
Anterior-Posterior Patterning in Early Development: Three 
Strategies

David Kimelman and
Department of Biochemistry, University of Washington

Benjamin L. Martin
Department of Biochemistry, University of Washington

Abstract

The Anterior-Posterior (AP) axis is the most ancient of the embryonic axes, and exists in most 

metazoans. Different animals use a wide variety of mechanisms to create this axis in the early 

embryo. Here we focus on three animals, including two insects (Drosophila and Tribolium) and a 

vertebrate (zebrafish) to examine different strategies used to form the AP axis. While Drosophila 
forms the entire axis within a syncytial blastoderm using transcription factors as morphogens, 

zebrafish uses signaling factors in a cellularized embryo, progressively forming the AP axis over 

the course of a day. Tribolium uses an intermediate strategy that has commonalities with both 

Drosophila and zebrafish. We discuss the specific molecular mechanisms used to create the AP 

axis, and identify conserved features.

Introduction

The Anterior-Posterior (AP) axis was the first embryonic axis to arise in evolution since it 

allowed animals to move unidirectionally. In modern bilaterians, the AP axis corresponds to 

the head-tail axis (Sidebar 1). Since this issue has fascinated embryologists for over a 

century, there is a vast literature associated with it, and it remains a very active area of 

research. We have chosen to focus on three organisms to elucidate different types of AP 

patterning: a long germ-band insect, Drosophila, a short germ-band insect, Tribolium, and a 

vertebrate, zebrafish. These are certainly not the only organisms that could have been 

chosen, and in many cases information about these systems derived from work on other 

organisms. Nonetheless, they provide a good chance to examine different strategies in 

organizing the AP axis.

Sidebar 1

Anterior-Posterior

We use anterior-posterior throughout this review to refer to the rostral-caudal (head-tail) 

axis. It is interesting to consider that for a walking human, the anterior-posterior axis is 

the ventral-dorsal axis, whereas for a swimming human, and most other animals, anterior-

Correspondence to: David Kimelman.

HHS Public Access
Author manuscript
Wiley Interdiscip Rev Dev Biol. Author manuscript; available in PMC 2017 August 17.

Published in final edited form as:
Wiley Interdiscip Rev Dev Biol. 2012 ; 1(2): 253–266. doi:10.1002/wdev.25.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



posterior corresponds to the rostral-caudal axis. While in some animals it is possible to 

locate an anterior-posterior axis in the egg or cleavage stage embryo, in many cases the 

anterior-posterior axis can only really be correctly defined at the end of gastrulation when 

cell movements have positioned cells along this axis of the body.

INVERTEBRATES

Long vs. short germ-band insect development

We will be discussing the AP specification of two different insects, the long germ-band 

Drosophila melanogaster (a fly), and the short germ-band Tribolium castaneum (a beetle). 

The long germ-band mode of insect development refers to the simultaneous establishment of 

the anterior and posterior body, including all of the intervening body segments, during the 

blastoderm stage (Figure 1A). This mode differs from the majority of insects, which undergo 

short or intermediate germ-band development, where the anterior body segments are initially 

specified at the blastoderm stage, but the remaining posterior segments are formed 

sequentially in a process of posterior growth (Figure 1B). Long germ-band development is a 

highly derived developmental mechanism, and is only observed in a group of dipterans (flies 

and mosquitoes)1.

Long germ-band insects: Drosophila melanogaster

Establishing the AP axis is an essential step in the development of all bilaterian animals, yet 

the mechanisms by which this occurs can differ significantly between animal clades. 

Drosophila is an excellent example of how AP specification can be established, as it utilizes 

both highly conserved and divergent mechanisms during this process.

Oogenesis establishes AP polarity—During insect development, axis polarity is 

established in the Drosophila egg well before it is fertilized, during the process of 

oogenesis2. This includes the establishment of both AP and dorsal-ventral (DV) polarity, 

which are easily separable both spatially in the egg and embryo and in the downstream 

factors that regulate these two different axes3. This is in contrast to vertebrate development, 

which we discuss later, where the establishment of AP and DV axes are extensively 

intertwined during early development. The initiation of Drosophila AP axis specification 

occurs during oogenesis when the oocyte moves to the posterior of the egg chamber. The 

localization of gurken (grk) mRNA (which encodes a TGFα ligand) at one end of the oocyte 

causes the asymmetric secretion of Grk protein4. Grk signals through the epidermal growth 
factor (EGF) receptor Torso in the neighboring follicle cells, which induces them to become 

posterior follicle cells rather than adopt the default anterior state. The posterior follicle cells 

then signal back to the oocyte, which causes a polarization of the microtubules4. This 

polarization ultimately results in the localization of mRNA in the anterior and posterior of 

the oocyte, which will later establish the anterior and posterior structures within the embryo.

