

the consequences of the major differences in di^ expression are not clear. However, the 

early divergence in expression of an upstream gene converging on similar expression of 

downstream targets parallels the morphological differences between developing 

grasshopper and fly limbs. 

A) Allocation and early patterning are evolutionary divergent in flics. 

In Drosophila, the early embryonic gradient of dpp expression resolves into 

two longitudinal stripes, a lateral and a dorsal one, at the time of leg allocation. The 

lateral dpp domain marks the position of the imaginal disc and the dorsal edge of the 

circular disc of dll expression (Cohen et al., 1993). The appearance of the lateral 

longitudinal stripe of dpp in Drosophila is concordant with the transformation of the Dll 

domain from a linear stripe to a circular cluster of cells. This, combined with the 

observation that the Dll domains forms a stripe extending to the dorsal edge of the embryo 

in dpp mutants, led Goto and Hayashi (1997) to argue that the expression of dpp on the 

dorsal edge of the limb primordia during limb allocation is essential for proper allocation 

of imaginal discs in Drosophila. In grasshoppers, no lateral longitudinal stripe is 

observed. Instead, early in embryogenesis t^p is expressed in pairs of segmentally 

reiterated stripes that run perpendicular to the dorsal longitudinal stripe. Despite these 

differences, Dll is expressed in a circular disc, not expanded along the D/V axis. 



108 

These data are consistent with several possible scenarios for limb allocation. First, 

given the differences in early expression, DU expression and limb allocation might be 

regulated along the DA'̂  axis by different mechanisms in the two species. Second, it might 

be possible to extract from the early grasshopper e^p/DVi expression patterns with enough 

similarity to the Drosophila expression pattern to argue for conservation of the mechanism 

proposed by Goto and Hayashi (1997). In their model, the critical feature is the 

expression of t^p on the dorsal edge of the DIl domain. The eaily segmentally reiterated 

dpp stripes in the grasshopper would cover the dorsal edge of the DU domain, however, 

the dpp and DU expression overlap extensively in grasshoppers and the overlap appears to 

extend beyond the center of the early DU domain. In this case, the fly model would be 

incomplete, as it does not explain why (^p does not also repress DU more ventraUy. This 

leads us to the final scenario, in which the current model for how t^p restricts DU'm the 

Drosophila embryo (Goto and Hayashi, 1997) might not apply in either species. Instead, 

an as yet to be identified set of interactions may be operating commonly in both species. 

dpp expression has also been examined in early Tribolium embryos and, as in 

Drosophila, a H/W gradient of expression is detected in the cellular blastoderm (Sanchez-

Salazar et al., 1996), a stage inaccessible in Schistocerca. Later in embryogenesis, 

Tribolium resembles Schistocerca in having only a single longitudinal band of dpp 

expressing ceUs, which is along the dorsal margin of the germband (Sanchez-Salazar et 

al., 1996). Presence of the dorsal longitudinal stripe in a grasshopper, a beetle and a fly 

suggests that this domain of dpp expression is evolutionarily old. By contrast, the lateral 

longitudinal stripe found in Drosophila is parsimoniously inferred to be a new feature that 
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originated following the divergence of flies and beetles. Examination of dpp expression in 

additional taxa would reveal whether the appearance of the lateral longitudinal stripe is 

correlated with the evolution of leg imaginal discs in the higher Diptera. This would 

provide additional evidence on the evolutionary significance of this domain. 

Although we cannot be sure without additional expression and functional data, the 

absence of the second longitudinal dpp stripe suggests that Schistocerca and Tribolium 

T>N axes, including the positioning of legs, are patterned via different genetic interactions 

than those functioning in Drosophila. Maxton-Kuchenmeister et al. (1999) arrive at a 

similar conclusion based on their analysis of Tribolium Toll, another gene required to 

pattern the embryonic D/V axis in Drosophila. Interestingly, the Drosophila A/P axis is 

also patterned by a gradient, initially dependent on the graded distribution of the 

transcription factor (Driever and Nusslein-Volhard 1988). Despite indirect 

evidence for its existence in Tribolium (Wolff et al., 1998), bicoidYa& not been identified 

outside of dipteran insects. It is possible that the gradient mechanisms by which 

Drosophila imparts positional information along both its embryonic axes are not common 

to most insects. In the case of the A/P axis, the gradient may rely on a "new" gene, bicoid, 

whereas in the case of the axis, e^p may have been co-opted for a new function. 

