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Abstract

Recently, it was shown that anterior-posterior patterning genes in the red flour beetle Tribolium
castaneum are expressed sequentially in waves. However, in the fruit fly Drosophila melanogaster, an
insect with a derived mode of embryogenesis compared to Tribolium, anterior-posterior patterning genes
quickly and simultaneously arise as mature gene expression domains that, afterwards, undergo slight
posterior-to-anterior shifts. This raises the question of how a fast and simultaneous mode of patterning,
like that of Drosophila, could have evolved from a rather slow sequential mode of patterning, like that of
Tribolium. In this paper, we elucidate a mechanism for this evolutionary transition based on a switch from
a uniform to a gradient-mediated initialization of the gap gene cascade by maternal Hb. The model is
supported by computational analyses and experiments.

Introduction

A common problem in development is how to partition a tissue into serial structures and/or regions of
different fates. Interestingly, the generation of serial structures, in many cases, was found to rely on
oscillatory gene activity mediated by molecular clocks (e.g. vertebrate somitogenesis (1-3) and lateral
roots specification in plants (4,5)). Similarly, the division of a tissue into different (aperiodic) fates was
found to rely on aperiodic sequential activation of genes mediated by genetic cascades (e.g. Drosophila
neurogenesis (6,7), vertebrate neural tube patterning (8), and anterior-posterior (AP) fate specification in
vertebrates (9) and short-germ insects (10,11)).

Spatial patterning is usually mediated by a morphogen gradient, secreted from a signaling center or an
organizer. In cases where temporal rhythms are involved in patterning, genes are usually expressed in
spatial waves that emanate and propagate away from the organizer (Figure 1). These waves eventually
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stabilize into gene expression domains. For example, during vertebrate somitogenesis, Wnt and FGF form
posterior-to-anterior gradients in the presomitic mesoderm. Oscillatory expression waves of the
transcription factor family hes/hairy and components of several signaling pathways were observed to
emanate from the posterior end of the presomitic mesoderm and propagate away to form striped
expression more anteriorly (Figure 1D, left), delimiting vertebrate somites (1,12-15). In parallel,
sequential waves of Hox gene expressions propagate from posterior to anterior to partition the vertebrate
AP axis into different fates (Figure 1D, right) (9,16,17). During neural tube patterning in vertebrates, Shh
forms a ventral to dorsal gradient. Neural fates emanate sequentially from ventral and spread towards
more dorsal regions of the neural tube in the high-to-low directions of the Shh gradient (Figure 1B) (8,18—
20). Similar observations were made in other developmental systems (e.g. lateral root formation in plants
(4,5) and limb bud patterning in vertebrates (21-23); Figures 1 A and C, respectively). Hence, patterning
by means of gene expression waves seems to be a prevalent mechanism in development.

An interesting case, however, is the AP patterning of the fruit fly Drosophila melanogaster. The AP axis of
Drosophila (and most insects) is divided into different fates by the spatially aperiodic expressions of a
group of genes called ‘gap genes’, and into repeating units (segments) by the spatially periodic expressions
of a group of genes called ‘pair-rule genes’ (24,25). The expressions of both gap and pair-rule genes in
Drosophila seem initially to arise simultaneously and de novo as mature gene expression domains, with
no apparent sequential/oscillatory temporal dynamics (Figure 1F) (25). However, later on, both gap and
pair-rule gene expression domains undergo posterior-to-anterior shifts, reminiscent of gene expression
wave dynamics (Figure 1F) (25—29). Interestingly, in the beetle Tribolium castaneum (which is thought to
adopt an ancestral mode of AP patterning), both gap and pair-rule genes are expressed in outright
sequential/oscillatory waves (Figure 1E) (10,30,31). Hence, the simultaneous mode of gap and pair-rule
gene regulation in Drosophila seems to have evolved from a more ancestral mode of
sequential/oscillatory gene regulation, bearing vestiges of the ancestral mode in the form of posterior-to-
anterior shifts of gene expression domains.

Another important difference between the ancestral mode of AP patterning in insects (arguably
exemplified by Tribolium) and that of Drosophila is the morphology of the embryo at the time of AP fate
determination. The AP axis of most insects is partitioned into different fates in two different phases, each
with a different morphology (Figure 2A). First, anterior fates arise in a ‘blastoderm’, a structure with a
fixed AP length. Then, more posterior fates form in a ‘germband’, whose AP axis grows by convergent
extension and/or cell division. Insects differ in the number of fates that form in the blastoderm vs
germband (32). In short-germ insects (e.g. the grasshopper Schistocerca Americana (33)), most fates form
in a germband; while in long-germ insects (e.g. the wasp Nasonia vitripennis (34), the fruit fly Drosophila
melanogaster, and the bean beetle Callosobruchus maculatus (35)), most fates form in a blastoderm.
Intermediate-germ insects (e.g. the flour beetle Tribolium castaneum, the milkweed bug Oncopeltus
fasciatus (36,37), and the beetle Dermestes maculatus (38)) lie somewhere in between, where anterior
fates form in the blastoderm and posterior fates form in the germband stage (Figure 2A). Short-germ
embryogenesis is thought to be the ancestral mode of insect development, and an evolutionary trend of
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short-germ to long-germ evolution is observed to occur independently several time throughout evolution
(with some reports of the opposite path (39)).