Anterior specification in Drosophila—The derived nature of Drosophila AP patterning 

is exemplified by the anterior specification mechanism, which utilizes a protein called 

Bicoid (Bcd; Sidebar 2)5. The bcd gene, which encodes a homeodomain transcription factor, 
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is found only in higher dipterans6–9. During Drosophila oogenesis, bcd mRNA is deposited 

maternally and is localized to the anterior pole of the egg10, 11 (Figure 2). After fertilization, 

bcd mRNA is translated and the protein diffuses away from the anterior pole, creating a 

morphogenetic gradient in which Bcd affects gene transcription in a concentration 

dependent manner12, 13. A key aspect of Drosophila development that allows for a 

transcription factor to act as morphogen is the fact that the early embryo is a syncytium of 

nuclei within a common cytoplasm, allowing Bcd, as well as other factors, to freely diffuse 

throughout the embryo.

Sidebar 2

The importance of morphogenetic gradients in AP patterning

The Drosophila Bicoid protein was the first factor identified to act as a true morphogen. 

The level of Bicoid acts in a concentration dependent manner to specify progressive cell 

fates in the anterior end of the embryo. Although we now know that bicoid is a derived 

gene found only in dipteran flies, the use of morphogenetic gradients is a conserved 

mechanism for generating AP pattern. While insects rely on transcription factors such as 

Bicoid, Nanos, Hunchback, and Orthodenticle to act as morphogens to establish AP 

pattern, vertebrate embryos utilize secreted signaling molecules such as Wnts and BMPs 

to establish cell fates across the AP axis.

Bcd affects gene transcription in conjunction with Hunchback (Hb)14, 15. hb mRNA is also 

deposited maternally within the egg, but is not localized to a particular region. A gradient of 

Hb protein eventually forms across the AP axis of the embryo, as zygotic hb is 

transcriptionally regulated by Bcd, while the maternal hb mRNA is translationally repressed 

by the posterior specific protein Nanos (Nos)16–19, resulting in high levels of Hb anteriorly 

and low levels posteriorly (Figure 2). Together, the anterior to posterior gradient of Bcd and 

Hb turn on anterior specific genes that specify anterior body structures15. Drosophila 
embryos that lack Bcd function have severe defects in anterior specification, including a 

failure to develop the head, thorax, and some abdominal segments20. Conversely, over-

expression of Bcd can induce ectopic anterior structures, demonstrating that Bcd is both 

necessary and sufficient for anterior specification12. Loss of both maternal and zygotic Hb 

causes defects in all Bcd regulated processes, indicating that it is likely a co-factor for 

Bcd15. Like Bcd, Hb also acts as a classic morphogen, where different concentrations of the 

transcription factor create discrete effects on the transcription of downstream gap genes, 

which will later refine AP body patterning.

Posterior specification in Drosophila—As with anterior specification, Drosophila 
embryos also employ maternal factors to instruct posterior specification. As one might 

expect, the anterior and posterior specification factors interact to create a graded AP 

response across the embryo. This is particularly evident when Bcd is absent during 

development. In the absence of Bcd, regions that should be specified as anterior become 

mis-specified as posterior20 due to the posteriorizing activity of Caudal (Cad). cad mRNA is 

deposited ubiquitously throughout the developing oocyte, but its translation is repressed in 

the anterior regions by the anteriorly localized Bcd binding to the cad 3′ UTR, creating a 
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gradient of Cad protein, which is highest in the posterior end of the embryo (Figure 2). Cad 

is a homeobox transcription factor that regulates posterior specific gene expression in 

Drosophila21, as in many other bilaterians.

In addition to Cad, another key posteriorizing factor called nanos (nos) is deposited 

maternally in the egg. nos mRNA is localized at the posterior pole22, 23, and is translated 

after fertilization. This creates a Nos protein gradient, with highest levels at the posterior 

pole of the embryo24. Nos functions as a translational inhibitor, and specifically inhibits the 

translation of Hb, which keeps this anterior specific transcription factor out of the posterior 

end of the embryo17. The combined actions of Bcd and Hb in the anterior end of the embryo 

and Cad and Nos in the posterior end create a robust AP pattern across the embryo25. The 

downstream genes that are regulated by these factors, which further refine AP pattern and 

create the precise segmental structure of the embryo are very well studied with clear genetic 

mechanisms26, 27. These downstream processes are beyond the scope of this review and will 

not be discussed further.

Short germ-band insects: Tribolium castaneum

Tribolium castaneum, commonly referred to as the flour beetle, has been widely used in 

recent years to examine the evolution of developmental mechanisms, particularly within the 

insects as a direct comparison to Drosophila28, 29. Tribolium is well suited for evolutionary 

studies, as it undergoes the short germ-band mode of development, which is considered the 

basal mode within the insect clade1. In fact, as we will discuss later, short germ-band 

development has many features in common with vertebrate body formation.

