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Abstract

The gene regulatory network for segmentation in arthropods offers valuable insights into 

how networks evolve owing to the breadth of species examined and the extremely detailed 

knowledge gained in the model organism Drosophila melanogaster. These studies have shown 

that Drosophila’s network represents a derived state that acquired changes to accelerate 

segment patterning, whereas most insects specify segments gradually as the embryo elongates. 

Such heterochronic shifts in segmentation have potentially emerged multiple times within 

holometabolous insects, resulting in many mechanistic variants and difficulties in isolating 

underlying commonalities that permit such shifts. Recent studies identified regulatory genes that 

work as timing factors, coordinating gene expression transitions during segmentation. These 

studies predict that changes in timing factor deployment explain shifts in segment patterning 

relative to other developmental events. Here, we test this hypothesis by characterizing the temporal 

and spatial expression of the pair-rule patterning genes in the malaria vector mosquito, Anopheles 
stephensi. This insect is a Dipteran (fly), like Drosophila, but represents an ancient divergence 

within this clade, offering a useful counterpart for evo-devo studies. In mosquito embryos, we 

observe anterior to posterior sequential addition of stripes for many pair-rule genes and a wave of 

broad timer gene expression across this axis. Segment polarity gene stripes are added sequentially 

in the wake of the timer gene wave and the full pattern is not complete until the embryo is fully 

elongated. This ‘progressive segmentation’ mode in Anopheles displays commonalities with both 

Drosophila’s rapid segmentation mechanism and sequential modes used by more distantly related 

insects.
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1 Introduction:

Arthropods share a segmented body plan, composed of repeating units, which is specified 

early in development. Maternal inputs initiate a gene regulatory network in which gap 

genes are expressed in broad regions along the anterior-posterior axis of the embryos. The 

gap genes work in combination to define the repeating patterns of the pair-rule genes in 

alternating segment primordia. Finally, the pair-rule genes direct the expression of segment 

polarity genes in each segmental unit. This gene network is best understood in the fruit 

fly, Drosophila melanogaster, in which the gap, pair-rule and segment polarity genes were 

first discovered (Nüsslein-Volhard & Wieschaus, 1980). Much of the body of work on 

segmentation over the last few decades has aimed to compare and contrast segmentation 

gene regulatory networks across the breadth of arthropod species, offering an unparalleled 

view into the mechanisms underlying the evolution of development (for review Chipman, 

2020; Clark et al., 2019; Damen, 2007; Davis & Patel, 2002; Peel et al., 2005).

One hurdle to comparing different arthropod segmentation networks in a meaningful way 

is that Drosophila’s mode of segment patterning is not representative of the majority of 

arthropods, but instead is found in only holometabolous insects (Davis & Patel, 2002). 

Holometabolous insects, which undergo metamorphosis from a larvae to a distinct adult 

form, include Coleoptera (beetles), Hymenoptera (bees, wasps, and ants), Lepidoptera 

(moths and butterflies), and Diptera (flies). Within this clade, a wide range of segmentation 

modes including long-, intermediate-, short-germ, and even dual mechanisms, have been 

reported (Davis & Patel, 2002; Rosenberg et al., 2014). The current view of the differences 

between these modes focuses on how many segments are specified prior to gastrulation, but 

also takes into account traditional criteria such as whether or not the embryo elongates 

posteriorly as segments are added (Davis & Patel, 2002; Krause, 1939). Drosophila, 
with its long-germ mode, represents one extreme in which all segments are patterned 

more or less simultaneously prior to gastrulation. This mode is thus frequently referred 

to as “simultaneous” segmentation, which is contrasted to “sequential” segmentation in 

other species, where new segments are added from a posterior segment addition zone 

(SAZ) throughout the entirety of germband elongation. For simultaneous segmentation, 

segment patterning is completed during blastoderm stages before gastrulation and germband 

elongation begin and is thus very rapid. For sequential segmentation, segment patterning is 

gradual, occurring in a ‘one at a time’ fashion in an anterior to posterior order. Sequential 

segmentation is believed to be the ancestral mode for arthropods (Clark et al., 2019; Davis & 
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Patel, 2002). Even among long-germ insects, Drosophila and other Brachyceran flies enjoy 

greater pre-patterning of the blastoderm by gap genes and more rapid segment generation 

than Nematoceran flies (a paraphyletic grouping of mosquitoes, midges, gnats), which 

delay posterior segment generation (Rohr et al., 1999). Although Drosophila’s segmentation 

gene network is intimately understood after decades of intense study, it is challenging to 

understand how and when its distinct mechanism emerged from an ancestral mode.

For many years, it has been hypothesized that the differences in segmentation modes are 

generated by heterochronic shifts in segment patterning (Davis & Patel, 2002). Recent work 

has led to several models for underlying genetic mechanisms (Clark et al., 2019; El-Sherif, 

Lynch, et al., 2012, p.; Zhu et al., 2017). One model proposes that a morphogen gradient 

of variable steepness explains different segment patterning speeds among insects (Zhu et 

al., 2017). A maternal gradient of hb is a good candidate for the morphogen executing 

this “speed regulation” model in Drosophila and Tribolium castaneum due to its effects on 

anterior-posterior patterning of the gap genes (Rudolf et al., 2020). Another model relies on 

the discovery that odd-paired (opa) works as a timing factor in Drosophila segmentation, 

promoting the transition from pair-rule to segment-polarity patterning (Clark & Akam, 

2016; Koromila et al., 2020; Soluri et al., 2020). In Drosophila, this gene is expressed 

broadly across the whole trunk, overlaying completed pair-rule patterns and prompting a 

simultaneous transition to segment polarity stripe patterns. The different spatial-temporal 

deployment of opa and other timing factor genes in other insects led to the suggestion 

that opa serves as a “timing factor” throughout insects, potentially explaining heterochronic 

shifts in segmentation modes (Clark & Peel, 2018; Taylor & Dearden, 2021). Both the 

“Timing Factor” model and the Speed Regulation model also implicate posterior-anterior 

gradients of caudal (cad) and Wnt signaling in the evolution of segmentation modes (Clark 

et al., 2019; Zhu et al., 2017).