Insects then differ in their modes of AP patterning in two different (but possibly related) aspects: (1)
whether they undergo short-, intermediate-, or long-germ embryogenesis, and (2) whether AP fates are
determined sequentially or simultaneously. Are these two aspects correlated? Sequential patterning is
naturally more suitable for an elongating tissue like the germband (which indeed is the case in the
germbands of most insects). Simultaneous patterning, on the other hand, is expected to be limited to a
non-elongating tissue like the blastoderm (which indeed is the case in the blastoderm of the lon-germ
insect Drosophila). It is conceivable, nonetheless, that a blastoderm would be patterned sequentially.
Indeed, the blastoderm of the intermediate-germ insect Tribolium is patterned by a sequential/oscillatory
mechanism (10,31). Examining the mode of AP patterning in more insects is needed to give a definite
answer to this question. However, based on these (rather few) study cases, one is tempted to extrapolate
that short-germ and intermediate-germ insects tend to adopt a sequential patterning mechanism in both
their blastoderm and germband stages, whereas simultaneous patterning is more commonly found in the
blastoderms of long-germ insects.

Environmental pressure for fast patterning is potentially the major cause for the evolution of sequential
to simultaneous patterning (for example, AP patterning is complete after 3 hours post fertilization in
Drosophila and after 48 hours in Tribolium). However, the mechanism behind this sequential-to-
simultaneous evolution is not clear. In this paper, we present a simple model for sequential-to-
simultaneous evolution of gap gene regulation in insects. In this model, simply expressing the first gene
in the gap gene cascade (namely, hunchback, hb) in an anterior-to-posterior gradient speeds up the
formation of gap gene domains. Expressing hb in yet steeper gradient further speeds up patterning and
ultimately leads to almost simultaneous emergence of gap gene domains. The model recapitulates key
experimental observations in Drosophila. Furthermore, the effect of experimentally manipulating the Hb
gradient in Tribolium is consistent with our model.

A model for the evolution of sequential short-germ to simultaneous long-germ embryogenesis in insects

A model for sequential short-germ to sequential long-germ evolution has been recently devised based on
a Speed Regulation model of embryonic patterning (Figure 2B,B’,C) (10,40). In this model, each cell in an
embryonic structure has the capacity to transit through successive states (shown in different colors in
Figure 2B). The speed of state transitions is regulated by a molecular factor (shown in grey in Figure 2B,
and henceforth called a ‘speed regulator’). If a group of cells is subject to a gradient of the speed regulator
(Figure 2B’, left), all cells go through successive states, but with slower and slower speed as we go from
higher to lower values of the speed gradient. This gives the appearance that the states propagate as waves
in the high-to-low direction of the gradient (Figure 2B’, left). These waves do not require diffusion or cell-
cell communication and, hence, are called “kinematic” or “pseudo-waves” (1,13,30,31,41-44). The “Speed
Regulation” model (Figure 2B,B’) can pattern tissues with no or limited axial elongation using the gradient-
based mode of the model (Figure B’, left). It can also pattern elongating tissues if the gradient is retracting
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as a wavefront (the wavefront-based mode of the Speed Regulation model, Figure 2B’, right) (10). Gene
expression waves can also be generated in the wavefront-based mode if the retracting gradient of the
speed regulator is tapered, as indeed observed during vertebrate somitogenesis (13).

Since the Speed Regulation model can pattern both non-elongating tissues (like the blastoderm) and
elongating tissues (like the germband), it is easy to imagine an evolutionary scenario where germband
fates shift into the blastoderm by simply delaying blastoderm-to-germband transition (Figure 2C), or,
alternatively, speeding up fate transitions so that most fates form in the blastoderm. In this case, AP fates
(specified by gap genes) are expected to be expressed sequentially in the blastoderm of intermediate-
germ insects (which indeed is the case in Tribolium) (10) and long-germ insects. However, in case of the
long-germ insect Drosophila, gap genes seem to be initially activated simultaneously, and then undergo
slight posterior-to-anterior shift (26,27). This behavior cannot be explained by our current formulation of
the Speed Regulation model. In addition, the model assumes that AP patterning is mediated primarily by
a posterior-to-anterior morphogen gradient, which is the case in short/intermediate-germ insects like
Tribolium, but definitely not the case in Drosophila. Indeed, gap gene regulation in Tribolium seems to be
primarily mediated by a posterior-to-anterior gradient of Wnt/Caudal (10). Depleting caudal (cad)
transcripts by RNAi completely abolishes trunk gap gene expressions. Furthermore, the gap gene cascade
can be re-induced in the cad-expressing posterior end of the embryo in the germband stage, where the
influence of anterior-to-posterior gradients is unlikely (45). On the other hand, the gap gene system in
Drosophila is heavily dependent on anterior-to-posterior morphogen gradients (namely, Bicoid and
maternal Hb) and is less dependent on the posterior-to-anterior gradient of Cad (24,25,46,47). We then
wondered if the adoption of a patterning mechanism based on Bcd and maternal Hb gradients could have
mediated the evolution of a sequential regulation of gap genes to a more simultaneous mechanism (Figrue
2C, last column). Since bcd is lacking in non-Dipterans, and since bcd (48-50) and maternal Hb seem to
act redundantly in regulating gap genes in Drosophila (51), we narrowed down our search for a potential
evolutionary bridge between sequential and simultaneous patterning to the maternal Hb gradient.

