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Abstract

The mechanisms by which tissues and organs achieve their final size and shape

during development are largely unknown. Although we have learned much about the

mechanisms that control growth, little is known about how those play out to achieve

a structure's specific final size and shape. The wings of insects are attractive systems

for the study of the control of morphogenesis, because they are perfectly flat and

two‐dimensional, composed of two closely appressed cellular monolayers in which

morphogenetic processes can be easily visualized. The wings of Lepidoptera arise

from imaginal disks whose structure is always perfectly congruent with that of the

adult wing, so that it is possible to fate‐map corresponding positions on the larval

disk to those of the adult wing. Here we show that the forewing imaginal disks of

Junonia coenia are subdivided into four domains, with characteristic patterns of

expression of known patterning genes Spalt (Sal), Engrailed (En), and Cubitus in-

terruptus (Ci). We show that DNA and protein synthesis, as well as mitoses, are

spatially patterned in a domain‐specific way. Knockdown of Sal and En using pro-

duced domain‐specific reductions in the shape of the forewing. Knockdown of

signaling pathways involved in the regulation of growth likewise altered the shape of

the forewing in a domain‐specific way. Our results reveal a multi‐level regulation of

forewing shape involving hormones and growth‐regulating genes.
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1 | INTRODUCTION

Size and shape are the most characteristic attributes by which we

recognize species. Yet, the developmental mechanisms that regulate

the final sizes and shapes of a body and its parts are largely unknown.

Although the genetic, molecular, and cellular mechanisms that control

growth are becoming well‐understood, we still lack much funda-

mental knowledge about how these play out to achieve the specific

sizes and shapes of appendages and other body parts.

The wings of insects are particularly attractive systems for the

study of the processes that control size and shape, because they are

essentially two‐dimensional cellular monolayers in which the cellular

morphogenetic processes can be easily visualized. Insect wings are

also highly diverse in size and shape, making them ideal systems in

which to study how evolutionary changes in cellular morphogenetic

processes result in evolutionary changes of form. The wings of but-

terflies and moths are exceptionally diverse in both size and shape:

some are nearly round, others greatly elongated, some are approxi-

mately triangular. Many have scalloped or angular margins, some

have long tails. Wing sizes also vary over more than two orders of

magnitude in surface area. Despite this diversity in shapes and sizes,

all wings develop from nearly identical crescent‐shaped imaginal

disks. The wing imaginal disks remain small and undifferentiated until

near the middle or end of the last larval stage (depending on the

species), when they begin to grow rapidly and develop a system of

lacunae that will form the venation system of the adult wing
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(Kuntze, 1935; Nijhout, 1980, 1991, Nijhout et al., 2014). Most of the

growth and differentiation of the wing occurs during the late‐larval

and prepupal stages (Nijhout & McKenna, 2018; Nijhout et al., 2014).

Unlike the wing disks of Drosophila, the structure of lepidopteran

wing disks is at all times co‐planar with that of the adult wing. That is,

wing imaginal disks always look like little wings (Figure 1a). The

perfect congruence between wing disk and adult wing makes it

possible to explicitly fate‐map corresponding locations on the

developing wing throughout its ontogeny as it grows and changes

shape to achieve its final species‐characteristic adult size and shape.