We previously published the expression patterns of the Anopheles stephensi orthologs of 

the Drosophila melanogaster pair-rule genes at the cellular blastoderm stage, at which 

time the patterns of seven broad stripes correspond extremely well between these two 

Dipteran species in spite of 272 million years of divergence (Cheatle Jarvela et al., 2020; 

Hedges et al., 2015). However, that work also demonstrated that one Drosophila pair-rule 

gene, paired (prd) has been lost from mosquito genomes entirely and its pair-rule function 

replaced by gooseberry (gsb), a segment polarity gene in Drosophila. In Anopheles, gsb 
is expressed in a pattern that combines features of a pair-rule and a segment polarity 

gene, starting out as wide stripes at blastoderm stages that resolve into narrow segmental 

stripes that persist through germband extension. Unlike Drosophila pair-rule genes, Aste-gsb 
stripes are generated gradually and sequentially in anterior-posterior order. We wondered 

whether this is a quirk of gsb, which has evolved to accommodate a novel function in 

the mosquito lineage, or indicative of an overall distinct developmental mechanism in 

Anopheles vs. Drosophila. Here, we investigated the dynamic temporal and spatial patterns 

of Drosophila pair-rule gene orthologs in Anopheles, uncovering differences in emergence 

and subsequent fading compared to Drosophila expression patterns. Interestingly, opa, and 

the nuclear receptor, ftz transcription factor-1 (ftz-f1), are expressed as waves that progress 

from anterior to posterior throughout Anopheles segmentation. Anopheles completes pair-

rule patterning during blastoderm stages but adds stripes sequentially and converts pair-rule 
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patterns to segmental expression over the whole course of germband elongation. Thus, 

our data indicate that Anopheles does not fit neatly into a sequential vs. simultaneous 

mechanism binary, but instead represents a progressive segmentation intermediate.

2 Methods:

All protocols and reagents have been previously described in detail (Cheatle Jarvela et al., 

2020).

2.1 Mosquito Culture

Anopheles stephensi India strain was maintained at 29 °C with 80% humidity and a 12-h 

light/dark cycle. Larvae were fed a diet of pulverized fish food (Tetramin) and adults 

provided 10% (wt/vol) sucrose solution. Bovine blood (Lampire, Pipersville, PA) was 

provided by artificial membrane feeder 3–5 days prior to oviposition.

2.2 Gene Identification and Amplification

Anopheles stephensi orthologs of Drosophila segmentation gene network genes were 

identified by reciprocal BLAST (Altschul et al., 1990) as described previously (Cheatle 

Jarvela et al., 2020). Sequences of interest were amplified for in situ probe production using 

primer sets (Sup Table 1) with the T7 polymerase recognition sequence at the 5’ end of 

reverse primers.

2.3 Embryo Fixation and Gene Expression Analysis

Anopheles embryos were collected over the course of two hours on wet filter paper, 

then removed from the cage and aged at 29 °C to obtain three to six hour old embryos 

representing blastoderm, gastrulation and germband extension stages. Staged embryos were 

dechorionated in bleach, fixed in 4% paraformaldehyde, and peeled from their endochorions 

as described in previous work (Cheatle Jarvela et al., 2020; Goltsev et al., 2004; Juhn & 

James, 2012).

in situ hybridization was performed essentially as established for Drosophila embryos 

(Cheatle Jarvela et al., 2020; Goltsev et al., 2004; Tautz & Pfeifle, 1989). Antibody 

staining against En was performed prior to in situ hybridization when desired according to 

established protocols (Gutjahr et al., 1994). Briefly, fixed embryos were washed three times 

in PBTH (1 x PBS, 0.1% Tween-20, 50 μg/ml heparin, and 250 μg/ml tRNA) and incubated 

in 1:5 anti-En (catalog number 4D9, Developmental Studies Hybridoma Bank) diluted in 

PBTH with 1:1000 RNase inhibitor overnight at 4°C. The following day, the embryos were 

washed three times in PBTH and then incubated with 1:200 biotinylated goat anti-mouse 

secondary antibody (BA9200, Vector Labs) in PBTH plus 1:1000 RNase inhibitor for 1 

hour. After three more washes in PBTH the embryos were incubated for 30 minutes in ABC 

reagent (Vectastain Elite ABC kit, Vector Labs), then washed another three times. Finally, 

expression was detected by DAB reaction (SigmaFast reagent, Sigma-Aldrich). After several 

washes in PBST to remove DAB reaction, embryos were processed for in situ hybridization.

Cheatle Jarvela et al. Page 4

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



All stained embryos were visualized using DIC on a Zeiss Axio Imager.M1 microscope. 

Using the 20x objective, we were able to capture entire whole-mount samples in a single 

image, yet also obtained sufficient resolution to view and count individual cells. Uniform 

brightness/contrast adjustments were applied to images using ImageJ (Schneider et al., 

2012). Figures were arranged using Inkscape open-source software (https://inkscape.org/).

3 Results:

3.1 A subset of pair-rule gene seven-stripe expression patterns emerge in anterior to 
posterior order

The temporal dynamics of Aste-gsb, a gene with newly acquired pair-rule function in 

Anopheles, suggested a progressive mode of segment specification for this species. To assess 

whether this expression mode is representative of canonical pair-rule gene expression, we 

performed in situs for each Drosophila pair-rule gene ortholog to collect detailed time 

series encompassing early cellularization of the blastoderm through the end of germband 

elongation.

even-skipped (eve) was first detected as a broad domain of expression, as has been observed 

in another mosquito, Anopheles gambiae, as well as in Drosophila (Frasch et al., 1987; 

Goltsev et al., 2004). The first eve pair-rule stripe emerged at the anterior end of this 

broad domain (Figure 1a) and a second such stripe appeared in a similar fashion soon after 

(Figure 1b). Stripes 3–6 appeared next, the strength and definition of the stripes suggesting 

that 3 and 4 emerged prior to 5 and 6 (Figure 1d). Finally, seven stripes of roughly equal 

intensity were briefly present at the end of cellular blastoderm (Figure 1f). The stripes are 

dynamic over time, emerging as four-cells wide (Figure 1c), briefly reaching as large as 

six-cells wide (Figure 1e), and ultimately narrowing to two-cells wide (Figure 1g). From this 

point on, as gastrulation and germband extension proceeded, the stripes faded in anterior to 

posterior order starting with the one labeled “1” (Figure1a–k). No secondary stripes were 

ever observed. At the end of germband extension, the only remaining expression was in 

the proctodeum with pair-rule stripes no longer detectable, in agreement with observations 

from Anopheles gambiae (Goltsev et al., 2004). Previous analysis of eve expression in the 

species Anopheles gambiae indicated that it is much like Drosophila, with a broad region of 

expression resolving into seven stripes that fade all at once upon completion of germband 

extension (Frasch et al., 1987; Goltsev et al., 2004). While this may represent a difference 

between gambiae and stephensi, it is of note that the progressive pattern we observed was 

only clear when many embryos was examined, capturing intermediate timepoints.