B) Later leg patterning is more conservative. 

If the Drosophila model of leg disc patterning applied to Schistocerca leg 

patterning, grasshopper legs would express wg and dpp in stripes along the anteroventral 

and anterodorsal side of the leg respectively, Dll in a distal domain extending fi-om the 
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tibia to the distal tip and in a more proximal domain at the femur/trochanter boundary, and 

Exd in a more proximal circumferential domain, extending proximally into the body wall 

and distally to the femur. These expression patterns are observed throughout Drosophila 

second and third larval instar and pupal imaginal discs. The predictions for the wg, DU 

and Exd domains are bom out through the developmental periods we examined in 

grasshoppers, suggesting that their roles in P/D axis patterning are conserved. The 

conservation of DU and wg expression patterns was expected given their expression in 

other hexapods (Panganiban et al., 1994, 1995; Niwa et al., 1997; PalopoU and Patel, 

1998; Nagy and Carroll, 1994). 

Despite only transient similarity in dpp expression in flies and grasshoppers, it is 

possible that some aspects of dpp'̂  role in establishing the P/D axis are conserved. In 

Drosophila, removal of Dpp signaling prior to the second larval instar results in loss of DU 

expression whUe later removal of Dpp does not affect DU expression (Lecuit and Cohen, 

1997). Therefore, Dpp is thought to be required for the initiation but not maintenance of 

dll transcription in the leg imaginal disc (Lecuit and Cohen 1997). In grasshoppers, (̂ p 

expression is Umited to an anterodorsal stripe transiently around the time of limb 

outpocketing. If maintenance of DU expression in grasshoppers were also independent of 

dpp then the later changes in t^p expression would not be expected to affect expression of 

DU. 

While many aspects of Drosophila leg imaginal disc patterning are consistent with 

data obtained from grasshoppers, the extension of <^p onto the ventral side of the 
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presumptive leg early in grasshopper development is unexpected. In Dr<Mophila, 

functional analyses reveal that Wg represses Dpp ventrally in the leg imaginal disc 

(Theisen et al., 1996). The ventral dpp expression in grasshoppers may reflect absence of 

this mutual antagonism between Wg and Dpp during early leg development. 

Alternatively, this ventral expression may be homologous to the low-level expression of 

dpp seen in the ventral portion of Drosophila leg discs during second and third instars, 

which occurs in the presence of high levels of Wg, and apparently plays no role in dll 

activation. In grasshoppers, the ventral extension of c^p prior to and at the time of Dll 

activation would lead to a change in the distribution of cells expected to receive high 

levels of both Wg and Dpp signaling, which jointly activate dll in Drosophila imaginal 

discs. Despite this, the grasshopper and fly Dll patterns are similar. Additional functional 

data are required to evaluate the significance of this initial high level of dpp expression in 

a ventral domain of grasshopper limbs. 

C) dpp may play a role in leg segmentation in grasshoppers. 

Morphologically, leg segmentation is remarkably conserved within all insects. The 

only notable variation occurs in the number of subsegments in the tarsus. In spite of this 

lack of morphological variation, we have uncovered an underlying molecular difference in 

leg segmentation between Schisiocerca and Drosophila. We find that (^p is expressed in 

segmental rings in Schisiocerca, but not, to the limits of our detection, in Drosophila. We 

suggest that dpp plays a role in establishing the primary leg segments during grasshopper 

limb development. Our evidence for this is twofold. First, the appearance of these 



112 

segmentally reiterated rings precedes morphological segmentation of the legs. Second, 

similar rings of expression occur in serial homologues of the legs that become segmented 

but not in most non-segmented appendages. While several other proteins have been 

reported to be expressed in circumferential rings in grasshoppers - annulin, a 

transglutaminase (Singer et al., 1992), fasciclin IV, a novel integral membrane protein 

(Kolodkin et al., 1992) and alkaline phosphatase (Chang et al., 1993) - dpp is the first 

secreted signaling molecule known to be expressed in a manner that suggests a role in the 

establishment of the primary limb segments. The observation of rings of dpp expression in 

developing Tribolium limbs (E.J. and L.N. unpublished) suggests that this dpp expression 

domain is likely ancestral for the large clade of insects descended fi'om the common 

ancestor of the orthopteroid and holometabolous orders, and was lost somewhere along the 

lineage leading to flies. 