Comparative studies of forewing morphogenesis have shown that

cell divisions in the forewing disk are spatially patterned, and that

progressive changes in this spatial pattern correspond to the pattern

of differential growth that gradually morphs the disk into the final

shape of the adult forewing (Nijhout et al., 2014). A comparative

study of two species (Junonia coenia and Manduca sexta) with very

F IGURE 1 Morphology of the forewing imaginal disk of Junonia coenia. (a) Wholemount of an unstained mid 5th instar disk. V, wing vein
lacunae; BL, bordering lacuna; MB, marginal band. (b) Confocal microscopy slice through the coronal plane of a forewing disk, with nuclei stained
with Hoechst 33258 and colorized: red, wing epithelial cells; yellow, cellular tubes growing into the wing vein lacunae, which are the conduits for
the initial penetration of trachea into the wing disk. (c–f) Expression of key regulatory genes define specific territories in the forewing imaginal
disks of Junonia. (c, d) Immunohistochemistry of engrailed and spalt protein expression in forewing imaginal disks of mid‐5th instar larvae.
Positions of selected wing veins are indicated in red. (e, f) Immunohistochemistry of phospho‐beta‐catenin and phospho‐SMAD1/5 protein. Blue
areas mask autofluorescence of a large tracheal bundle at the base of the wing disk. (g) The forewing imaginal disk is divided into several discrete
regions, each characterized by a different combinatorial pattern of expression of Ci, Sal, and En (left and center panels), here depicted
diagrammatically on the adult forewing. Right hand panel outlines of the four combinatorial expression domains. It is possible that the posterior‐
most domain is split by a lack of Sal expression between veins 2A and 3A. Here we regard the portion of the forewing posterior to vein Cu2 as a
single domain
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different wing shapes, showed that each has a different spatial and

temporal pattern of cell divisions and growth that produces their

respective characteristic forewing shape (Nijhout et al., 2014).

Lepidopteran wing imaginal disk can be cultured in vitro. Normal

growth requires insulin and a low concentration of 20‐hydroxyecdysone

(20E) (Nijhout & Grunert, 2002; Nijhout et al., 2018, 2007). Either hor-

mone by itself stimulates little or no growth, but in the presence of both

hormones disks grow at the same rate they do in situ. We have shown

that insulin stimulates protein synthesis and cytoplasmic growth,

whereas 20E stimulates DNA synthesis and mitosis (Nijhout et al., 2018).

This is different from the case in Drosophila where insulin also stimulated

DNA synthesis (Dye et al., 2017). The two hormones must somehow

activate what we observe as spatially patterned growth. Because hor-

mones act systemically, the patterned response to the hormones is likely

due to an underlying pattern of response elements within the develop-

ing wing.

Most of what we know about the regulatory architecture of

developing insect wings comes from Drosophila. In Drosophila mela-

nogaster, the wing is divided into anterior and posterior (AP) com-

partments, each with distinct gene expression patterns. Cells anterior

to the AP boundary express Cubitus interruptus (Ci) and those pos-

terior to the boundary express Engrailed/Invected (En/Inv) (Zecca

et al., 1995). These compartments are further subdivided by the se-

cretion of the BMP2 homolog decapentaplegic (BMP2/Dpp) from the

AP boundary (between R5‐M1 vein homologs) that induces activation

of SMADs that in turn lead to the transcription of the BMP2/Dpp

response element Spalt (Sal) (Lecuit & Cohen, 1998; Raftery &

Sutherland, 1999; Tanimoto et al., 2000). In Drosophila wings, Sal

expression occurs in the region from just anterior to the M1 vein,

posteriorly to the M3/Cu1 vein (Barrio & de Celis, 2004; Organista &

De Celis, 2013). Thus, the Sal domain overlaps the En domain be-

tween veins M1 and M3/Cu1. Sal and En are involved in conferring

compartment identity in the Drosophila wing. Sal is also involved in

the control of cell proliferation (Barrio & de Celis, 2004; Organista &

De Celis, 2013), and En is involved in the control of wing growth and

morphogenesis, possibly via Hh signaling (Hidalgo, 1994).

The homolog of the AP boundary in butterfly forewings, be-

tween the R5 and M1 veins, lies in the anterior‐most quadrant of the

forewing (Keys et al., 1999). Cells anterior to this boundary express Ci

and posterior to this boundary there are several patches of Sal ex-

pression (Keys et al., 1999). A recent study has hypothesized that in

addition to the AP boundary between veins R5 and M1, Lepidoptera

have a second developmental boundary at the M3 vein (Abbasi &

Marcus, 2017). This M3 boundary was previously deduced from the

widespread occurrence of discontinuities in the color pattern at vein

M3 (Nijhout, 1991), and Abbasi and Marcus (2017) suggest that a

BMP2/Dpp‐like signaling center may exist at this location.

Here we address this hypothesis and study the degree of de-

velopmental modularity that exists in the lepidopteran forewing.