Similarly, fushi tarazu (ftz) stripes emerged in the anterior half of the embryo prior to the 

posterior half (Figure1l), although these were not perfectly in order as stripe 2 lagged behind 

1, 3, and 4. Yet, these first four stripes fully developed prior to the emergence of stripe 5 

(Figure 1m) and likewise, stripe 6 emerged just after stripe 5 and before stripe 7 (Figure 

1o). This is in contrast to Drosophila where ftz stripes emerge in a seemingly random 

order (Schroeder et al., 2011; Surkova et al., 2008; Yu & Pick, 1995). By the time stripe 7 

appeared, stripe 1 had already become narrower and faded (Figure 1q). In general, the stripes 

are four-cells wide, however, stripe 1 appears to be wider and stripe spacing is not uniform 

(Figure 1n, p, and r). During early germband elongation, although all seven stripes were still 

Cheatle Jarvela et al. Page 5

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://inkscape.org/


visible, there was an anterior to posterior gradient of intensity and thickness with stripe 1 

barely detectable and 7 still very strong (Figure 1s). As germband extension continued, the 

stripes faded out in order until no expression was detectable (Figure 1t–v). Surprisingly, at 

the end of germband extension, neurogenic expression was not observed, although this has 

been reported in several other arthropods, including Drosophila, and is thought to be well 

conserved (Heffer et al., 2013; Yu & Pick, 1995). This expression may emerge later during 

development or this difference could reflect the divergent nervous system patterning network 

described for mosquitoes (Suryamohan et al., 2016).

3.2 Aste-ftz-f1 and -opa are expressed in a wave that progresses from anterior to 
posterior during development.

As we previously described, Aste-ftz-f1 and -opa exhibit broad expression domains in 

Anopheles (Cheatle Jarvela et al., 2020). What was not evident from the single described 

stage in our previous work, but that can be seen here, is that expression of each of 

these genes moves across the anterior-posterior axis as a wave over time. During cellular 

blastoderm opa and ftz-f1 were each expressed in a band towards the anterior of the zone 

where pair-rule patterning will ultimately emerge (Figure 2a, i). Both patterns broadened 

to ultimately include the whole central region of the blastoderm, corresponding roughly 

to the outer limits of the seven-stripe pattern of genes like ftz and eve (Figure 2b,c, j, 

k). Initially, the anterior range of the pattern appeared stronger, likely because expression 

here was initiated earlier. Eventually, the anterior end of these broad domains faded as the 

posterior ends reached peak expression. This is much more evident for opa in the images 

shown (Figure 2d and l). By gastrulation, both patterns shifted to the posterior end of the 

embryo (Figure 2e and m). During germband extension, both ftz-f1 and opa were detected 

only in the posterior end as small diffuse bands (Figure 2f, g n, o). Upon completion of 

germband extension, opa developed a new, weak segmental stripe pattern, reminiscent of a 

segment polarity pattern (Figure 2h). ftz-f1 expression was no longer detectable by the end 

of germband extension (Figure 2p).

3.3 Aste-slp, wg, and en stripes are activated in anterior to posterior order but persist 
through later stages

sloppy-paired (slp) expression was first observed as a wide anterior stripe (Figure 3a). 

Next, pair-rule stripes arose in a strict anterior to posterior order over the course of the 

blastoderm stage and into gastrulation (Figure 3b–g). Secondary stripes intercalated between 

the original pair-rule stripes during germband elongation, resulting in a segmental pattern 

(Figure 3f–g). This final pattern was similar to Aste-gsb stripes (Cheatle Jarvela et al., 

2020) differing in that gsb stripes are initially four-cells wide, but later narrow to two-cells 

and split into separate stripes during cellular blastoderm stage, while slp stripes are always 

two-cells wide (Figure 3c, Supplemental Figure 1). Another difference is that while gsb 
stripes split soon after their initial generation, slp does not achieve a fourteen-stripe pattern 

until the end of germband elongation when another set of seven stripes arise in between the 

existing set all at once (Figure 3g, Supplemental Figure 1). This is in contrast to Drosophila, 

which also patterns one set of slp1 seven stripes prior to intercalation of a secondary set 

of seven, but all fourteen are complete prior to gastrulation (Cadigan et al., 1994; Clark & 

Akam, 2016; Grossniklaus et al., 1992). Drosophila slp2 is expressed with a slight temporal 
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delay with respect to slp1 but is thought to be more closely related to Aste-slp, which could 

explain the slightly later expression pattern (Fujioka & Jaynes, 2012; Grossniklaus et al., 

1992). The most intriguing difference is that in Anopheles, slp was expressed at the posterior 

end of the blastoderm as pair-rule stripe emergence began (arrow head, Figure 3b). This 

expression gradually disappeared as additional slp stripes were added (Figure 3d and e). This 

is not observed in Drosophila, even when embryos are meticulously staged and expression is 

quantified (Surkova et al., 2008).