D) Violation of A/P boundary restrictions 

As noted, the expression of dpp suggests variation in the fundamental regulatory 

mechanisms that pattern the P/D axis of the leg. It also suggests a violation of the rules 

that pattern the A/P axis of the Drosophila leg. In flies, the transcription of dpp is 

restricted to the anterior compartment of both leg and wing discs by En, which represses 

dpp transcription in the posterior compartment (Santicola et al., 1995). In grasshoppers, 

this anterior restriction is broken by the appearance of subterminal spots followed by 

circumferential rings at 30% embryogenesis. While Patel et al. (1998) noted variation in 
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the intensity of En expression along the P/D axis in S. americana. En was always 

expressed throughout the posterior compartment. Thus, the transcription of <^p in the 

posterior of grasshopper limbs reflects a change in its regulatory circuitry involved in leg 

patterning relative to flies. 

E) Evolution of imaginal discs 

Adult fly and grasshopper limbs are morphologically similar. Both are five-

segmented structures that emerge from the body wall at a defined position on the 

axis. However, their developmental modes are quite different. Grasshopper limbs 

outpocket directly fi'om the embryonic body wall during embryogenesis while fly limbs 

proliferate and are patterned as invaginated imaginal discs. All of the parallels we have 

drawn between fly and grasshopper limb development are at stages following the 

allocation of discs in flies. The main early difference we have identified is in (^p, a key 

upstream regulatory molecule in flies. This argues that the origin of leg imagirud discs in 

flies required alterations early in development, possibly affecting the mechanisms by 

which limbs are allocated in the early embryo. However, extensive later similarities in DU 

and Exd indicate that these early differences eventually result in the activation of 

conserved patterning modules. Since DU and Exd are both transcription factors, which 

function cell-autonomously, their function would not be expected to be affected by the 

differences in tissue architecture between imaginal discs and direct-developing legs. It is 

therefore perhaps not surprising that we have identified conservation at this level. While it 

is not straightforward to compare stages between grasshopper and fly limbs, the 
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persistence of gene expression patterns in flies that characterize only a brief period in 

grasshopper limb development suggests that the early stages of grasshopper limb 

development have been expanded or slowed down to fill a much greater proportion of fly 

limb development. Such heterochronies are thought to be a common mechanism 

underlying morphological evolution. 
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CHAPTER SEVEN: CONCLUSIONS/FUTURE DIRECTIONS 

The woiic presented in this dissertation provides an expression analysis of a limb 

patterning network in two arthropods, T. longicaudatus and S. americana. The goal of 

this work was to understand what kinds of developmental/genetic changes underiie 

changes in morphology and the devdopmental mode of limbs. This ejq>ression analysis 

has allowed me to draw several conclusions about the development and evolution of 

arthropod limbs and how a limb patterning network may be changing during limb 

development. The Triops data permits a model for how multi-branched limbs are 

patterned. This allows inferences to be made based on this model about the evolution of 

branched limbs. The grasshopper and Triops data together allow me to pinpoint 

underlying molecular changes within the network that produce the observed differences 

in ontology and morphology in these species compared to Drtisaphila. Specifically, the 

Triops data suggests that changes in and the X>N patterning system may fecilitate 

branching. The grasshopper data allows me to speculate that early changes in dpp 

expression may correlate with the evolution of imaginal discs. Both these results point to 

changes in the network that appear to lie in upstream components of the pathway. All of 

the data in sum allow me to propose molecular mechanisms for how the underlying 

network is changing to produce the observed differences. This type of analysis adds to 

our current knowledge of how morphological diversity is created and maintained in 

evolution and provides a base with which to start testing models for how limbs may have 

arisen and diversified in evolution. 
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The first species exainiiied, Triopŝ  has a multi-branched limb. The branchiopod 

appendage is unusual in both its adult morphology and its embryonic origin. Unlike, the 

uniramous limb where there is a clear P/D axis, the branchiopod limb develops from a 

broad medio-Iateral epithelial ridge, that subsequently develops eight folds (Olesen, 