First, we show the expression of Sal, En/Inv, and the BMP2/Dpp

response elements pSMAD, are spatially patterned and that, together

with the Ci expression pattern, the lepidopteran forewing is divided

into four expression domains, each with a characteristic

combinatorial pattern of the expression of these regulatory genes.

We then study the functional consequences of these expression

patterns and show that DNA and protein synthesis, as well as mi-

toses, are spatially patterned by the domain boundaries. We show

that inhibitors of signaling pathways that are known to be involved in

the control of growth have domain‐specific effects on the shape of

the forewing.

2 | RESULTS

2.1 | Morphology of the Junonia forewing
imaginal disk

The progression of morphological changes in the forewing imaginal

disks of Lepidoptera, from the early last larval instar to the adult wing,

was described in (Nijhout et al., 2014). In the present study, we focus

on events that occur during the mid to late 5th (last) larval instar. The

forewing imaginal disk is made up of two mono‐layers of epidermal

cells, making up the dorsal and ventral surfaces of the wing. These

two layers are joined by tightly appressed basement membranes. The

cell layers separate in longitudinal tracts to form lacunae that will

become the wing veins (Figure 1a). These lacunae are invaded by

tubes of cells (Figure 1b) that form the conduit for the immigration of

the tracheal system. The tracheae are initially present as a tight

bundle at the base of the disk. The wing disk is surrounded by a

bordering lacuna that separates off a band of marginal cells

(Figure 1a). These marginal cells undergo programmed cell death in

the pupal stage (Macdonald et al., 2010; Nijhout, 1991; Süf-

fert, 1929), and only the portion of the wing disk proximal to the

bordering lacuna will form the adult wing.

2.2 | Expression patterns of transcriptional
regulators and signaling pathways

Previous work on the development of color patterns showed that

invected (Inv) is expressed in the middle portion of the hindwing

imaginal disks of J. coenia (Carroll et al., 1994). Using an En/Inv an-

tibody we found that the engrailed/invected protein expression has

an anterior boundary between the R5‐M1 vein (Figure 1c). En/Inv

fluorescence is strong between veins M1 and Cu2, and weaker be-

tween Cu2 and the posterior forewing margin (Figure 1c). Because

the antibody recognizes both En and Inv, it is possible both are highly

expressed between M1‐Cu2 and only one is expressed posterior to

Cu2. Indeed, in situ hybridization experiments in the butterfly, Bicylus

anynana have shown that En is expressed throughout the posterior

half of the forewing but Inv expression is bounded between the M1

vein and Cu2 vein (Banerjee & Monteiro, 2020).

In the late larval and pupal forewing disks, expression of Sal is

associated with the development of the large eyespots on the wings

of several species of butterflies (Brunetti et al., 2001). We found that

earlier in the last larval instar of Junonia, Sal protein is expressed in a
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characteristic pattern of three regions of the forewing disk: a large

region of expression between veins R1 and M3, a smaller region

between veins Cu2 and 2A, and a more posterior region between

vein 3A and the posterior margin of the forewing (Figure 1d). The

posterior boundary of the more anterior of these expression pattern

coincides with the M3 vein, which also forms a boundary between

distinctive color patterns regions on the wings of many butterflies

(Nijhout, 1991). The expression patterns of Sal and En are shown in

Figure 1c,d occur during an approximately 2‐day period between

forewing developmental stages 0.25 and 2.25 (Reed et al., 2007).

After these stages, the expression pattern of Sal and En changes and

becomes associated with development of the color pattern (Brunetti

et al., 2001; Reed & Serfas, 2004).

In addition to these transcriptional regulators, we found that two

signaling pathways are also activated in a compartmentalized way in

the 5th larval forewing disks. Phospho‐beta‐catenin was expressed in a

pattern identical to that of Sal (Figure 1e). pSMAD, and indicator of

BMP signaling, was expressed in two regions: from vein R1 to Cu2, and

from vein 2A to the posterior margin of the forewing (Figure 1f). In

addition, there was a small patch of expression in the anterior‐most

region of the forewing, roughly corresponding to the expression do-

main of Cubitus interruptus (Ci) described by Keys et al. (1999), who

showed that Ci is strongly expressed in a region running from near the

M1 vein to the anterior margin of the forewing disk (Keys et al., 1999).