Similar to slp, wingless (wg) was initially expressed in a broad anterior domain (Figure 

3h–i). Stripes then appeared sequentially throughout blastoderm, gastrulation and germband 

extension stages (Figure 3i–n), which were two cells wide (Fig. 3j). All fifteen of wg’s 

segmental stripes arose in a strict anterior to posterior order (Figure 3i–n). wg was also 

expressed in the posterior-most region of the blastoderm and at the tip of the elongating 

germband (arrow heads Figure 3i, l-n). By the onset of germband extension, only nine of 

the segment polarity stripes had developed (Figure 3k). The full complement of wg segment 

polarity stripes was not observed until the end of germband extension (Figure 3n). This 

represents a temporal shift relative to Drosophila, which develops a full pattern of wg 
segment polarity stripes by gastrulation.

engrailed (en) stripes also emerged as two-cell wide stripes in an anterior to posterior 

progression (Figure 3o–u). However, the even-numbered en stripes emerged slightly before 

the odd-numbered stripes (Figure 3p–t), as they do in Drosophila, with each “cohort” 

emerging in an anterior-to posterior order when considered separately. Unlike in Drosophila, 

stripe addition was not complete at gastrulation, but instead continued throughout germband 

elongation (Figure 3r–u). Together, patterns of slp, wg, and en reveal differences in posterior 

patterning and a prolonged developmental progression that continues until germband 

extension is complete, in contrast to Drosophila, which develops fourteen-stripe patterns 

of each of these genes by gastrulation.

3.4 Aste-hairy, odd and runt do not have a strong anterior to posterior progression.

Three Drosophila pair-rule gene orthologs were not expressed progressively. The majority 

of hairy (h) stripes arose simultaneously (Figure 4a–b) and were six-cells wide at peak 

expression (Figure 4c). Only stripes 6–8 emerged in anterior to posterior order (Figure 4 b–

e). h stripe development was roughly similar to Drosophila where the first six stripes develop 

before the seventh and the first three appear slightly ahead of the next three (Surkova et 

al., 2008). The three posterior-most stripes lingered longer into germband extension than the 

previous five (Figure 4f). In the fully elongated germband, faint and poorly defined stripes 

were visible along with stronger expression in the posterior tip of the germband and in parts 

of the head (Figure 4g).

For odd-skipped (odd), much like h, the first five pair rule stripes arose all at once from more 

indistinct patterns across the blastoderm (Figure 4 h–i). odd stripes were already narrow 

when they developed, with a width of 2–3 cells (Figure 4j). During the late blastoderm stage, 

all seven stripes were fully developed, and there was also a small region of expression at the 

very tip of the posterior, reminiscent of wg’s posterior expression (Figure 4k–n, arrowhead). 

Overall, the roughly simultaneous emergence of the first several stripes in early blastoderm 
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and the later addition of stripe seven once the other stripes were established was much like 

Drosophila (Surkova et al., 2008). However, the non-conserved expression at the posterior 

end lingered throughout germband extension as secondary stripes of odd appeared (Figure 

4l–n). Secondary stripe addition may occur progressively as only the first few were visible at 

the beginning of germband extension (Figure 4l).

Expression of runt (run) was highly unusual in that it appeared as a strong broad domain 

rather than as pair-rule stripes (Figure 4o–r). By the end of germband extension run 
developed segmental stripes, but they were broader and poorly defined when compared 

to stripes of odd, wg, and en (Figure 4s). This is distinct from run expression in Drosophila, 

which is expressed as a broad domain very early on, but quickly resolves into seven stripes 

(Gergen & Butler, 1988; Surkova et al., 2008). Unlike the broad expression domains of opa 
and ftz-f1 reported in Figure 2, run expression did not shift over time from the anterior to the 

posterior.

3.5 Gene expression order suggests conserved regulatory hierarchy but with different 
spatio-temporal dynamics.

We next sought to determine the relative timing of these different patterns by comparing 

the expression of progressively expressed pair-rule genes to a presumed segment polarity 

target, En. gsb, which is known to activate En, is expressed first as pair-rule stripes which 

progressively transition to segment polarity stripes (Cheatle Jarvela et al., 2020). When 

co-expression is examined in this known case of positive regulation, it is clear that gsb 
pair-rule stripes occur prior to En expression because they are visible more posteriorly 

(Supplemental Figure 1). The transition from pair-rule to segment polarity pattern is likely 

coordinated as we observe En stripes throughout the region where gsb stripes have resolved 

into their segment polarity phase.

At the blastoderm stage when all eight eve stripes were expressed, the first even-numbered 

En appeared in between eve stripes 1 and 2 (Figure 5a). As gastrulation and germband 

extension proceeded, En stripes appeared alternatively, with even stripes preceding odd 

stripes, and the latter overlapping with the eve stripes (Figure 5b–c). During germband 

elongation, En stripes retain a segmental pattern after eve has faded from the anterior-most 

stripes (Figure 5d). Overall, examining eve and En simultaneously demonstrates that eve’s 

anterior to posterior wave occurs earlier than En’s: within single embryos, eve stripes were 

observed at the posterior where En stripes were not yet detectable (Figure 5a–b) and En 

stripes were clear towards the anterior where eve had already faded (Figure 5d). When they 

coincide, eve stripes overlapped in expression with odd-numbered En stripes (Figure 5c), as 

in Drosophila, (Lawrence & Johnston, 1989) suggesting conserved regulation.

Similarly, ftz expression preceded En expression, completing its seven-stripe pattern as the 

first, anterior-most En stripe was developing (Figure 5e). Over time, even-numbered En 

stripes briefly overlapped with fading ftz stripes (Figure 5f–h). By the time En stripe 12 

developed, only three ftz stripes were observed (Figure 5h). Although we did not perform 

double in situs of ftz and eve, we can infer from their overlap with even and odd En stripes 

respectively that they lie in alternate stripe registers, as is true in Drosophila (Figure 5c 
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vs. g). We can also predict that Ftz regulation of even-numbered En stripes (DiNardo & 

O’Farrell, 1987; Florence et al., 1997; Yu et al., 1997) is a conserved feature of Diptera.

Finally, En stripes developed progressively as opa’s broad expression domain retracted 

posteriorly (Figure 5i–l). That is, opa was expressed earlier in the cells that later expressed 

En. There were no detectable En stripes when opa was initially expressed across the trunk of 

the embryo (Figure 2j vs. 3o). In late blastoderm, once opa had cleared from the anterior and 

was expressed strongly at the posterior, En stripes 1, 2, 4, and 6 were observed (Figure 5i 

and j). In later germband extension stages, opa was expressed as a band in the posterior end 

where new En stripes had not yet emerged (Figure 5k). The posterior opa domain lingered 

in germband stages until the final En stripe developed (Figure 5l). These results indicate 

that the progression of opa occurs prior to the progressive addition of En stripes, suggesting 

conserved activation of en by Opa (Benedyk et al., 1994; Clark & Akam, 2016).