Although not as well studied as in Drosophila, recent work indicates that Tribolium uses a 

similar mechanism as Drosophila to initially establish the AP axis during oogenesis30. Short 

germ-band insects initially form a syncytial blastoderm as in Drosophila, but unlike 

Drosophila the syncytial embryo fills only part of the egg and encompasses just the head and 

thorax (Figure 1B). Cellularization occurs before the posterior growth that generates the rest 

of the embryo begins1. This fact, along with the necessity to specify AP regionalization 

progressively during posterior growth, prevents short germ-band insects from relying 

entirely on direct transcription factor morphogen gradient mechanisms to specify the entire 

AP axis at once as in Drosophila.

Anterior specification in Tribolium—As mentioned earlier, the bcd gene, which is the 

master anterior specification factor in Drosophila, is a derived gene acquired in the higher 

dipterans. Given that short germ-band insects lack bcd, they must have a basal alternative 

mechanism of early AP axis establishment. In Drosophila, Bcd transcriptionally activates 

zygotic hb expression (which is also supplied maternally), as well as the anterior specific 

zygotic gene orthodenticle (otd)16, 31. Loss of either zygotic Hb or Otd in Drosophila results 

in mild anterior defects, as opposed to the severe defects when maternal Bcd is lost6, 25. 

Although the Tribolium genome lacks bcd, it contains both hb and otd, whose protein 

products are localized to the anterior end of the embryo (Figure 2). Like Drosophila, 

Tribolium hb is supplied both maternally and zygotically32. Interestingly, otd, which is only 

zygotically transcribed in Drosophila under the control of Bcd, is deposited as a maternal 
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mRNA in Tribolium33. Loss of Hb or Otd alone leads to partial anterior defects, whereas 

loss of both has a synergistic effect leading to severe anterior defects reminiscent of loss of 

Bcd in Drosophila33. These results indicate that Hb and Otd are likely the basal evolutionary 

mechanism for anterior specification in insects, while Drosophila has added the upstream 

regulatory gene bcd to their anterior specification repertoire. Further evidence that Otd is 

part of an ancient developmental mechanism of anterior embryonic specification is the fact 

that it is also utilized in vertebrates for the specification of anterior neural tissue34.

Posterior specification in Tribolium—Similar to anterior specification, Tribolium 
posterior specification and patterning utilizes some of the same key factors involved in 

Drosophila posterior development. Cad, which specifies posterior fates in Drosophila, has a 

very similar function in Tribolium, with loss of maternal Cad causing severe posterior 

defects35. Differences appear in creation of the Cad protein gradient. Unlike in Drosophila 
where the anteriorly localized Bcd represses Cad translation in anterior regions, in 

Tribolium, two proteins, Mex-3 and Zen-2 translationally inhibit cad mRNA36 (Figure 2). 

Zen-2 is derived from the same gene as the dipteran Bcd (Zen-2 is a duplication of Zen in 

Tribolium, while Bcd is an independent duplication of Zen in Drosophila), whereas Mex-3 

represents an ancient anteriorizing factor, whose function has been replaced in dipterans by 

Bcd36.

In Drosophila, Nos is a posteriorly localized translational inhibitor that establishes posterior 

identity through the inhibition of anterior factors (such as Hb). While this has never been 

shown in Tribolium, there is potentially at least a partially conserved mechanism involved. 

The Tribolium otd and hb transcripts contain Nos response elements, which are present in 

inhibitory targets of Nos25, 33. This suggests that Nos might function in Tribolium to 

establish a protein gradient of Otd and Hb necessary for proper AP patterning (Figure 2).

Posterior growth: a conserved process

As will be evident later in this review, vertebrate AP patterning differs significantly from the 

early insect AP patterning mechanisms. The syncytial nature of early development in the 

majority of insect species (holometabolous insects) is unlike the cellularized early vertebrate 

embryo. This prevents vertebrate embryos from utilizing the same AP patterning system 

used in Drosophila and early Tribolium embryos. In Drosophila, once cellularization occurs, 

the entire AP axis has been established and all of the body segments have been formed1. On 

the other hand, only anterior segments have formed once Tribolium embryos cellularize. The 

posterior end of the embryo is specified to undergo a process of posterior growth, in which 

the remaining body segments form gradually in an anterior to posterior progression1. During 

this growth regional AP identity is formed progressively as cells exit the posterior growth 

zone28. This process is highly reminiscent of vertebrate embryonic development, both on a 

gross morphological level, but also at the molecular level37. Both Tribolium and vertebrates 

express cad and Wnt ligands (called Wingless in insects) in the posterior growth zone. In 

vertebrates, cad (called cdx) is a direct target of Wnt signaling and loss of either causes a 

disruption in posterior growth and a severe loss of the posterior body37. While the direct 

interaction of Wnt and Cad has not been demonstrated in Tribolium, both are required for 

posterior growth and formation of the posterior body35, 38 (Figure 2). Based on this striking 
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conservation, it is tempting to speculate that there is an ancestral AP patterning mechanism 

common to all bilaterians. Further study of other non-model animals will reveal additional 

aspects of this mechanism and provide a more detailed evolutionary framework for the 

establishement of AP polarity.