Overall, these expression and activation patterns compartmen-

talize the developing forewing into four regions, each with a char-

acteristic combinatorial expression of these factors (Figure 1g). The

anterior‐most region, from the anterior margin of the forewing disk to

just anterior to vein M1, is characterized by the expression of Sal, a

strong expression of Ci, and weak expression of pSMAD. A region

from between veins M1 and M3 is characterized by the expression of

En/Inv and Sal. A region between veins M3 and 2A is characterized

by the expression of En/Inv alone, and a region between vein 2A and

the posterior margin of the forewing disk is characterized by the joint

expression of En and Sal (Figure 1g). We will refer to these regions as

expression domains, or, simply, domains.

2.3 | Functional properties of the compartments

We next sought to investigate whether these four expression do-

mains were associated with specific developmental functions or

processes. We first asked whether protein synthesis and DNA

synthesis were spatially patterned. We used in vitro culture of

forewing disks to test the specific roles of insulin and ecdysone in

stimulating local growth. Cultured forewing disks of Junonia, can be

induced to grow at a rate identical to that of disks in situ, by the

addition of insulin and 20‐hydroxyecdysone (20E) to the medium

(Nijhout & Grunert, 2002; Nijhout et al., 2007). Unlike the case in

Drosophila (Dye et al., 2017), insulin by itself only induces protein

synthesis but no DNA synthesis, whereas ecdysone by itself induces

DNA synthesis and mitoses (Nijhout et al., 2018). Together, these

two growth stimulators induce normal growth.

We dissected out imaginal disks and cultured them without

growth stimulators for 12–16 h, followed by an incubation with

0.2 μM 20‐hydroxy ecdysone for 1 h. We measured DNA synthesis

during this time as the incorporation of the thymidine analog,

5‐ethynyl‐2′‐deoxyuridine (EDU). DNA synthesis can be restricted to

the anterior‐ or posterior‐most domains, or both domains simulta-

neously, and can also be more widespread across the forewing

(Figure 2a). These patterns show that DNA synthesis is not homo-

geneously distributed across the wing but occurs in region‐specific

clusters, that correspond to the four expression domains in Figure 1g.

These clusters change over time, as do the subsequent patterns of

cell division (Figure 2c–g).

As in the case of ecdysone‐induced DNA synthesis, the pattern

of insulin‐induced protein synthesis in cultured forewing disks is also

compartmentalized. We dissected out imaginal disks and cultured

them in a methionine‐free medium overnight, followed by incubation

with 0.02 μM insulin for 3 h. The pattern of de novo protein synthesis

was measured for the next 2 h via the incorporation of the methio-

nine analog, L‐homopropargylglycine (HPG). Protein synthesis in the

5th instar larval disk spatially patterned (Figure 2b). The pattern

changes during development and the figure illustrates disks with

protein synthesis restricted to the posterior or anterior domains, or

both, as well as a pattern that resembles the spatial pattern of ex-

pression of Sal and β‐catenin. The series of photos in Figure 2a,b are

only an approximate time series. Wing disk growth and differentia-

tion are poorly correlated with the age or size of the larva, so that

larvae of a given chronological age can have widely divergent de-

velopmental stages and sizes of forewing disks (Reed et al., 2007).

Nevertheless, it is clear that the spatial patterns of protein and DNA

synthesis change dramatically over time.

We also studied the spatial patterns of cell division by counting

mitotic figures (metaphases and anaphases) over the entire surface of

forewing imaginal disks at various stages in development. Mitoses

occurred in a changing, domain‐specific spatial pattern (Figure 2c–g).

2.4 | Effects of growth inhibitors are
domain‐specific

To discover which signaling pathways might be mediators of

hormone‐induced patterned growth, we tested the effect of in-

hibitors of various pathways that are known to be involved in the

control of growth in other systems. Unfortunately, RNA interference

works poorly if at all in most Lepidoptera because these insects

possess a highly active nuclease that rapidly degrades dsRNA (Guan

et al., 2018; Shukla et al., 2016). Instead, knockdown of specific

signaling pathways was done using morpholinos and specific mole-

cular inhibitors.