We note here that hb is special in that it is the first gene in the trunk gap gene cascade in insects (blue
gene in Figure 2) (24). In the Speed Regulation model, cells along the spatial axis are all initialized with the
same concentration of the blue gene (Figure 2B,B’,C). What happens then if we initialize cells with a
gradient of the blue gene expression (analogous to a maternal Hb gradient)? Would this lead to a
Drosophila-like simultaneous mode of patterning (last column in Figure 2 C)?

Since gene expressions are modeled as either on or off in the Speed Regulation model, the model cannot
predict the outcome if initialized with graded values of gene expressions. Hence, we use a gene network
realization of the Speed Regulation model recently suggested in refs (11,12), namely: the gradual module
switching model (10,40) (Supplementary Text S1). We first used the module switching scheme to model
the AP regionalization in a short-germ insect (Figure 3A; Movie S1A), where very few AP fate-determining
genes (the blue gene and partially the red gene in Figure 3A) are expressed during the blastoderm stage.
During the germband stage, the rest of genes (red, green, gold, and brown in Figure 3, first column) start
to emanate sequentially from posterior (Figure 3A; Movie S1A).


https://doi.org/10.1101/485151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/485151; this version posted December 2, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

We then sought to evolve our short-germ embryogenesis model (Figure 3A) into a more
intermediate/long-germ one. One strategy is to delay the blastoderm-to-germband transition (Figure 2C).
Another strategy is to speed up the genetic cascade so that more fates are determined during the
blastoderm and before the blastoderm-to-germband transition. Here we will follow the latter strategy
since AP patterning in long-germ insects like Drosophila tend to be faster than in short- and intermediate-
germ insects. Since the posterior morphogen is acting as a speed regulator in our model, a natural strategy
to speed up AP patterning would be to increase the concentration of the speed regulator. Indeed,
increasing the level of the posterior morphogen sped up AP patterning (Figure 3B; Movie S1B), and now
more AP fates form during the blastoderm stage. This strategy has a limit, however, since further
increasing the level of the posterior morphogen does not result in further increase in the speed of AP
patterning (Figure 3C, Movie S1C), possibly due to a saturation effect in the module switching model.

So farin our simulations we initialized the AP axis with a uniform expression of the first gene in the cascade
(blue gene in Figure 3 and Movie S1). We then expressed the blue gene in an anterior-to-posterior gradient
(in a similar fashion to the anterior-to-posterior Hb gradient in Drosophila). Surprisingly, this further sped
up patterning (Figure 3D, Movie S1D), resulting in more fates forming during the blastoderm stage, and
hence mimicking a further evolution into long-germ embryogenesis. However, the generation of gene
expression domains, albeit faster, was still sequential. We then sought to apply a steeper gradient of the
first gene (Figure 3E, Movie S1E). This, surprisingly, led to speedy patterning where gene expression
domains arouse simultaneously during the blastoderm stage, in accord with the fast and simultaneous
patterning of gap genes in Drosophila.

How does differential initialization of genetic cascades result in fast simultaneous patterning?

Thus, simply expressing the first gene in the cascade in an anterior-to-posterior gradient resulted in a fast
and simultaneous patterning in the context of Speed Regulation model (or rather its gene network
realization: the module switching model). However, it is not clear what factors contributed to this effect.
To investigate this, we traced the temporal evolution of the model outputs at different positions along
the AP axis for two different cases: (/) when the AP axis is initialized with a uniform expression of the first
gene (Figure 4 A), and (ii) when the AP axis is initialized with an anterior-to-posterior steep gradient of the
expression of the first gene (Figure 4 B). In both cases, genes are activated sequentially. However, in the
latter case, genes are activated only weakly and transiently before a specific gene in the cascade is fully
activated. Which gene is fully activated (after previous genes are transiently and weakly activated) in this
case depends on the starting concentration of the first gene, and hence, on spatial position. This behavior,
hence, results in fast activation of genes and gives the impression of simultaneous patterning.
Interestingly, uniformly expressing the speed regulator (grey in Figure 4) across space but expressing the
first gene in the cascade in an anterior-to-posterior gradient resulted in a fast and simultaneous patterning
as well (Figure 4 C, D; Movie S2). Hence, expressing the first gene in the cascade as a gradient is enough
to establish the full expression pattern, without the need for the speed regulator to be expressed in a
gradient.
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To gain more insight into how differentially initializing a genetic cascade along space leads to seemingly
simultaneous patterning, we generated a phase space diagram (Figure 4E) for the outputs of a 3-genes
genetic cascade initialized with different initial concentrations of the first genes (with zero initial
concentration of the second and third genes). The phase space in Figure 4E contains one fixed point
attractor (green fixed point). The ‘green fixed point’ is characterized by a high concentration of the green
gene expression (last gene in the 3-genes cascade) and low concentration of the blue and red gene
expressions (Figure 4E). Additionally, the phase space contains two of what are called ‘ghost attractors’
(52,53) (fuzzy blue and fuzzy red circles in Figure 4E), which are not real fixed points at which the system
can stay at steady state, but are points of attraction, nonetheless. The blue ghost attractor is characterized
by a high level of the blue gene expression but low levels of red and green genes expressions. The red
ghost attractor is characterized by a high level of the red gene expression but low levels of blue and green
genes expressions. When the genetic cascade is initialized with a high concentration of the first (blue)
gene expression (asterisk in Figure 4E), the output follows a trajectory expected from a typical genetic
cascade: the system first approaches the blue ghost attractor, and then approaches the red ghost
attractor, and finally reaches the green fixed point (the final gene in the cascade). However, upon
progressively lowering the initial concentration of the blue gene expression, the trajectory of the system
progressively skips the blue ghost attractor and heads directly to the red ghost attractor, before finally
reaches the green fixed point. Upon lowering the initial concentration of the blue gene expression further,
the trajectory even skips both blue and red ghost attractors and heads (almost) directly to the green fixed
point. This ‘ghost attractor skipping’ behavior then is the cause of the fast and seemingly simultaneous
patterning.