1999; Williams, 1996). These folds will develop into the eight lobes of the phyllopodus 

limb and form an unarticulated, highly fused structure. The branchiopod appendage 

exhibits a unique molecular mechanism for elaborating its limbs. Although there are 

pieces of the Drosophila model at woric in this process, the current data does not suggest 

that the way ALL branches are made is a via simple reiteration of the Drosophila limb 

patterning network. These new data demand a new nKxlel for limb development, one 

unique and wholly separate from the Drosophila model (support for different and distinct 

arthropod appendage development models is in Schram, 2000). Following is a model for 

multi-branched limb development/modification; 

The Triops limb appears to be patterned in two phases. The endopod, exopod and epipod 

branches are patterned first, collectively and before branching (Figure 7.1). At the onset 

of branching, the rest of the branches (4 endites and gnathobase) become patterned on an 

individual basis but slightly later than the endopod, exopod and epipod. At this time, the 

endopod, exopod and epipod take on an individual identity as well. Thus, each branch is a 

uniquely patterned limb with its own orthogonal axis. 
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Figure 7.1- A model for multi-branched limb patterning. This model posits that the most 
distal branches are patterned first and collectively. The epipod, exopod and epipod are 
the first to express Dll and eliminate Exd. This is where the initial break in wg is 
observed (red asterisk). The subsequent branches are patterned individually, but later than 
the initial axis. 
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This shift in timing is crucial for correct patterning of the multi-branched limb. This 

model is based on the timing of the appearance of wg, DU and Exd. Initially, before 

branching, wg appears in a stripe across the ventral segment. At the first sign of wg 

modulation, DU is turned on in the presumptive endopod, exopod and Exd is shut off. At 

this time, the epipod is not morphologically distinct fi'om the exopod and does not 

express DU, yet exhibits its own unique identity as shown by nubbin expression. The 

appearance of nubbin is the first sign of independent differentiation for the epipod. 

Because the epipod does not use DU, it must be "distalized" using a different mechanism. 

As the wg stripe continues to break up, DU is turned on in successive branches more 

mediaUy. The end number of wg stripes corresponds to the number of branches within 

the limb. Thus, the multi-branched Umb relies on shifts in signals along the ventral body 

waU to make the break in wg and aUow outgrowth to happen. At the end of 

differentiation, when aU eight branches are grown out, five of the branches appear to be 

patterned via a reiteration of the fly module, and three of them appear to be patterned 

differently. 

This model relies on two underlying molecular changes- 1) The limb field must 

be a larger. In fUes, the Umb field occupies a snudl proportion of the embryo, whereas in 

Triops it occupies the entire ventral half of the larva. Although the endites are patterned 

individuaUy, the initial field that they come fi-om must be Umb competent tissue. We 

know that in fUes, the deUneation of the Umb field reUes on DA^ signals. Thus, whatever 

DA^ information is encoding the position of the Umb field in Triops must be expanded. 

We would expect that downstream targets, in this case genes involved in positioning the 
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limb field, must be changing. 2) The modulation of wg is required. Thus, the Triops wg 

promoter must have a different cis regulatory region and/or trans factors acting on it since 

we see a modulation of the initial stripe into eight ventral portions, whereas in 

Drosophila the wg stripe is only restricted to a single ventral portion of the segment. 

Thus far, it appears that there are three mechanisms for making branches. One is 

to use the ^^/^/w^-signaling cascade to set up positional information within the branch, 

which turns on DU, allowing outgrowth. We see this in the fly, both in how the leg is 

patterned, and through genetic manipulations of the limb patterning gene network. New 

juxtapositions of wg and can induce DU and create a new outgrowth. Presumably, a 

similar mechanism is operating in the five out of the eight Triops branches where wg, DU 

and Exd exhibit simUar expression patterns to the uniramous Drosophila limb. A second 

mechanism is illustrated in the Triops epipod, insect mandibles and fly wing. These 

structures protrude away fi'om the body wall but never express DU. This suggests that 

outgrowths can occur without the major target of the dpplwg signaling cascade and may 

rely on a novel mechanism for outgrowth. A third mechanism for branching is iUustrated 

in the formation of insect mouthparts. Insects mouthparts are the only remaining insect 

appendage that shows any vestige of branching. Both the maxiUaiy and labial 

appendages have two ventral branches, which branch fi'om the main axis of the limb quite 

late in development. DU is expressed in the branches at the earliest time the branches can 

be seen, but wg is not repressed along the dorsal side of these branches and overlaps djpp 