Creating AP identity from AP polarity

In all bilaterian animals, once the AP axis has been created, transcription factors called Hox 

proteins (also called Homeotic proteins in Drosophila) translate the initial AP polarity into 

proper tissue specification along the axis39. Hox proteins specifiy particular cell fates within 

a segment, such as legs or wings, and when a Hox protein is mutant, the segment will adopt 

the identity of the neighboring segment (specified by a different Hox protein). In Drosophila, 

Hox gene expression is initiated from a cascade of transciptional responses downstream of 

the initial AP specification proteins. In Tribolium, despite the difference in segment 

formation, Hox genes display highly conserved expression pattterns compared to their 

Drosphila orthologues40. Expression is initiated before posterior segments form from a 

similar trasciptional cascade utilized in Drosophila, but then are maintained and expanded as 

segments form during posterior growth40, 41. Due to the highly conserved expression of Hox 
genes between Drosophila and Tribolium, current models suggest that variation in body 

form is achieved at least in part through differential regulation of Hox target genes between 

the species40. While Hox genes are also conserved and function in a similar manner in 

vertebrate embryos, the regulation of expression is quite different as will be discussed below. 

Unlike the transcription factor cascades utilized in invertebrates, the regulation of Hox genes 

in vertebrates is more complex and less well understood.

VERTEBRATES

Zebrafish

Initiation versus Elaboration—AP patterning in the vertebrate embryo can be roughly 

divided into two major phases: an initiation phase, in which the embryo is generally divided 

into the head and the body, and an elaboration phase, in which the body progressively forms 

toward the posterior end, forming the trunk and tail (since this process involves the 

formation of blocks of muscle tissue called somites we will refer to this as the somitogenesis 

stages). In zebrafish, the initiation phase occurs prior to the start of gastrulation, such that by 

the start of gastrulation, the different territories of the final body plan can be roughly 

mapped onto the embryo (Figure 3). The mesoderm of the head, which comprises part of a 

very important signaling center called the Organizer, is first specified near the equator on 

what is defined as the dorsal side of the embryo42. These cells migrate toward the animal 

pole during gastrulation, where the brain forms. In contrast, the major mesodermal 

derivative of the body (the fast muscle) and the spinal cord, are at the gastrula stage oriented 

with their AP axes along what is termed the dorsal-ventral axis (Figure 3). The most 

posterior cells will migrate during gastrulation toward the vegetal pole where they form a 

structure called the tailbud, such that by the end of gastrulation, the AP axis will align with 

the animal-vegetal axis43. As in other vertebrates, and unlike the invertebrates discussed 

above, the AP axis is not established during oogenesis and instead is created by the multi-
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cellular environment during the blastula and gastrula stages concomitant with the 

establishment of the DV axis.

Because there is so much cell movement within the embryo during gastrulation, it is 

important not only to understand the factors that regulate the formation of the AP axis, but 

also to understand when they function. Recent studies have made it very clear that the role of 

the signaling pathways that regulate formation of the AP axis changes dramatically between 

the initiation phase of the early gastrula stage and the elaboration phase from mid-

gastrulation to the end of somitogenesis. We begin first by considering patterning of the 

mesoderm. Three major signaling pathways control AP axis formation in the mesoderm 

during the initiation phase: Wnt/β-catenin, Nodal, and Bmp44, 45. Fgf also has a role in this 

process by down-regulating bmp expression on the dorsal side of the embryo46.

The role of the Organizer in initiating the AP axis—Local stabilization of maternal 

β-catenin on one side of the zebrafish embryo, perhaps due to a maternal Wnt signal, creates 

a new axis of asymmetry45, initiating the first step in formation of the AP axis (Figure 4). 

Exactly when β-catenin functions in zebrafish is not known, but studies in Xenopus, which 

uses a similar system of axis determination, demonstrate that β-catenin acts in the very early 

cleavage stages to modify the histone methylation state of organizer genes48. Nodal 

signaling, in a vegetal-to-animal gradient, is essential both for establishing the organizer as 

well as for inducing the mesoderm of the embryo44, 45. The overlap of these two signaling 

pathways establishes the region of the embryo that will become the organizer, which itself 

becomes a rich source of signaling molecules.

Surprisingly, the Organizer-derived signals are predominantly inhibitors of the Wnt and Bmp 

pathways44, 49. Bmp and Wnt are expressed in the non-organizer regions of the embryo in 

partially overlapping expression domains (Figure 4), where they act to antagonize the 

formation of anterior structures. Thus, anterior structures form precisely because Organizer-

derived inhibitors prevent Bmps and Wnts from suppressing anterior structures on one side 

of the embryo.