4 Discussion:

4.1 Anopheles deploys its segmentation network in an anterior-posterior progression.

Our previous work on Anopheles segmentation pointed to pair-rule patterning developing 

sequentially along the anterior-posterior axis (Cheatle Jarvela et al., 2020). This was 

surprising as previous work on another Anopheles species suggested pair-rule stripe 

development occurs as in Drosophila (Goltsev et al., 2004). However, our earlier work 

analyzed the temporal dynamics of only one gene - gsb, a gene with newly acquired 

pair-rule function in Anopheles, which would not necessarily be representative of canonical 

Anopheles pair-rule gene expression. Here, we analyzed the detailed spatio-temporal 

expression of all the Anopheles orthologs of Drosophila pair-rule genes, as well as the 

segment polarity genes en and wg. We found that that in Anopheles, the expression patterns 

of orthologs of Drosophila’s pair rule genes, eve, ftz, ftz-f1, opa, and slp arise in an anterior-

posterior progression (Figures 1, 2, and 3). Non-progressive patterning of other pair-rule 

genes (run, h, odd, Figure 4) indicates that some steps towards the transition to simultaneous 

segmentation may have occurred in the Dipteran ancestor. We also found that segment 

polarity patterns of en and wg are not fully developed until the end of germband extension 

even though pair-rule stripe patterns are complete by the end of the blastoderm stage (Figure 

3). This represents a temporal shift when compared to expression of the segment polarity 

genes in Drosophila. Together, these results indicate that segmentation in Anopheles does 

not occur as characterized in Drosophila and another mode must be employed.

4.2 Comparison to other insect species supports use of a progressive segmentation 
mode in Anopheles.

Simultaneous segmentation is highly correlated with long-germ embryos and sequential with 

short- and intermediate-germ embryos, but this is a generalization not a hard rule (Davis 

& Patel, 2002). These segmentation modes have been best studied in the model organisms, 

Drosophila melanogaster and Tribolium castaneum, respectively (Figure 6a). In sequential 

segmentation, gap and pair rule genes emanate from the posterior SAZ as waves (El-Sherif, 

Averof, et al., 2012; El-Sherif et al., 2014; Sarrazin et al., 2012; Zhu et al., 2017). In 

contrast, gap and pair-rule genes arise as mature domains in simultaneous segmentation 
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thanks to highly pre-patterned eggs, with later posterior-anterior shifts in domain boundaries 

as the only remainder of dynamic ancestral patterning (El-Sherif, Lynch, et al., 2012; 

El-Sherif & Levine, 2016; Lim et al., 2018). Another distinction between these modes is 

that segment patterning is complete prior to gastrulation for simultaneous segmentation but 

is ongoing throughout germband elongation for sequentially-segmenting species. In contrast, 

progressive segmentation involves anterior-posterior addition of gene expression stripes that 

do not originate in a SAZ and so far has only been described in long-germ insects (Taylor & 

Dearden, 2021). This term was recently introduced to describe segmentation in the anterior 

of the jewel wasp (Nasonia vitripennis), which utilizes a dual mode in which distinct 

segmentation modes operate in different body regions (Rosenberg et al., 2014). Progressive 

segmentation is an intermediate between simultaneous and sequential segmentation (Figure 

6a).

Even though the term “progressive segmentation” is newly adopted, an analysis of older 

studies indicates that is likely applies to many of the holometabolous long-germ insects 

(Figure 6b). Anterior-posterior addition of pair-rule stripes has been observed in the 

Lepidopteran Bombyx mori (Nakao, 2010, 2015; Xu et al., 1997), the Hymenoptera Apis 
mellifera (Binner & Sander, 1997; Wilson & Dearden, 2012) and Nasonia vitripennis 
(Taylor & Dearden, 2021), the Coleopteran Callosobruchus maculatus (Patel et al., 1994), 

and Nematocera (Diptera) Clogmia albipunctata and Coboldia fuscipes (Bullock et al., 

2004; Rohr et al., 1999) (Figure 6b). In many of these species, the eve pair-rule pattern 

is not complete before gastrulation. In Bombyx, progressive fading of eve stripes was also 

recorded, but it is uncertain how generally conserved the progressive pattern of fading may 

be due to lack of data from later stages in many of the other listed species (Xu et al., 

1997). In contrast, the style of stripe development described in Drosophila, in which eve 
stripes arise out of order and are complete prior to gastrulation has also been observed in a 

variety of Brachyceran flies such as the scuttle fly Megaselia abdita (Bullock et al., 2004), 

the teprhitid fruit fly Ceratis capitata (Peterson et al., 2009), and the hoverfly Episyrphus 
balteatus (Lemke & Schmidt-Ott, 2009). Previous work on Anopheles eve lead to the 

hypothesis that the mosquitoes independently evolved an “extreme long-germ” mode of 

pair-rule patterning that is very similar to that of Drosophila (Jaeger, 2011). Our analysis 

confirms the finding that led to this hypothesis; like Drosophila, and unlike many of the 

other long-germ holometabola species discussed, all seven eve pair-rule stripes are formed 

by gastrulation in Anopheles. However, the progressive nature of the stripe development in 

Anopheles, described for the first time here, suggests a genetic mechanism that is actually 

more closely aligned with other progressively segmenting insects than with the Brachyceran 

flies. This idea is bolstered by the fact that slp’s pair-rule pattern (Figure 3) is not complete 

until germband extension begins. Similarly, patterns of en, and wg are not complete until 

germband extension is nearly complete while in Drosophila and other Brachyceran flies, 

en’s pattern is complete by gastrulation (Ingham, 1988; Sommer & Tautz, 1991). Together, 

our data indicate that Anopheles shares a progressive segmentation mode in common with 

a wide variety of holometabolous long-germ insects, and within Diptera, Drosophila’s 

extreme simultaneous mode likely evolved once at the base of Brachycera (Figure 6b). 