(Nagy, Jockusch, WiUiams and Nulsen- unpubUshed observations). Thus, the mutual 

antagonism that separates wg and ipp into non-overlapping expression domains is 
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missing in these branches. This data shows that we can no longer assume the Drosopinla 

imiramous model for how limbs/branches are formed. It appears that in evolution, 

multiple solutions have been found to make branches. 

The grasshopper data also provides insight into how the patterning network may 

be changing throughout evolution to allow for changes in life history such as the 

transition from direct to indirect development. In this case, the adult morphology of the 

graisshopper is very similar to the fly leg. Yet, the grasshopper develops its limbs directly 

as opposed to making imaginal discs. Again, it appears as if an upstream regulator of the 

network, in this case dpp, shows variability in its expression between flies and 

grasshoppers. In flies, the eariy dorso-ventral gradient of dpp resolves into two parallel 

stripes of dpp along the D/V axis. Because the more ventro-lateral stripe of dpp is 

positioned exactly where the imaginal discs will form, this stripe has been regarded as 

crucial for the correct allocation of the disc. Without this early expression of dpp the 

limb field expands and discs do not form, suggesting that dpp is involved in positioning 

the discs in some way, either directly or indirectly. In other insects that do not make leg 

imaginal discs, such as the beetle and the grasshopper, this more ventral stripe is absent. 

Is the evolution of imaginal discs correlated with the co-option of dpp in a second domain 

within the embryo (see summary figure 7.2)? At present, there is no data to support or 

refiite this hypothesis. One prediction would be that this second stripe of dpp would be 

present in other holometabolous insects that make imaginal discs. 

Can we gather more clues from the examination of another component, 

It appears that wg is playing a conserved role in insect limb patterning. From Thermobia 
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Drosophtta 

Tribollum 

Schistocerca 

Thermobia on 
wg 

dpp 

Figure 7.2- A sketch summarizing the expression of dpp, wg- and Dll in the allocation 
phase of various insects. The black curved line represents the dorsal edge of the 
developing embryo. The onset of a second, horizontal stripe of dpp is correlated with the 
appearance of imaginal discs. 
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to DrosophiUx, wg is found in a ventral stripe across the presumptive limb field (Nagy, 

1994; Jockusch-unpublished observations; Baker, 1989; Jockusch et al., 2000). The 

regulation of downstream limb patterning genes must be different however, because in 

flies, wg activates DU at the intersection of i^p and wg. In the hoppers, wg transverses 

the entire segment across the limb and appears in these same cdls across most of the 

line. Thus, the mutual antagonism seen between wg and djpp in the fly imaginai disc is 

not seen in the direct developing limb. The regulation of wg and i^jp must be different 

from flies based solely on the fact that the expression domains are overiapping. Thus, it is 

unknown what could be restricting DU to the circular domain of expression in the 

presumptive limb field. This suggests that c^p can be doing something else totally or the 

limb field is established using something else. However, as already noted, in the course 

of my work I have characterized multiple ways to pattern a limb, some of which do not 

appear to rely on a mutual antagonism between wg and e^p. Thus, this aspect of the 

regulatory relationships in the fly limb patterning module may be unique to Drost̂ ila. 

We also observe dpp taking on a novel role in hopper leg segmentation. There is 

no evidence from any other arthropod that (^p is involved in segmentation or the 

formation of joints. Since <^p is not at the segmental or joint boundaries and is instead 

found intrasegmentally, periiaps it is setting up positional information for other genes to 

take on those roles. This role for c^p is not found in any other arthropod although there 

is evidence from fly that the Notch pathway is involved in establishing the segments of 

the fly leg. This is another piece of evidence that genes can be readily co-opted for 
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additional developmental processes leading to the observable moiphological changes, 

such as joints in the above example. 