Bmp also has an additional important role in inducing the formation of the tail, the most 

posterior part of the body44, 49–51. In the absence of Bmp signaling, not only do the anterior 

structures expand to take over a larger part of the embryo (called “dorsalization” in the 

literature because the anterior structures form on the initial dorsal side of the embryo), but 

the cells that would form the tail instead develop as trunk tissue. Conversely, removal of the 

Bmp inhibitors causes the posterior structures to expand at the expense of anterior structures 

(“ventralization”). Together with Nodal signaling, the interaction of Bmp and Wnt signals 

with their inhibitors subdivides the embryo into four major regions along the AP axis, the 

head, anterior trunk, posterior trunk and tail50 (Figure 4; see also 52 for a somewhat different 

view).

Because the Wnt and Bmp signaling pathways play such critical roles in regulating the early 

AP axis, they are under very precise control. Many extracellular factors are involved in 

establishing precise gradients of these signals in the early embryo44, 53. Intriguingly, the 

Bmp and Wnt pathways interact in the early embryo, both through cross-regulation of their 
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intracellular pathways as well as through downstream transcription factors54, 55. This 

complexity is necessary not only to correctly specify the AP fate of different cells within the 

embryo, but also to account for the fact that cells within the early embryo are motile during 

the period of signaling, and thus can traverse different positions along the Bmp and Wnt 

gradients.

The importance of timing—The roles of the signaling factors changes dramatically 

during the course of early development, which is often overlooked in studies of AP 

patterning. Alterations in a signaling pathway using a mutant or various knockdown or 

overexpression approaches can produce a complex phenotype because they alter the 

signaling pathway throughout development. Studies using temporal gain and loss of function 

are increasingly being used because they separate the various functions of a signal. For 

example, as described above, the Wnt signaling pathway acts in the very early embryo to 

specify the anterior end of the embryo, then switches in the late-blastula stage to limiting the 

size of the anterior end of the embryo, allowing the head to form. From mid-gastrulation 

onward, as discussed below, it acquires an additional role in maintaining the expression of 

the posterior progenitors that will form the posterior end of the embryo. Bmp signaling plays 

a critical role in the late blastula/early gastrula embryo in limiting the size of the organizer 

and inducing tail formation, but after that it has no role in AP patterning despite continued 

expression in the most posterior end of the embryo56, 57. Nodal signaling is essential for 

establishing the organizer at mid-blastula stages, but has no function in AP patterning 

beyond the late blastula stages58.

Development of the posterior body from a progenitor population—Starting with 

gastrulation, the posterior body begins to form during the elaboration phase of AP axis 

formation, in a process that continues throughout somitogenesis. This process involves the 

continual recruitment of both mesodermal and neural cells from a progenitor population 

located at the most posterior end of the embryo (Figure 5). Whether or not this population 

contains multipotent cells or a mixture of cells with more limited fates has been a source of 

ongoing debate in studies of vertebrate model systems59, with recent studies in the mouse 

indicating the presence of a bipotential neuromesodermal cell60.

Among the mesodermal progenitors an essential protein is the transcription factor 

Brachyury, first identified as a mouse mutant that truncates all but the most anterior 

somites61. Brachury sustains the mesodermal progenitor population in two important ways: 

it maintains the transcription of Wnt genes, which are first induced in these cells at the late 

blastula stage, and it activates the expression of Cyp26a1, a protein that degrades retinoic 

acid (RA), thus protecting the progenitors from somite-produced RA that would otherwise 

inhibit brachyury expression (Figure 5)62. Despite its essential role in forming the posterior 

body, Brachyury is not required in any individual mesodermal progenitor cell for its 

maintenance and differentiation. Instead, Brachyury acts to regulate transcription within 

each of the mesodermal progenitor cells to create a niche of high Wnt and low RA that is 

necessary for the progenitors to remain in the progenitor state62. Thus, any one progenitor 

cell does not require Brachyury function as long as the surrounding progenitor cells are 

providing the niche function.
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Because the progenitors are continually being depleted as they differentiate, the body will 

continue to elongate during somitogenesis only as long as there are progenitors to sustain 

this process. This suggests that the AP length of the embryonic body is determined by the 

number of initial progenitors, the rate of proliferation of the progenitors, and the rate of 

depletion. The number of somites is determined by all these factors, as well as the rate of the 

clock that determines how fast the boundary between somites forms63. It is tempting to 

speculate that the mechanism of progressive posterior growth used by vertebrates was 

evolutionarily very useful, since tweaking of a few variables allows great diversity in body 

length as well as in the number of somites.