Wings were treated in situ with morpholinos against En and

against Sal. The morpholino was injected next to the right‐hand

forewing imaginal disks of mid 5th instar larvae, and this was im-

mediately followed by electroporation (see Methods). This treatment

resulted in a reduction in the size of the posterior two domains of the
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treated forewing (Figure 3d–g). To compare the effect of drugs on

forewing shape we overlaid experimental and control forewings by

aligning landmarks as shown in Figure 3a,b. In all cases, the three

landmarks within the proximal half of the forewing matched almost

perfectly between experimental and control wings, suggesting that

the drugs did not affect the shape of the basal half of the forewing,

and that the change in the size and shape of the forewing were

therefore due to inhibition of growth in the distal portion of the

forewing. The effect of the morpholinos was restricted to the ex-

perimental forewing. The contralateral left forewing was unaffected

and served as a control for both the morpholino and the effect of

electroporation. Electroporation shocks by themselves had no effect

on forewing shape.

We also attempted to silence known growth‐promoting path-

ways with specific small‐molecule inhibitors. These inhibitors were

injected next to the right forewing imaginal disks during Days 2 and

3 of the 5th larval instar. We found that when the volume injected

was 0.5 µl or less the effect of the drug was localized and did not

affect the contralateral forewing disk, which were therefore re-

garded as a control. We also injected larger volumes of inhibitors

(5–10 µl) which typically affected both forewings. In cases where

both forewings were affected we used forewings of sham‐injected

animals as controls. We showed above that pβ‐catenin was spatially

patterned and corresponded to the pattern of expression of Sal

(Figure 1e). This was a puzzling finding, because pβ‐catenin is

typically marked for degradation and might suggest an absence of

wingless signaling. We, therefore, investigated whether blocking

β‐catenin signaling would have an effect on wing growth. The beta‐

catenin signaling inhibitor PKF118‐310 (Wei et al., 2010), induced a

variety of wing growth defects, including a reduction in the anterior

domain of the forewing, as well as various degrees of overall re-

duction of the distal portion of the forewing (Figure 3h–j). These

findings, and those reported below, suggest that wingless and beta‐

catenin signaling are required for region‐specific growth. The Xmu‐

MP‐1 inhibitor of Hippo (Fan et al., 2016; Triastuti et al., 2019), a

nuclear transducer and member of the dachsous/hippo/warts

F IGURE 2 Top 2 panels: DNA and protein synthesis are spatially patterned. (a) DNA synthesis is visualized as incorporation of fluorescently
tagged EDU (an analog of uridine). (b) Protein syntheses are visualized as incorporation of fluorescently tagged HPG (an analog of methionine).
Blue areas mask autofluorescence of a large tracheal bundle at the base of the forewing disk. (c–g) Mitoses are spatially patterned. Heat maps of
densities of mitotic figures (metaphases and anaphases) in forewings of mid 5th instar larvae of progressively larger sizes. Heatmap (inset)
indicates density of mitoses. EDU, 5‐ethynyl‐2′‐deoxyuridine; HPG, L‐homopropargylglycine
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pathway that is intimately involved in the control of growth (Neto‐

Silva et al., 2009), caused a severe reduction of the anterior domain

of the forewing and in some cases a lesser reduction of the posterior

domains (Figure 3k–m). IWP‐2, an inhibitor of wnt production,

caused various degrees of reduction of the distal portion of the

forewing. In some cases, only the anterior or the posterior domain

were reduced and in others the forewing was foreshortened along

its entire distal margin (Figure 3n–p). These findings suggest that

interference with the canonical wnt signaling pathway can cause

both general and domain‐specific reduction in growth of the

forewing. Rapamycin, an inhibitor of TOR signaling, a member of the

insulin response pathway to nutrition, caused reductions in either

the anterior or posterior domains (Figure 3q–s). As in the cases

shown in Figure 3, alignment of experimental and control wings

suggest that the drugs did not affect the shape of the basal half of

the forewing, and that the change in the size and shape was due to

inhibition of growth in the distal half of the forewing. We note that

in all cases, because of continuity of the epithelium, failure to grow

in one region inevitably stretches and distorts adjacent regions to

some degree, so the wing retains a smooth outline.