Experimental support in Drosophila

Thus, a patterning mechanism based on the speed regulation of a genetic cascade by a posterior-to-
anterior morphogen (like that hypothesized for ancestral insects) can smoothly evolve into a simultaneous
patterning mechanism based (possibly solely) on an anterior-to-posterior gradient of the first gene in the
cascade. In refs (10,45), we provided evidence that patterning the AP axis of Tribolium is based on the
former mechanism. Here we argue that patterning the AP axis of Drosophila is (partially) based on the
latter mechanism.

The partitioning of the AP axis of Drosophila (excluding the head region) into different fates is mediated
by the expressions of four gap genes: hb, Kriippel (Kr), knirps (kni), and giant (gt) (Figure 5A; an additional
posterior domain of hb and a head expression of gt are not shown and excluded from our analysis as their
expressions are mediated by the terminal system in Drosophila) (24,25). Three maternally provided
morphogen gradients were shown to be involved in regulating these four gap genes: (i) the anterior-to-
posterior gradient of Bcd (54,55), (ii) the anterior-to-posterior gradient of maternal Hb (51,56), and (iii)
the posterior-to-anterior gradient of Cad (57). During oogenesis, nanos (nos) (58) and bcd mRNAs (54) are
localized to the posterior and anterior poles of the Drosophila embryo, respectively, while hb, pumilio
(pum) (59), and cad mRNAs are ubiquitously distributed (57,60). During embryogenesis, bcd is translated
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into an anterior-to-posterior Bcd gradient. Bcd gradient then translationally represses the ubiquitously
expressed cad mRNAs forming a posterior-to-anterior Cad gradient (60) (in addition to seemingly
redundant zygotic activation of cad (61)). The posteriorly localized nos is translated into a posterior-to-
anterior gradient of Nos proteins. Nos together with Pum and other factors form a repression complex
that binds Nanos response element (NRE) in the 3’ UTR of the hb mRNAs and mediate their deadenylation
(62). This results in an anterior-to-posterior gradient of Hb proteins. In addition, hb is zygotically regulated
as part of the gap gene network. Thus, Hb protein distribution progressively turns from an early maternal
gradient to a zygotically regulated anterior domain.

The anterior-to-posterior gradients of Bcd and maternal Hb were shown to provide positional information
for the gap gene expression domains in Drosophila (54,56,63). However, complete absence of either
gradients alone results only in an anterior shift of the gap gene domains (51). Embryos lacking both Bcd
and maternal Hb, however, show severe disruption of gap gene regulation (51), indicating that Bcd and
maternal Hb are acting redundantly (partially because Bcd activates hb). In the absence of Cad (from both
maternal and zygotic contributions), only weak effects were observed on gap gene expressions (46). In
the absence of both Bcd and Cad, however, gap gene expressions are severely disrupted, indicating a
redundancy between these two gradient systems (57).