Neural AP patterning: Anteriorizing and Posteriorizing factors—A large body of 

evidence has demonstrated the importance of the mesoderm for AP patterning of the neural 

ectoderm, although the zebrafish head exhibits a remarkable degree of AP patterning even in 

the absence of organizer mesoderm64. Most of what is known about AP neural patterning 

derives from other model systems, particularly studies in amphibians49. In one of the most 

famous experiments in AP patterning, Otto Mangold showed in newts that anterior 

mesoderm grafted into an early gastrula host embryo induced an ectopic head, whereas 

posterior mesoderm grafted the same way induced a tail65. This lead him to speculate that 

the mesoderm was subdivided into different discrete organizing centers that pattern the AP 

axis of the neurectoderm. In a more recent view, the entire mesoderm of the early embryo is 

proposed to function as a continuum of organizing activity from the dorsal (anterior) to the 

ventral (posterior) side that imparts AP patterning to the overlying ectoderm52, although the 

data is also consistent with the mesoderm being divided into four territories as shown in 

Figure 4.

An alternative view came from the work of Nieuwkoop in frogs who proposed that the 

neural ectoderm is first induced with an anterior character (“activation”) and gradually 

transformed by later signals from the mesoderm into a more posterior character 

(“transformation”)66, 67. Stimulated by both Mangold and Nieuwkoop’s work, many authors 

have strived to identify the activating and transforming factors in recent years, with RA, 

Wnt, Bmp, Fgf, and their inhibitors, as favorite candidates for one or both of these 

activities45, 63, 68, 69. Whereas loss of Bmp, Wnt and Nodal signaling by Organizer-derived 

inhibitors results in anterior neural fates52, 68, 69, consistent with the activation step, clear 

identification of the transforming factor(s) has proved more difficult. Nonetheless, it is clear 

from a large body of work in many vertebrate systems that Fgf, Wnt and RA have roles as 

posteriorizing factors. While particular authors have sometimes championed one specific 

factor, there is good evidence for all these factors playing a role in 

posteriorization47, 49, 67, 70. The devil, however, is in the details, with data and models that 

are sometimes contradictory and not easily summarized. What is clear from all this work is 

that these posteriorizing factors affect at least some extent of AP patterning of the anterior 

neural tissues but exactly how they work and what genes they directly affect is still quite 

unclear49, 67. There are a number of reasons for these complications. First, a number of 

studies have been done using overexpression analyses, which are very valuable for showing 

what a specific factor is capable of doing, but do not necessarily show what the factor 

actually does in the embryo. Second, the factors are likely to work in various combinations, 
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acting in synergistic, antagonistic or linear pathways71. Third, as emphasized above, the role 

of the factors often change dramatically over short periods of time. Thus even in loss of 

function studies using a mutant, dominant-negative or other gene knockdown approach, the 

final phenotype may be the summation of multiple effects due to a loss of the factor. Fourth, 

since the mesoderm provides patterning to the neural ectoderm, it can be difficult to 

distinguish what effects are direct on the neurectoderm and what effects are due to changes 

in the mesoderm that then signals to the neuroectoderm. Thus, understanding how the 

posteriorizing factors work will require a combination of approaches utilizing temporal and 

tissue specific regulation of different signaling pathways, including both gain and loss of 

function experiments. Using cell autonomous pathway regulators as opposed to commonly 

used secreted activators and inhibitors will also be very desirable, since it allows 

discrimination between direct effects on a particular cell type and indirect effects due to 

downstream signaling events. These approaches should help clarify what has been a 

complex aspect of AP patterning.

Regulation of the Hox genes in posterior patterning—As discussed earlier, the Hox 

proteins are critical regulators of AP patterning in metazoans. In vertebrates, the Hox 

proteins are expressed in all but the most anterior regions of the embryo. Within the 

posterior body, the Hox genes provide the major positional information along the AP axis. 

The Hox genes are in linear clusters in the genome, with seven sets in zebrafish compared to 

four in birds and mammals72. Within each cluster, the Hox genes are progressively activated 

within the progenitor population over developmental time from the 3′ end of the cluster 

toward the 5′ end73. Thus, as the embryo elongates during gastrulation and somitogenesis, 

this temporal sequence is converted into spatial information such that the anterior border of 

the most 3′ Hox gene is most anterior and the anterior border of the most 5′ Hox gene is 

most posterior73. While this is well documented, what is much less clear is how the Hox 
genes are activated in this progressive manner. One possibility is that the levels of some 

factor, perhaps one of the posteriorizing factors, increases in the progenitor population over 

time such that higher levels activate more posterior Hox genes (Figure 6A). While a number 

of studies in different systems have shown that the posteriorizing factors are in a posterior-

anterior gradient at the most posterior end of the embryo, there is no evidence that the actual 

concentration of the factors increases over developmental time at the posterior end of the 

embryo.