In all cases of treatments with small molecule inhibitors we

observed a range of phenotypic responses, depicted by three ex-

emplars each in Figure 3h–s. This variability could be due to dosage

effects, as well as differences in the developmental stage of the

forewing disk at the time of injection. The fact that the inhibitors

can affect either the anterior domains or the posterior ones, or both,

suggests that they acted at times when growth was primarily in

those locations.

F IGURE 3 (a–c) Alignment method. (a) Least‐squares fit of landmark positions of control (red) and experimental (blue) forewings. (b)
Superimposition of the two wings and landmark shifts. (c) Same two wings colored solid. (d, e) Two examples (out of a set of 12) of the effect of
En knock‐down by morpholinos against En. (f, g) Two examples (out of a set of 9) of the effect of Sal knock‐down by morpholinos against Sal.
Dashed lines indicate approximate domain boundaries on the control forewing. (h–s) Effect of inhibitors is compartment‐specific. (h–j) PKF118‐
310 (inhibitor of beta‐catenin signaling). (k–m) Xmu‐MP‐1 (inhibitor of Hippo). (n–p) IWP‐2 (inhibitor of wnt production). (q–s) Rapamycin, a
general growth inhibitor that blocks insulin‐dependent growth. Three selected examples are shown for each inhibitor. Light brown: experimental
wing; dark brown: control wing. Dashed lines indicate approximate location of domain boundaries on the control wing
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2.5 | Exploratory factor analysis

The experiments outlined above, and those reported in (Nijhout &

McKenna, 2018; Nijhout et al., 2014), show that growth in the

developing forewing is spatially patterned. Differences in those

patterns of growth lead to species‐specific differences in forewing

shape (Nijhout et al., 2014). To determine whether the develop-

mental domains shown in Figure 1g also play a significant role in the

broader evolution of forewing shape, we analyzed forewing shape

variation across the Lepidoptera. We measured the areas between

each pair of wing veins on the forewing (see Methods), of a broad

diversity of Lepidoptera: 125 species belonging to 107 genera

and 37 Families of butterflies and moths, including very large

Saturniidae as well as very small microlepidoptera (Table S1). For

each specimen this yielded seven area measurements, which we

used as data for exploratory factor analysis. Exploratory factor

analysis is a statistical technique of data reduction that attempt to

discover underlying “factors” that can account for the variation in

the data. This analysis yielded three factors that jointly accounted

for 76% of the variance in the data. A graph of the factor loadings is

shown in Figure 4, and morphometric data are in Table S1. It turns

out that each of the factors corresponds fairly closely to the

developmental domains we describe here. Factor 1 loads strongly

positively on the domain bounded by veins M3 and M1, and

negatively on the domain posterior to vein Cu2. Factor 2 loads

strongly on the domain bounded by veins M1 and R4, and also

negatively on the domain posterior to Cu2, and factor 3 loads on

the domain bounded by veins Cu2 and M3. Negative loadings

suggesting that the sizes of the domains are negatively corelated

with each other. These findings show that an unbiased statistical

analysis of a randomly chosen broad array of Lepidopteran

forewings, reveals the existence of three regions that vary

semi‐independently.

3 | DISCUSSION

The work presented above provides several novel insights in the

mechanisms of forewing morphogenesis in the Lepidoptera, including

the involvement of signaling pathways that mediate the response to

systemic hormonal growth factors. This study provides the founda-

tion for future work to elucidate further details of the mechanisms of

wing morphogenesis and the way in which these mechanisms ac-

count for the development of diverse, species‐specific, forewing

shapes.