We hypothesize below, in agreement with others, that shifts in the expression of upstream 

gap patterning and downstream timer genes can lead to fluidity in how the segmentation 
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gene network is deployed in developmental time and space (Clark & Peel, 2018; Schroeder 

et al., 2011; Zhu et al., 2017). This tunability could easily explain convergent emergence of a 

progressive segmentation mode in multiple holometabolous lineages (Figure 6b).

4.3 Differences in gap gene expression are correlated with segmentation mode

One possible explanation for the evolution of simultaneous segmentation within Diptera 

is differences in posterior gap gene expression (Jaeger, 2011). In Drosophila, a largely 

symmetrical arrangement of gap gene expression domains allows for the majority of pair-

rule stripes to be specified using dual-stripe cis-regulatory elements (i.e. one element directs 

the expression of both eve stripe 3 and stripe 7, another ftz stripes 1 and 5) (Schroeder et 

al., 2011). Thus, the posterior stripes are specified at the same time as the anterior stripes, 

promoting simultaneous patterning. In other Brachyceran flies, posterior gap gene domains 

are expressed as in Drosophila, and these flies also undergo simultaneous segmentation 

(Bullock et al., 2004; Lemke et al., 2010; Lemke & Schmidt-Ott, 2009; Peterson et al., 2009; 

Rohr et al., 1999; Sommer & Tautz, 1991). In the mosquito Anopheles gambiae, anterior 

blastoderm expression of gap genes hunchback and giant are similar to Drosophila, but both 

lack the more posterior domain at this stage and only exhibit very weak posterior expression 

at gastrulation (Goltsev et al., 2004). In another progressively-segmenting nematoceran fly, 

the moth midge Clogmia albipunctata, differences in posterior gap gene expression are also 

observed, with no hunchback expression prior to gastrulation, and very weak and transient 

posterior expression of giant (García-Solache et al., 2010; Janssens et al., 2014). In contrast, 

the lepidopteran Manduca sexta, develops through a simultaneous mode and also exhibits 

posterior blastoderm expression of hb (Kraft & Jäckle, 1994). Together, these patterns of 

hb expression support the notion that the timing and strength of this gap gene’s expression 

has important implications for evolution of simultaneous segmentation mechanisms. Based 

on this, we hypothesize that without posterior domains of hb and gt, dual-stripe elements 

would not be functional in Nematoceran flies and instead individual stripe elements capable 

of responding to a dynamic anterior-posterior cue govern progressive stripe development.

Interestingly, overexpression of run in Drosophila alters gap gene expression patterns (Tsai 

& Gergen, 1994). Recent work demonstrated that when overexpressed, run specifically 

silenced expression from hb’s posterior stripe-generating element, but not the earlier-acting 

anterior stripe element (Koromila & Stathopoulos, 2017). Aste-run is unusual in that it 

is expressed ubiquitously through the trunk rather than as a striped pattern. One possible 

outcome of Aste-run’s comparatively expanded expression domain is prevention of posterior 

hb expression. Yet, predicted pair-rule and segment-polarity targets of Run, such as slp and 

en, appear to maintain conserved segmental expression patterns in Anopheles. Dmel-run’s 

repressor vs activator effects on these genes are determined by combinatorial interactions 

with Ftz and Opa (Hang & Gergen, 2017; Swantek & Gergen, 2004). Perhaps the dynamic 

expression of both ftz and opa in Anopheles limit Aste-run’s effects on segmental expression 

patterns to appropriate times and positions. Although Aste-run is one of the exceptions to the 

progressive expression trend recorded for other segmentation genes in Anopheles, it could 

nevertheless promote progressive vs. simultaneous patterning through potential regulation of 

gap genes like hb.
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4.4 Differences in the spatio-temporal dynamics of timer gene expression are correlated 
with segmentation mode

Other differences in gene expression also offer clues about the transition from progressive 

to true simultaneous segmentation modes. In Drosophila, opa is expressed ubiquitously 

throughout the trunk during segmentation and provides a temporal cue necessary to 

transition pair-rule gene expression from seven-stripe/double segment patterns to fourteen- 

stripe/single segment patterns in concert with the onset of segment polarity gene expression 

(Benedyk et al., 1994; Clark & Akam, 2016). opa accomplishes this by acting as a 

pioneer factor, changing chromatin accessibility of late segmentation network cis-regulatory 

modules (Koromila et al., 2020; Soluri et al., 2020). In sequentially-segmenting beetles, 

Tribolium and Dermestes, a broad band of opa is seen in the anterior of the SAZ (Choe et 

al., 2017; Xiang et al., 2017). It has been hypothesized that this phase of opa expression 

provides a similar temporal input during segment addition as characterized in Drosophila, 

reconciling simultaneous and sequential mechanisms (Clark et al., 2019; Clark & Peel, 

2018). In Anopheles, opa is expressed throughout the trunk (Figure 2) as in Drosophila, 

however, the dynamics of the Anopheles opa pattern is distinct from Drosophila’s. Aste-opa 
begins as a narrower, anteriorly positioned band that gradually expands, works its way 

towards the posterior of the blastoderm by retracting from the anterior, and lingers in 

the end of the elongating germband over time. Dmel-opa lacks these dynamics and is 

instead expressed uniformly across the trunk of the blastoderm stage (Benedyk et al., 1994; 

Clark & Akam, 2016). We find that expression of Aste-opa precedes En expression in 

each position along the AP axis, suggesting a conserved role in promoting the segment 

polarity phase of the segmentation gene network (Figure 5). This wavelike pattern of 

opa can explain the gradual transition from pair-rule to segment polarity type patterns. A 

similarly shifting opa expression pattern has recently been described in Nasonia, which 

undergoes progressive segmentation in the anterior portion of its trunk (Taylor & Dearden, 

2021). This is suggestive of a common timing mechanism used in long germ insects to 

achieve progressive segmentation which was modified in the lineage leading to Drosophila 
to promote simultaneous segmentation.