As an alternative mechanism, the regulation of the Hox genes could depend on a cell 

autonomous molecular clock within the progenitor population, thus the longer a cell stays in 

the progenitor pool, the more 5′ Hox gene it would activate. Such a clock could work by 

regulating the chromatin structure of the Hox genes, causing them to open up progressively 

in a 3′ to 5′ direction (Figure 6B)73, 74. Such a model would fit well with studies on Bmps 

in fish embryos in which pre-gastrula Bmp signaling promotes tail fates by causing 

progenitor cells to remain held in the progenitor population until it is time for the tail 

somites to form50. Thus, Bmp might create the tail fates by delaying the exit of cells from 

the progenitor population, allowing the Hox gene chromatin to continue to open, such that 

only posterior Hox genes are expressed in cells that saw Bmp at the pre-gastrula stage. 

Although the clock model is attractive and has received much support, it is hard to reconcile 
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with a recent study in chick embryos (where such experiments are feasible) demonstrating 

that transplantation of small numbers of progenitors expressing a posterior Hox gene to the 

progenitor population of a younger embryo causes the posterior Hox gene to be extinguished 

and instead the cells that leave the progenitor zone express a more anterior Hox gene as do 

their neighbors75. Even if Hox genes are normally activated by a cell autonomous clock, this 

result indicates cells in the progenitor zone can communicate with each other to ensure that 

their clocks are in the correct state. How this might work is not at all clear, but does raise the 

possibility that normal Hox gene expression might involve a combination of cell 

autonomous changes in DNA transcription combined with non-autonomous cues from 

neighboring cells. Since all of the posteriorizing factors, RA, Fgf and Wnt, have been shown 

to modulate Hox gene expression73, 74, it is possible that they could act together with a cell 

autonomous clock such as chromatin opening, to synchronize the timing of expression.

Comparison with amphibians

As noted above, much of what is known about zebrafish AP patterning came from studies of 

the frog Xenopus laevis. Although there are some differences in how genes are used between 

fish and frogs, much of the mechanism for generating the AP axis seems very well 

conserved76. One major difference is that Notch signaling, acting through the transcription 

factor Xhox3 (an ortholog of the mammalian Evx genes) is continuously required for 

posterior growth in Xenopus77, whereas Notch does not have this role in zebrafish. Notch 

signaling, however, is important for somitogenesis in zebrafish, as in other vertebrates78.

Comparison with amniotes

One of the major differences between amniotes (mammals, birds and reptiles) and 

anamniotes (fish and amphibians) is the speed of development. Since anmniote eggs are 

typically laid into water, their embryos need to develop very rapidly so that they can quickly 

acquire mobility to avoid becoming snack food for predators. In contrast, amniotes are 

protected within an eggshell or their mother and can therefore develop more slowly, which 

may account for some important differences in their development of the AP axes. Whereas 

the cells that will contribute specifically to the most posterior mesoderm and neural tissue 

(the tail) can be specified in the early gastrula fish and amphibian embryo as discussed 

above, the cells that will produce the tail in the amniotes can not be fate mapped at this 

stage. It has been argued that this is not simply a failure to produce accurate fate maps 

despite extensive work, and instead reflects the fact that the cells that will give rise to the 

posterior tissues have not been born at this time67. Similarly, while there is extensive 

evidence that Bmp signaling at the early gastrula stage patterns the posterior cells of fish and 

amphibian embryos44, 49, there is no evidence for a similar process occurring in amniotes, 

consistent with a difference in the means by which the most posterior tissue is specified79. 

Thus in amniotes, the most anterior tissues are specified early, and the more posterior cells 

become specified as gastrulation and somitogenesis occur. Nonetheless, with the exception 

of the role of Bmp in tail patterning, and the presence of the Nodal/Bmp/Wnt inhibitor 

Cerberus that first showed up with the tetrapods80, the same general factors are used in AP 

patterning in the amniotes47, 49, 79, 81.
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A second difference involves the mechanisms that first break polarity to establish the axis. 

Whereas in fish (and frogs) microtubules are used to transport maternal factors to one side of 

the embryo to break symmetry82, in chicks the rotation of the egg in the oviduct 

asymmetrically distributes one or more maternal components67. In mouse the situation is 

unclear; AP related asymmetry in gene expression can be detected as early as E3.5 but it is 

not clear if this is caused by asymmetric distribution of a maternal factor or self-organization 

based on zygotic gene expression83.

A third difference involves the use of extraembryonic tissues to regulate the AP axis. In both 

chick and mouse, extraembryonic tissue (the hypoblast in chick and the anterior visceral 

endoderm [AVE] in mouse) secretes the inhibitors Cerberus and Lefty. Whereas Cerberus 

inhibits Nodal, Wnt and Bmp80, Lefty has been primarily considered a Nodal inhibitor 

although it can also inhibit Wnt signaling84. In chick, the hypoblast secretes these factors 

and acts to prevent premature formation of the organizer67. In mouse, the AVE, which also 

secretes the Wnt inhibitor Dkk1, acts to prevent posterior gene expression in anterior 

regions, thus permitting normal anterior development79, 81.