We have shown that there are distinct regions of gene expres-

sion in the developing forewing imaginal disks of J. coenia. These

divide the forewing into four domains with characteristic combina-

torial patterns of gene expression of the transcription factors en-

grailed, invected, cubitus interruptus, and spalt. The boundaries

between these domains are just anterior to the M1 vein, at the M3

vein, and at the Cu2 vein. The Ci, En, and Sal domains are similar to

those described earlier in studies on color pattern formation (Brunetti

et al., 2001; Carroll et al., 1994; Keys et al., 1999). Exactly how the

expression of these transcriptional regulators is related to the control

of growth is still an open question. Knockdown of expression of En

and Sal by morpholinos severely alters forewing growth and shape,

indicating that both are essential for normal growth and morpho-

genesis of the forewing. We note that we do not yet know whether

our morpholino treatments fully inactivated their targets, nor whe-

ther there are any off‐target effects. The morphological effects of

morpholino treatments are identical to the effects produced by

specific small‐molecule inhibitors of various growth pathways and

jointly support the idea that En and Sal act in a network that activates

local growth pathways (Gou et al., 2020), that lead to differential and

spatially distinct patterns of growth.

The En and Sal expression domains not only affect local growth

and shape of the developing forewing, but they also affect several

features of the pigmentation and color pattern that develops on the

wing (McKenna et al., 2020). Moreover, in species that have tails on

their wings, the tails invariably develop at the boundaries between

these domains (McKenna et al., 2020).

3.1 | Extrinsic and intrinsic control of growth

The growth of wing disks is controlled at two levels, extrinsic and

intrinsic. The extrinsic growth regulators are the insulin‐like growth

factors (hereafter just referred to as “insulin”), and 20‐hydroxy ec-

dysone (hereafter 20E). We showed many years ago that the wing

imaginal disks of Lepidoptera can be cultured in vitro, and that both

insulin and 20E are required for normal growth in vitro (Nijhout &

Grunert, 2002; Nijhout et al., 2007). If neither hormone is present cell

divisions in explanted disks stops within an hour and there is no

growth. With either hormone alone there is a brief period of growth

that soon stops, but with both hormones in the medium the disks

grow at the same rate they do in situ (Nijhout & Grunert, 2002). We

showed that insulin, by itself, only stimulates protein synthesis and

F IGURE 4 Exploratory factor analysis. Factor loadings for areas
between wing veins indicated on the x‐axis. Grey zone are factor
loadings considered unimportant. Dashed magenta lines are locations
of boundaries between expression domains
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cytoplasmic growth, whereas 20E by itself stimulates DNA synthesis

and some protein synthesis as well (Nijhout et al., 2018). This is very

different from the case in Drosophila, where insulin signaling stimu-

lates both DNA and protein synthesis (Dye et al., 2017). In the Le-

pidoptera the two hormones clearly have distinct, separable, and

complementary roles in cell growth and proliferation.

Although insulin and 20E act systemically, ecdysone‐induced DNA

synthesis, insulin‐induced protein synthesis, and mitoses are spatially

patterned. We have found that although growth is spatially patterned,

expression of the ecdysone receptor is uniform across the forewing

disk. The distribution of phospho‐AKT, a member of the insulin sig-

naling cascade, is also homogeneous across the forewing disk, after

stimulation with insulin. This implies that the spatially patterned re-

sponses of DNA synthesis to ecdysone, and of protein synthesis to

insulin (Figure 2a,b), must be due to spatially patterned activity of

other factors, downstream of these extrinsic hormone signals.

The intrinsic factors that control spatially patterned growth are

not yet fully understood, but the results presented in this paper

suggest that they are manifold. Inhibition of En, Sal, BMP, hippo, and

wnt, all inhibit distal forewing growth in a spatially patterned way, by

inhibiting growth of either the anterior and/or posterior domains.

These findings imply that all these pathways play some role in the

normal growth and morphogenesis of the forewing, and that these

pathways act downstream of the ecdysone and insulin signals,

Supporting evidence that these pathways play a critical role in

growth of the wing comes from studies with Drosophila. which have

revealed that the control of wing growth and morphogenesis is

complex and multilayered. In Drosophila, wing growth is controlled by

wg/β‐catenin and dpp. These interact to activate the hippo/yorkie

pathway (Baena‐Lopez et al., 2012; Rogulja et al., 2008; Wu &

Johnston, 2010), which is required for cell proliferation. Wg signaling

also interacts with FAT‐dachsous signaling during pattern formation

in the early wing disk (Rodríguez, 2004). The fact that when disks are

cultured without hormones there is no growth, shows that these

intrinsic factors do not themselves stimulate growth. Rather, they are

parts of the response pathway by which insulin and ecdysone sti-

mulate growth. This is further supported by experiments in Droso-

phila, which have demonstrated that the rate of ecdysone secretion

determines the rate at which spatial patterning of Wg and Notch

signaling progress in the wing (Mirth et al., 2009; Oliveira

et al., 2014). This suggests the patterning of growth is multi‐layered,

with intrinsic signals responding to extrinsic signals to facilitate pro-

gression of patterning events on the forewing. This in turn may de-

termine where in the forewing 20E and/or insulin will act to pattern

growth. Exactly how Wg, BMP, and Hippo interact in the precise

control of the spatial pattern of growth is still an open question.