Thus, three morphogen gradients (Bcd, maternal Hb, and Cad) are acting (redundantly) to regulate gap
genes in Drosophila. Since bcd is an evolutionary novelty specific to Diptera, the maternal Hb and Cad
gradients are reasonable candidates for an ancestral AP morphogen system. As mentioned earlier,
maternal Hb gradient seems sufficient to provide positional information for gap gene expressions in the
Drosophila embryo. Embryos mutants for both bcd and torso-like (tsl) lack a Bed gradient and gradients
generated by the terminal system. The lack of Bcd results in a ubiquitous distribution of maternal Cad
proteins (with a possible weak zygotic contribution at the posterior). Thus, in bcd;tsl mutant embryos,
maternal Hb is (almost) the only maternal gradient left in the Drosophila embryo (56). In these embryos,
the correct order of gap genes is generated: hb, Kr, kni, and gt (listed from anterior to posterior). In a
classical study ((56); which results are reproduced in Figure 5B, experiments), the dosage of maternal hb
was manipulated in bcd;tsl embryos. In addition, a mutation in the gene oskar (osk) to eliminate nos
activity was used to generate embryos with uniform distribution of Hb proteins throughout the embryo
(56,64). Examining gap gene expressions in these embryos confirmed that the maternal Hb gradient
specifies the positions of gap gene domains along the AP axis in a dose dependent manner (56). In
particular, a progressive increase in maternal Hb dosage leads to a progressive shift in the gap gene
domains towards the posterior pole of the embryo. This effect can be recapitulated using our model for
simultaneous patterning. A computational model in which Drosophila gap genes (hb, Kr, kni, and gt) are
wired into a genetic cascade and initialized by a maternal gradient of Hb (first gene in the cascade)
generated the correct order of gap genes expression domains along the AP axis (compare model to
experiments in Figure 5A). Manipulating the dosage of Hb in our model led to similar shifts in the positions
of gap gene expression domains as observed experimentally (Figure 5B: compare model to experiments;
Movie S3).
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We then sought to examine if our model can predict the outcome of further genetic perturbations in
Drosophila. In Figure 6 (experiments), we summarized published expression patterns of different gap
genes in WT and various gap gene mutants in Drosophila. Examining these results, we noticed a general
pattern: the absence of the expression of one gene led to the downregulation of the gene immediately
posterior to it. The bands anterior and posterior to the missing gene expression domains extend (towards
posterior and anterior, respectively) to take up the space normally occupied by the missing bands in WT.
In Kr embryos, kni expression is missing (65,66), while anterior hb expression extends posteriorly (67—69),
and posterior gt expression extends anteriorly (70,71) (compare Figure 6B to 6A, experiments). In kni
embryos, gt expression is weak (70,72), while Kr expression extends posteriorly (67) (compare Figure 6C
to 6A, experiments). In gt embryos, kni expression extends posteriorly (72) (compare Figure 6D to 6A,
experiments). The downregulation of one gene upon quenching the expression of the gene anterior to it
is intriguingly analogous to the behavior of a genetic cascade: the activation (or de-repression) of a gene
in the cascade is dependent on the activity of the gene preceding it in the cascade. Indeed, our model for
gap gene regulation in Drosophila (which is based on a genetic cascade of gap genes) recapitulated all
experimental gap gene perturbations (Figure 6; compare model to experiments; Movie S4).

Experimental support in Tribolium

So far, we have argued that using maternal Hb gradient to regulate the gap gene cascade is an important
evolutionary link in the evolution of sequential to simultaneous patterning of the AP axis in insects. Does
a maternal Hb gradient, then, already exist in sequentially patterning insects? Indeed, Hb proteins were
found to have an anterior-to-posterior graded distribution along the AP axis of early Tribolium blastoderm,
albeit more extended towards posterior compared to the maternal Hb gradient in Drosophila (Figure 7 A,
A’). The Hb gradient in Tribolium was shown to be mediated, like Drosophila, by nos and pum, as Hb
proteins were found to be uniformly distributed in the early Tribolium blastoderm in nos;pum double RNAi
(Figure 7A) (73). But what could be the function of a nos/pum-mediated maternal Hb gradient in the early
embryo of a sequentially segmenting insect like Tribolium? As shown in Figure 3, initially expressing Hb
even as a shallow gradient could speed up patterning (Figure 3D), albeit not achieving a simultaneous
mode of patterning (which could be achieved using a steep Hb gradient, Figure 3E, as indeed the case in
Drosophila; compare Figure 7 A’ to 7 A).

Hence, we wondered if the maternal Hb gradient in Tribolium helps speeding up AP patterning in the
Tribolium blastoderm. In Tribolium, the expression domains of four gap genes (hb, Kr, milles-pattes (mipt),
and gt) (24,74-79) emanate sequentially in waves from a posterior Active Zone (AZ), where cad is
expressed in a posterior-to-anterior gradient (see the data summary cartoon in Figure 7B) (10). Gap gene
expression waves propagate anteriorly and freeze into stable domains upon exiting the AZ. It was
previously suggested that gap gene expression waves are mediated by a Speed Regulation mechanism
where cad is acting as a speed regulator. The mechanism is applicable to both blastoderm and germband
stages as cad is expressed in a posterior-to-anterior gradient in both stages. In contrast, Hb is expressed
in an anterior-to-posterior gradient only in early blastoderm stage. Hence, any potential role of maternal


https://doi.org/10.1101/485151
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/485151; this version posted December 2, 2018. The copyright holder for this preprint (which was
not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available
under aCC-BY-NC-ND 4.0 International license.

Hb in speeding up patterning should be a transient one during the blastoderm stage, specifically involved
in regulating the blastodermal expressions of hb, Kr, and mipt (Figure 7B; blastoderm stage: 14-23 hours
After Egg Lay (AEL)).

Hence, according to our models, there exists two factors that influence the speed of gap gene expression
sequence: concentration of cad and the maternal Hb gradient. Either reducing cad or expressing maternal
Hb uniformly (rather than in a gradient) is expected to reduce the speed of the gap gene expression
sequence. However, the effect of maternal Hb on patterning speed is expected to be transient during the
blastoderm stage, while the effect of cad is expected to be persistent in both blastoderm and germband
stages.