A final possible difference involves the progenitors. Studies in both mouse and chick have 

demonstrated that the progenitor zone contains stem-like cells that contribute to neural and 

mesodermal fates59. Intriguingly, these cells can be repeatedly transferred from older to 

younger embryos and they continue to act as progenitors, releasing differentiated cells. Since 

the same experiments can not be done in the fish, at least so far, it is difficult to know if this 

represents a real difference between amniotes and anamniotes or not.

Conclusion

We have illustrated AP axis formation focusing primarily on three species to provide a 

framework for understanding this long-storied aspect of developmental biology. Although 

there are major differences between the vertebrates and the insects, particularly in the 

presence or absence of a syncytial blastoderm and the consequences this has for morphogen 

gradients, the similarities of posterior growth between the short germ-band insects and 

vertebrates are intriguing, particularly as a conserved signaling factor is involved37, 85–87. 

Since posterior growth has been proposed to be ancestral in the bilaterians88, it will be of 

great interest to learn which aspects of initial AP specification and subsequent posterior 

growth have been retained among modern species, and which have been modified to suit the 

requirements of different embryos.
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Figure 1. Germ size difference between Drosophila and Tribolium
In long germ-band insects such as Drosophila, the embryonic germ anlagen occupies the 

majority of the egg (A), whereas in the short germ-band Tribolium, the anlage is only a 

fraction of the egg (B). In long germ-band insects the entire AP body axis is specified by the 

end of the blastoderm stage. In short germ-band insects, only the anterior body is specified, 

and the rest of the posterior body forms through a process of posterior growth in the growth 

zone, which will eventually form the abdomen.
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Figure 2. Comparison of Drosophila and Tribolium AP patterning
A) Protein gradients establish the AP axis in Drosophila. Several of the factors in AP 

specification, including Bcd, Hb, and Cad are transcription factors and act as morphogens. 

B) The syncytial blastoderm is essential for allowing transcription factors to act as diffusible 

morphogens. C) After cellularization, the entire AP axis has been specified. D) Tribolium 
also utilizes protein gradients to establish the anterior body. Notable differences in Tribolium 
are the lack of Bcd and the unknown function of Nos, as well as the anterior specifying role 

of Otd. E) A syncytial blastoderm is also essential for the morphogenetic patterning of the 

anterior body of Tribolium. The position where nuclei will converge to form the embryo is 

shown as a dashed line. F) After cellularization, only the anterior body is specified. The 

posterior end consists of a growth zone that require Wnt and Cad function for posterior body 

formation. G) During the posterior growth phase the posterior body is formed sequentially.
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Figure 3. Fate map of the zebrafish embryo
At top is shown a fate map of the zebrafish embryo at the start of gastrulation (called the 

shield stage). The organizer is at the equator, on the dorsal side of the embryo. The most 

posterior cells of the body are at the ventral pole. The 31 hour post-fertilization (hpf) 

embryos shown at bottom demonstrate a more lateral view at left, showing the muscle, and a 

midline view at right showing the spinal cord and notochord. Note that slow muscle (dark 

blue; only a portion is shown in the 31 hpf embryo), ends up in a more lateral position in the 

body than the fast muscle (see the transverse section).
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Figure 4. Initial patterning of the zebrafish embryo
Maternal β-catenin is stabilized on one side of the embryo. Together with Nodal signaling at 

the equator, the Organizer (Or) is established. The organizer secretes a variety of Bmp and 

Wnt inhibitors that keep these signals from functioning in the region of the embryo that will 

form the head. Bmp and Wnts, together with Nodals, pattern the rest of the mesoderm. The 

region that will form the brain (see Figure 3) expands over time toward the animal pole due 

to movement of the inhibitors toward the animal pole during gastrulation.
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Figure 5. Maintenance of the mesodermal progenitors
The mesodermal progenitors (red) are located at the most posterior end of the embryo, and 

they move anteriorly as they differentiate (blue color) and join the somites. Neural 

progenitors are also located in this region (green), and they differentiate (light green) to join 

the neural tube. Brachyury works in the mesodermal progenitors to maintain wnt 
transcription, and to induce transcription of cyp26a1, which degrades the somite-produced 

retinoic acid (RA), that would otherwise inhibit brachyury transcription. Shown is the most 

posterior end of a somitogenesis stage embryo.
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Figure 6. Models for Hox gene regulation
Left, gradient model. As the embryo extends, the concentration of a secreted factor 

decreases, which provides a signal for the expression of more posterior Hox genes. It is also 

possible that a signal increases as the embryo extends. Right, Chromatin model. As the 

embryo extends, the chromatin opens up progressively in a 3′ to 5′ direction, allowing 

more posterior Hox genes to be expressed.
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