We also describe new differences among Diptera in the expression of wg in the posterior 

blastoderm, and the elongating germband as well (Figure 3). This variation in wg expression 

likely represents a subtle shift in usage of a highly conserved regulator of segment phasing, 

considered to be among the suite of timer genes (Clark et al., 2019; Clark & Peel, 2018). In 

many insects, wg (or another wnt ligand) is used in the posterior-most SAZ and coordinates 

elongation and segment patterning (Bolognesi et al., 2008; Chesebro et al., 2013; Miyawaki 

et al., 2004; Oberhofer et al., 2014). In Drosophila, wg is expressed in the posterior at 

the cellular blastoderm stage, but as a stripe at the end of the segmenting trunk region, 

rather than as a persistent domain at the posterior-most cells of the embryo (Baker, 1987; 

Vorwald-Denholtz & De Robertis, 2011). It has been suggested that posterior wg expression 

in the Drosophila blastoderm is a vestige of this ancestral patterning mechanism, but it 

has long been difficult to test this function specifically (Vorwald-Denholtz & De Robertis, 

2011). Future work on wg function in Anopheles could yield insights into the transition to 

simultaneous segmentation in Diptera.
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4.5 Other differences in pair-rule gene deployment among Dipterans may affect 
segmentation mode

To our knowledge, orthologs of slp genes are not expressed in the posterior-most blastoderm 

of other insects. In Drosophila, a related forkhead domain transcription factor, forkhead, 

is expressed in this region and is important for repressing segment development in this 

region (Jürgens & Weigel, 1988; Weigel et al., 1989). FoxG (Slp) and FoxA (Fkh) recognize 

highly similar binding sites, suggesting that Slp might be able to repress the segmentation 

network in the posterior blastoderm in place of, or redundantly with, Fkh (UniPROBE 

database http://thebrain.bwh.harvard.edu/uniprobe/index.php) (Hume et al., 2015; Mariani et 

al., 2017; Shokri et al., 2019). We recently demonstrated that transcription factor paralogs 

can substitute for each other in gene networks and speculate that this could be a widespread 

phenomenon (Cheatle Jarvela et al., 2020). Perhaps slp plays a role in Anopheles’s alternate 

posterior patterning mechanism in the absence of posterior gap gene expression.

ftz-f1 encodes a nuclear receptor, which in addition to its pair-rule patterning role, and 

in common with nuclear receptors in general, mediates a wide variety of important 

developmental transitions in insects (for review Cheatle Jarvela & Pick, 2017). In 

Drosophila, ftz-f1 is expressed in blastoderm embryos but it’s pair-rule function is 

dependent upon co-expression with Ftz, limiting its activity in spite of its broad expression 

(Guichet et al., 1997; Yu et al., 1997; Yussa et al., 2001). It is notable that unlike in 

Anopheles, the entire anterior-posterior axis of Drosophila, and thus all seven Ftz stripes, 

have simultaneous access to Ftz-F1 at the blastoderm stage. This likely influences the 

simultaneous development of segmental gene expression patterns, such as en, which is a 

known target of the Ftz/Ftz-F1 complex (Florence et al., 1997; Guichet et al., 1997; Yu et 

al., 1997). In Anopheles, ftz-f1 is also expressed broadly, but the broad domain moves in a 

wave across the embryo, very similar to that of opa (Figure 2). If Ftz and Ftz-F1 interact 

to regulate en in Anopheles as they do in Drosophila, the wave of ftz-f1 expression would 

explain the anterior-posterior progression of Aste-en stripes. We note that in Tribolium, 

activation of en by Ftz-F1 is conserved, but ftz-f1 is expressed in pair-rule stripes rather than 

ubiquitously (Heffer et al., 2013). ftz-f1 is also expressed as stripes in other sequentially-

segmenting insects (Reding et al., 2019; Xiang et al., 2017). Together, shifts from striped to 

progressive to ubiquitous expression during insect evolution, plus ftz-f1’s overall function 

in promoting developmental transitions, suggest a potential role for ftz-f1 in determining 

segmentation mode.
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Figure 1: Expression of Anopheles stephensi even-skipped and fushi-tarazu occur in an anterior to 
posterior progression.
(a-k) Whole-mount in situ hybridization of even-skipped (eve) from early cellular 

blastoderm (a) to the end of germband extension (k). Expression begins as a broad domain 

(a) followed by just stripes 1 and 2 (b). (c) is an inset of the region indicated by a box 

in (b), with stained cells indicated by asterisks. Stripes continue to emerge in the posterior 

of the embryo (d) culminating in seven pair-rule stripes (f) plus an additional stripe of 

expression that lingers in the proctodeum (labeled “p”) (h-k). (e) and (g) are insets of 

the regions indicated by boxes in (d) and (f) respectively, with stained cells indicated by 

asterisks. Then the stripes fade in intensity and ultimately disappear, starting with stripe 1 

(h), quickly followed by 2 and 3 (i), 4 and 5 (j) and finally 6 and 7 (k) leaving only the 

proctodeum stripe, which is not considered part of the pair-rule pattern. (l-v) Whole-mount 

in situ hybridization of fushi-tarazu (ftz) from early cellular blastoderm (l) to the end of 

germband extension (v). Expression begins with pair-rule stripes 1,2,3 and 4 (l), followed 

Cheatle Jarvela et al. Page 19

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



by addition of stripe 5 (m) and 6 (o) and 7 (q). ftz is briefly expressed in seven stripes at 

the end of the blastoderm stage (q). Panels n, p, and r are insets of the regions indicated by 

rectangles in m, o, and q respectively. As the germband elongates, stripes fade in anterior to 

posterior order starting with 1 and 2 (s), followed by 3, 4, and 5 (t) and finally 6 (u) and 7 

(v). No ftz expression is detected in the fully elongated germband (v). Images are shown in 

order of increasing time. All embryos are depicted from a lateral view with the anterior on 

the left side.
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Figure 2: Expression of Anopheles stephensi odd-paired and ftz transcription factor-1 occur in an 
anterior to posterior wave.
(a-h) Whole-mount in situ hybridization of odd-paired (opa) from early cellular blastoderm 

(a) to the end of germband extension (h). Expression is first detected as an anterior domain 

(a) which gradually expands posteriorly (b-c). Next, the anterior-most portion of the opa 
expression domain fades (d). By gastrulation, opa expression has retracted to the posterior 

half of the embryo (e). opa persists as a small expression domain near the posterior end of 

the elongating germband (f-h). Upon completion of germband extension, segmental stripes 

of opa appear (h). (i-p) Whole-mount in situ hybridization of ftz transcription factor-1 (ftz-
f1) from early cellular blastoderm (i) to the end of germband extension (p). ftz-f1 expression 

begins as a faint band near the anterior of the embryo’s trunk (i). This band darkens (j) 

and then expands towards the posterior (k-l). ftz-f1 expression retracts posteriorly, leaving 

a narrow band at the posterior end of the embryo at gastrulation (m), which persists as 
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expression near the end of the elongating germband (n-o). ftz-f1 expression completely fades 

by the end of germband extension (p).