To test our predictions for these two cases, we examined the spatiotemporal dynamics of two of the gap
genes (Kr and mipt) in Tribolium for: WT embryos, embryos where cad concentration is reduced (by
knocking down the Wnt positive regulator legless (lgs) using RNAi (10,30,80-82)), and embryos where
maternal Hb gradient is made uniform (nos;pum RNAi knockdown embryos) (Figure 7C). For more
guantitative analysis, we examined the statistics of the temporal dynamics of Kr and mipt expressions in
the posterior end of the Tribolium embryo (where the sequential activation of gap genes is of the highest
speed) for WT, Igs RNAI, and nos;pum RNAi embryos (Figure 7D,E; Methods). In ref (10), we already carried
out a similar analysis for Igs RNAi embryos. However, the analysis was restricted to the initial phase of
patterning (mainly blastoderm stage), and we are here extending the analysis to the germband stage as
well.

In WT embryos, Kr expression emanates from the posterior end of the blastoderm roughly at 17-20 hours
AEL and clears from posterior at 23-26 hours AEL during the germband stage (Figure 7C,D). In Igs RNAI
embryos, the initiation of Kr expression is delayed, starting around 20-23 hours AEL (Figure 7C,D). Kr
expression then clears from the posterior of Igs RNAi embryos mainly at 32-35 hours AEL (Figure 7C,D).
Hence, the initiation of Kr expression in Igs RNAi embryos is delayed by 3 hours, while the clearance of Kr
expression is delayed by 9 hours compared to WT. This indicates a continual dilation of Kr regulation, not
just a delay in the initiation of its expression. On the other hand, in nos;pum RNAi embryos, most of the
embryos initiated Kr expressed at 20-23 hours AEL, manifesting a delay of 3 hours in Kr expression
initiation compared to WT. Kr expression then clears from the posterior end of nos;pum embryos at 26-
29 hours AEL, manifesting a delay of roughly 3 hours compared to WT as well. Hence, Kr expression in
nos;pum RNAi embryos suffers a 3 hours delay only during the initiation phase, and this delay is carried
over until the end of Kr expression without further delay in Kr regulation (as clear from Figure 7D).

Same behavior was observed for mipt expression. mipt is expressed in two trunk domains in Tribolium. In
Igs RNAi embryos, a persistent dilation of mipt regulation is observed during both blastoderm and
germband stages (Figure 7C,E). In contrast, a delay in the initiation of mipt expression during the
blastoderm stage is observed in nos;pum RNAi embryos that is carried over to the germband stage without
further dilation of mipt regulation (Figure 7C,E). These results support our models in which cad acts as a
speed regulator for gap gene regulation in Tribolium while the maternal Hb gradient mediates fast
initiation of gap gene expression during the blastoderm stage.
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Conclusion

Recently, we presented a model for gap gene regulation in short- and intermediate-germ insects in which
the speed of a genetic cascade is regulated by a posterior-to-anterior gradient of Wnt/Cad (10). The model
(termed the ‘Speed Regulation’ model) provided a mechanistic basis for how gap genes are expressed in
waves, and how these waves can pattern a non-elongating tissue like the blastoderm as well as an
elongating tissue like the germband. This also provided a simple model for the evolution of short-germ
insects (in which AP patterning takes place mostly during the germband phase of development) to long-
germ insects (in which AP patterning takes place mostly during the blastoderm stage). The model
predicted that in long-germ insects, gap genes are expressed in sequential waves that are mediated by a
posterior-to-anterior gradient of Wnt/Cad. Although this might be the case in some long-germ insects
(possibly long-germ beetles like Callosobruchus), it is not the case in other long-germ insects like
Drosophila (and other Diptera), where gap gene domains arise more or less simultaneously during the
blastoderm stage. This simultaneous mode of gene expression potentially evolved to mediate fast AP
patterning, as a response to the evolutionary pressure for an overall fast development in Drosophila.
Furthermore, gap gene regulation in Drosophila seems to rely on anterior-to-posterior gradient (namely,
those of Bcd and maternal Hb) with seemingly redundant contribution from the posterior-to-anterior
morphogen Cad. In this paper, we presented a model for the evolution of a sequential short/intermediate-
germ mode of AP patterning to a more simultaneous long-germ mode of patterning. The model is based
on the expression of the first gene in the gap gene cascade (hb) in an anterior-to-posterior gradient, which
results in the differential initialization of the genetic cascade along the AP axis, and consequently, fast
simultaneous patterning with slight posterior-to-anterior shift, as observed in Drosophila. Besides being a
possible evolutionary mechanism, it explains the ability for an anterior-to-posterior gradient like maternal
Hb to solely mediate the formation of gap gene expressions along the AP axis of Drosophila, potentially
with minimal contribution of a posterior-to-anterior morphogen like Cad. The model recapitulates gap
gene expression patterns in WT and different manipulations of the maternal Hb gradient in addition to
several gap gene mutants.
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Figure and Movie legends