In summary, what does this data tell us about how the underiying molecular 

mechanisms are changing to produce the observed differences? When this work was 

initiated, several mechanisms were hypothesized on how to change gene networks. One, 

gene networks could evolve by changing the targets of the core genes. We observe this 

during grasshopper leg segmentation. It appears that plays a different role in leg 

segmentation. The targets are now downstream genes involved in the formation of 

segments and joints, although c^p may itself be a "new" target. Since we see dpp 

become segmentally reiterated, it must itself be a target of the primary P/D axis 

determining system as well. Two, gene networks could evolve by changing the 

promoters of netwoilc components, enabling the space and time in which the different 

components are expressed to change. We see this in wg modulation during Triops limb 

branching. The promoter could be responding to different trans elements in order to 

break up, or it could have different cis-regulatory elements, such that it responds to a 

conserved set of upstream regulators in a unique manner. It is also possible that both 

mechanisms are operating together. Three, networks could evolve by adding or 

subtracting individual components within the network. We see this in the example of 

nubbin in the epipod. We still see wg and Exd transcripts but DU expression is absent and 

nubbin is found expressed there instead. DU appears to have been lost from the network. 

There is currently not enough known about the regulation of nubbin to know whether it is 

part of the limb patterning network or not. It is possible that nubbin is playing a role in 
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the outgrowth; maybe nubbin is now a downstream target of wg pathway. Where might 

one go in the future to further define the molecular mechanisms involved in these limb 

patterning events? 

FUTURE DIRECTIONS: 

There are several kinds of additional information that will be usefiil to further 

elucidate how the limb patterning network is changing between different ^)ecies of 

arthropods. 1) The examination of more taxa. More data points fi'om biramous and 

polyramous limb types will add to the comparative data and confirm or di^rove the 

current models for arthropod limb development. It would be helpful to examine more 

hemi-metaboulous insects for changes in the network. Examining more taxa allows us to 

construct a better phylogenetic tree using the hierarchical approach, which includes not 

only phylogenetic relationships but includes genes, gene expression, development etc. 

The more taxa on the tree, the closer we can pinpoint exactly where the changes are 

taking place. 2) The examination of more genes. One could begin to look upstream in the 

pathway for where earlier changes may be occurring- in the initial specification of the 

limb field for example. In flies, the limb field or imaginal disc is relatively snudl 

compared to the embryo size, whereas in Triops the field is much larger. One could look 

at upstream genes involved in the initial specification of the limb field. What kinds of 

shifts in signals might we expect if the multi-branched limb field is initially expanded to 

over one-half of the embryo? In flies, the specification of the limb field is due to 

complex regulatory interactions between molecules such as shortened-gastrulation (sog) 



125 

and dpp (reviewed in Ferguson, 1996). Would we expect to find differences here? On the 

other hand, it might be a completely different developmental program. 3) The further 

investigation of promoters of the genes we have identified as changing in arthropod limb 

evolution. Experiments can be designed to test the idea that the upstream components of 

the network are changing. For example, one could directly look by sequence the wg and 

dpp promoters expecting to see a change in their cis-regulatory elements. This approach 

was not undertaken initially because the Drosophila wg and promoters are not fiiUy 

characterized. Once the characteristics of the fly promoters are understood, direct 

sequence comparisons could be made with other species. Direct sequence comparisons 

can be tricky however, since certain elements between the fly and Triops wg promoter 

could have diverged significantly. Functional analyses would have to be performed. One 

way to test the conservation and/or differences between the Trit^s and fly wg promoters 

would be to introduce the Triops promoter into a fly and look for altered expression 

patterns and function. Currently, we have no means of transforming Trit^s, thus no way 

of testing promoter function in this system. 

A continued effort fi-om the developmental biology and evolutionary biology 

fields will provide molecular, paleontological and phylogenetic evidence for how 

morphological diversity may have arisen. The challenge lies in the precise and timely 

synthesis of these fields, allowing construction of a more accurate depiction of how 

morphological diversity was created and maintained in evolution. 
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