Images are shown in order of increasing time. All embryos are depicted from a lateral view 

with the anterior on the left side.
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Figure 3: Expression of Anopheles stephensi sloppy-paired, wingless, and engrailed occur in an 
anterior to posterior progression that is completed during germband elongation.
Whole-mount in situ hybridization of sloppy-paired (slp) (a-g), wingless (wg) (h-n), and 

engrailed (en) (o-u) from early cellular blastoderm to the end of germband extension. slp is 

first expressed as a broad anterior domain (a). Pair-rule stripe 1 emerges from this domain 

and a new domain of slp expression develops at the posterior terminus of the embryo 

(arrowhead) (b). Newly generated stripes are two-cells wide (c, inset of indicated region 

of b). Pair-rule stripes 2 and 3 (d) and 4 and 5 (e) are added sequentially and weak slp 
expression continues at the posterior terminus (arrowheads). At the beginning of germband 

extension, all seven pair-rule stripes are finally detectable, but secondary stripes are not 

(f). slp is expressed in a segmental pattern by the end of germband elongation (g). wg is 

not detected during early blastoderm (h). wg stripes (numbered) begin to develop later in 

blastoderm (i). wg stripes are two-cells wide (j). (j) is an inset of the indicated region in (i). 

Nine wg stripes are present at gastrulation (k). Stripes 10 through 15 develop sequentially 

as germband extension proceeds (l-n). A small domain of expression is also present at the 
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posterior tip of the embryo throughout wg stripe addition (arrowhead i-n). en is not detected 

during early blastoderm (o). As the blastoderm stage progresses, even en stripes 2, 4, and 

6 are visible and so is odd en stripe 1 (p). Stripes are two-cells wide once they have fully 

developed (q, an inset of the boxed region in p). At gastrulation, even en stripes 2–12 and 

odd en stripes 1–7 have developed (r). Both even and odd en stripes continue sequential 

addition in anterior-posterior order during germband extension (s-u). The full complement 

of fifteen en stripes is complete at the end of germband extension (u). Images are shown in 

order of increasing time. All embryos are depicted from a lateral view with the anterior on 

the left side.

Cheatle Jarvela et al. Page 24

J Exp Zool B Mol Dev Evol. Author manuscript; available in PMC 2024 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 4: Anopheles stephensi hairy, odd-skipped and runt are not expressed progressively.
Whole-mount in situ hybridization of hairy (h) (a-g), odd-skipped (odd) (h-n), and runt 
(run) (o-s) from early cellular blastoderm to the end of germband extension. During early 

blastoderm, h stripes begin as faint stripes (a) and quickly resolve into six pair-rule stripes 

(b) that are six-cells wide (c). (c) represents an inset of the region indicated in (b). Seven 

h stripes are complete at the end of the blastoderm stage (d). An eight stripe is added 

as germband elongation begins (e). Partway through germband elongation, the anterior 

stripes fade but stripes 6, 7, and 8 remain (f). At the end of germband elongation, h is 

expressed in the head and at the posterior end of the germband (g). odd expression begins 

in a broad central domain (h) but five pair-rule stripes rapidly appear (i). These stripes are 

three-cells wide at their emergence (j). (j) represents an inset of the region indicated in 

(i). odd stripes 6 and 7 are detectable by the end of blastoderm stage, as well as a small 

domain at the posterior tip (k and arrowhead). At gastrulation, secondary stripes (asterisks) 

begin to intercalate between the pair-rule stripes (l). Both segmental and posterior tip odd 
expression patterns continue through germband elongation (m-n). run is initially expressed 

as a broad domain that spans the trunk of the blastoderm (o). This pattern continues through 
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blastoderm (p-q) and gastrulation (r). By the end of germband elongation run transitions to a 

messy segmental pattern (s). Images are shown in order of increasing time. All embryos are 

depicted from a lateral view with the anterior on the left side.
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Figure 5: Engrailed stripes follow behind waves of pair-rule gene expression.
Immunohistochemistry of En (brown) combined with whole-mount in situ hybridization 

(purple) of eve (a-d) ftz (e-h) and opa (i-l) from late blastoderm through germband 

elongation. Images are shown in order of increasing time. All embryos are depicted from 

a lateral view with the anterior on the left side. In each column, pair-rule gene expression 

(purple) is first shown as a completed pattern that fades or retracts posteriorly in each 

successive row. En expression is first shown as just beginning as anterior stripes (a, e, i). In 

each successive row, more En stripes are added in anterior to posterior order in the wake of 

fading pair-rule gene patterns (b-d, f-h, and j-l). Panels c, g, and j are insets of the boxed 

regions shown in b, f, and I respectively.
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Figure 6: Evolutionary relationships among discussed insect species and their segmentation 
modes.
a) A schematic depicting each of the segmentation modes discussed in this work. 

Simultaneous (top), progressive (middle) and sequential (bottom) modes are depicted as 

characterized in the listed insect model (parentheses). General co-expression patterns of 

pair-rule (blue), timer (purple) and segmental (pink) genes are shown in representative 

locations on each embryo cartoon. For each mode, two embryo stages are shown, but note 

that the amount of time between the first and second stage is not the same for each mode. 

Each embryo is drawn with the anterior side on the left and the posterior on the right. (b) 

A cladogram depicting evolutionary relationships among holometabolous insects with major 

clades denoted. The paraphyletic grouping “Nematocera” is indicated by a gray box around 

included taxa. Species mentioned in the main text are listed and species discussed with great 

frequency are written in bold. Next to each species name, the presumptive segmentation 

mode is listed in parentheses. Modes are designated based on our assessment of the available 

literature (see Discussion and references therein).
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