Figure 1. Gene expression waves in development. Many embryonic structures are patterned via periodic
and/or aperiodic waves of gene expressions that emanate from an organizer. (A) Periodic waves of _
emanate from an Auxin organizer to demarcate lateral roots. (B) Aperiodic waves of gene expression
emanate from a ventral organizer secreting Shh ligands to pattern the ventral neural tube in insects.
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Ventral to the right. (C) Aperiodic waves of gene expressions emanate from a distal organizer secreting
FGF ligands to pattern the limb bud. Distal to the right. (D) Periodic waves of hes/hairy expression and
aperiodic waves of Hox genes expressions emanate from a posterior organizer secreting Wnt/FGF ligands
to segment and regionalize the anterior-posterior axis of vertebrates, respectively. (E) Periodic waves of
pair-rule genes expressions and aperiodic waves of gap genes expressions emanate from a posterior
organizer secreting Wnt ligands to segment and regionalize the anterior-posterior axis of short-germ
insects, respectively. (F) Pair-rule and gap gene expressions arise simultaneously in the Drosophila
embryo, but then exhibit vestiges of wave dynamics in the form of posterior-to-anterior shifts. Posterior
to the right in (D, E, and F).

Figure 2. A Speed Regulation model for short- to long-germ evolution. (A) In short-germ insects, most of
AP fates (shown in blue, red, green, gold, and brown; black marks the head; grey marks the
extraembryonic tissue) are specified in the germband stage. In intermediate-germ insect, anterior fates
are specified in the blastoderm while posterior fates are specified during the germband stage. In long-
germ insects, most fates are specified in the blastoderm. (B, B’) In the Speed Regulation model, a
molecular factor (speed regulator; shown in grey) regulate the speed of the sequential activation of fates
(shown in different colors) (B). The Speed Regulation model can operate in a gradient-based mode to
pattern non-elongating tissues (B’, left), or in a wavefront-based mode to pattern elongating tissues (B’,
right). (C) The Speed Regulation model can explain the evolution of sequential short-germ embryogenesis
to simultaneous long-germ embryogenesis. Can it also explain simultaneous long-germ embryogenesis?

Figure 3. Effect of changing posterior morphogen concentration and first gene initialization on
patterning speed in a molecular realization of the Speed Regulation model. (A) In a molecular realization
of the Speed Regulation principle (in particular, the Gradual Module Switching model) to model short-
germ embryogenesis, few anterior fate-specifying gene expression bands (here blue and partially red)
form in the blastoderm, while the rest form in the germband (partially red, green, gold, and brown). The
speed regulator (shown in grey) is expressed in a static posterior-to-anterior gradient in the blastoderm,
while it is expressed in a posteriorly retracting wavefront in the germband. The timepoint at which all
gene expression bands arise is highlighted in yellow. (B) Increasing the concentration of the speed
regulator (grey) speed up the patterning process. Note the timepoint at which all expression bands arise
(highlighted in yellow); compare with (A). (C) Further increasing the concentration of the speed regulator
does not result in a further increase in patterning speed. Note that in A, B, and C, the first gene in the
cascade (the blue gene) is expressed uniformly along the AP axis. (D) Expressing the blue gene as a shallow
anterior-to-posterior gradient speeds up the patterning process further; however, gene expression
patterns still arise sequentially. (E) Expressing the blue gene as a steep anterior-to-posterior gradient
speeds up the patterning process even further. Gene expression domains now arise simultaneously.
Posterior to the right. Timepoints at which all gene expression bands form are highlighted in yellow.
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Figure 4. How differential initialization of genetic cascades mediates simultaneous patterning. (A) Time
courses of the Gradual Module Switching model at different positions along the AP axis if the speed
gradient (grey) is expressed in a posterior-to-anterior gradient, and the first gene in the cascade (blue) is
expressed uniformly. (B) Time courses of the Gradual Module Switching model at different positions along
the AP axis if the speed gradient (grey) is expressed in a posterior-to-anterior gradient, and the first gene
in the cascade (blue) is expressed in an anterior-to-posterior gradient. (C) Time courses of the Gradual
Module Switching model at different positions along the AP axis if the speed gradient (grey) is expressed
uniformly, and the first gene in the cascade (blue) is expressed in an anterior-to-posterior gradient. (D)
The spatiotemporal dynamics of the Gradual Module Switching model outputs if the speed gradient (grey)
has a uniform (but decaying) expression along space, and the first gene in the cascade (blue) is expressed
in an anterior-to-posterior gradient. (E) State space representation of a 3-genes genetic cascade with
different initial concentrations of the first gene in the cascade (blue gene). Solid green circle: fixed point
attractor of the whole system, characterized by high concentration of the green gene and low
concentrations of the blue and red genes. Fuzzy blue circle: a ghost attractor characterized by high
concentration of blue gene expression and low concentrations of the red and green gene expressions.
Fuzzy red circle: a ghost attractor characterized by high concentration of red gene expression and low
concentrations of the blue and green gene expressions

Figure 5. Model versus Experiment: Effect of varying the dosage of maternal Hb in Drosophila. (A)
Drosophila gap gene domains in WT: experiments (left) versus our model (right). (B) Increasing the dosage
of maternal Hb in bcd;tsl background (in addition to an osk mutant in which maternal Hb is distributed
uniformly in the embryo; last row) leads to progressive posterior shifts of gap gene expression domains
in both experiment (left) and a model of gap gene regulation in Drosophila (right).

Figure 6. Model versus Experiment: gap mutants in Drosophila. Expression patterns of Drosophila gap
genes in WT and gap gene mutants in both experiment (left) and of gap gene regulation in Drosophila
(right).

Figure 7. The role of maternal Hb gradient in the AP patterning of Tribolium. (A) Hb proteins are
distributed in an anterior-to-posterior gradient in early WT Tribolium blastoderm. Hb gradient becomes
uniform in nos;pum RNAi embryos. (A’) The maternal Hb gradient in Drosophila is shifted more to the
anterior compared to Tribolium. (A”) cad gradient is reduced and shifted to the posterior in Igs RNAI
Tribolium blastoderm compared to WT. (B) The spatiotemporal dynamics of cad, hb, Kr, mipt, and gt in
Tribolium. (C) The spatiotemporal dynamics of Tribolium Kr and mipt in WT, Igs RNAI, and nos;pum RNAi
embryos. (D) Quantification of the temporal dynamics of Kr at the posterior end of WT, Igs RNAI, and
nos;pum RNAI Tribolium embryos. (E) Quantification of the temporal dynamics of mipt at the posterior
end of WT, Igs RNAI, and nos;pum RNAI Tribolium embryos.
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Movie S1. Effect of changing posterior morphogen concentration and first gene initialization on
patterning speed in a molecular realization of the Speed Regulation model. Simulations shown here
correspond to the snap shots shown in Figure 3. The simulations show the behavior of a model of insect
embryogenesis under different conditions. (A) Low concentration of the speed regulator and the first gene
is expressed uniformly along the AP axis (posterior to the right). (B) The concentration of the speed
regulator is high and the first gene is expressed uniformly along the AP axis. (C) The concentration of the
speed regulator is higher and the first gene is expressed uniformly along the AP axis. (D) The concentration
of the speed regulator is high and the first gene is expressed in a shallow anterior-to-posterior gradient.
(E) The concentration of the speed regulator is high and the first gene is expressed in a steep anterior-to-
posterior gradient. Simulations backgrounds turn yellow when all gene expression bands form. Speed
regulator is shown in grey. Expressions of genes in the genetic cascade (in order): blue, red, green, gold,
and brown.

Movie S2. Module Switching model operating under uniform speed regulator and an anterior-posterior
gradient of first gene expression. Simulation of the Gradual Module Switching model if the speed gradient
(grey) is expressed in a posterior-to-anterior gradient, and the first gene in the cascade (blue) is expressed
uniformly. Expressions of genes in the genetic cascade (in order): blue, red, green, gold, and brown. The
simulation corresponds to the snap shots shown in Figure 4D.

Movie S3. Model versus Experiment: Effect of varying the dosage of maternal Hb in Drosophila. Shown
here are simulations of our model of gap gene regulation in Drosophila with different dosages of maternal
Hb in bcd;ts/ mutant background (A: zero dosages, B: one dosage, C: 4 dosages). Also shown simulation of
the model with uniformly expressed maternal Hb (two dosages) in osk mutants (E). Simulations shown
here correspond to those shown in Figure 5B. Expressions of hb, Kr, kni, and gt are shown in blue, red,
green, and gold, respectively. Uniform distribution of Cad is shown in grey.

Movie S4. Model versus Experiment: gap mutants in Drosophila. Simulation of our model for gap gene
regulation in Drosophila in different genetic background (A: WT, B: Kr, C: kni', D: gt’). Expressions of hb,
Kr, kni, and gt are shown in blue, red, green, and gold, respectively. Uniform distribution of Cad is shown
in grey.

Materials and Methods

in situ hybridization, RNAi, and imaging
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In situ hybridization was performed using DIG-labeled RNA probes and anti-DIG::AP antibody (Roche), and
signal was developed using NBT/BCIP (BM Purple, Roche) according to standard protocols (83,84). All
expression analyses were performed using embryos from uninjected females or females injected with
double-stranded RNA (dsRNA) of gene of interest. dsRNA was synthesized using the T7 megascript kit
(Ambion) and mixed with injection buffer (5 mM KCl, 0.1 mM KPQO,, pH 6.8) before injection. Used dsRNA
concentrations: 4 pg/ul for both nos and pum in nos;pum double RNAi experiments. Embryos were imaged
with ProgRes CFcool camera on Zeiss Axio Scope.Al microscope using ProgRes CapturePro image
acquisition software. Brightness and contrast of all images were adjusted and placed on a white
background using Adobe Photoshop.

Egg collections for developmental time windows

Three hours developmental windows were generated by incubating three hours egg collections at 23—
24°C for the desired length of time. Beetles were reared in whole-wheat flour supplemented with 5%
dried yeast.

Calculating temporal profile of gap gene expression at the posterior end of the embryo

For each of the 3-hour developmental windows: 14-17, 17-20, 20-23, 23-26, 26-29, 29-32, 32-35, and 35-
38 hours AEL, the percentage of embryos that have detectable expression of the gene of interest (versus
embryos with no expression) is calculated and used as an estimate for the gene expression level at that
point of time. Figures 7D, E are produced using this methodology.

Computational Modeling

See Text S1.
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