Morphogenetic growth of the forewing is not due to a specific

static spatial pattern of growth that shapes the forewing by simple

differential growth. Rather, the spatial pattern of growth changes

continually during morphogenesis. The mechanism that controls the

orderly progression of this spatial pattern is not known, but pre-

sumably involves interactions among the various patterned growth

regulators we described. The progressive changes in the spatial

pattern of growth are species‐specific, and those differences result in

forewings of very different shapes (Nijhout & McKenna, 2018;

Nijhout et al., 2014). Exploratory factor analysis of forewing mor-

phology in a broad diversity of butterflies and moths indicates that

variation in forewing shape in the Lepidoptera is likely due to varia-

tion in three underlying factors that control the relative growth of

different regions of the forewing, regions that correspond to those

identified here as having distinctive pattern of expression of key

regulatory genes: En, Inv, Sal, and Ci. If differences in the spatial

pattern of growth account for species‐specific differences in forew-

ing shape, then understanding how the mechanisms that control the

spatial pattern of growth change during evolution will be essential for

understanding the evolution of forewing shape.

4 | MATERIALS AND METHODS

4.1 | Animal rearing

Larvae of J. coenia were reared on an artificial diet, and maintained at

25°C under a long‐day (16 L:8D) photoperiod.

4.2 | Immunohistochemistry

Wing disks from early 5th instar larvae were dissected and fixed in 4%

paraformaldehyde in phosphate‐buffered saline (PBS) for 1 h and

stained as described in (Brunetti et al., 2001). The following primary

antibodies were used: Spalt, anti‐Sal rabbit monoclonal (gift from Rosa

Barrio; Center for Cooperative Research in Biosciences, Bizkaia, Spain)

1:200 dilution; pBeta‐catenin, anti‐phospho‐Beta‐catenin mouse mono-

clonal (Santa Cruz Biotechnology, 57535) 1:50 dilution; en/inv, anti‐en/

inv (4D9, DSHB) 1:10 dilution; en, Anti‐enmouse monoclonal 4F11 (gift

from Nipam Patel) 1:5 dilution, pSMAD, anti‐phospho‐SMAD1/5 rabbit

monoclonal (Cell Signal, 9516) 1:100 dilution. Primary antibodies were

detected with goat anti‐mouse Alexa Fluor 488 (Invitrogen, A11001)

and goat anti‐rabbit Alexa Fluor 488 (Invitrogen, A11008). DNA and

protein synthesis were detected by incorporation of EDU and HPG

(homopropargylglycine), respectively, using the Click‐iT EDU (Invitro-

gen, C10637) and Click‐iT HPG Alexa Fluor 488 assay kits (Invitrogen,

C10428). Forewing disks were photographed on a Leica DMRBE

fluorescence microscope fitted with a Hamamatsu ORCA‐RE camera

using HC‐Image (Hamamatsu) image capture software.

4.3 | Imaginal disk culture

Imaginal disk culture was done as described in (Nijhout &

Grunert, 2002). Mitosis counts. Forewing disks were fixed in 10%

formaldehyde, stained with Hoechst 33258, and mounted on mi-

croscope slides in a 3:1 mixture of glycerol:PBS. Wings were pho-

tographed using a Hamamatsu ORCA‐RE mounted on a Leica

DMRBE fluorescence microscope using a ×40 objective. Adjoining
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images were tiled and merged into a single large image using Adobe

Photoshop. The x,y coordinates of all metaphase and anaphase fig-

ures of the dorsal epidermis were recorded using ImageJ. Heat maps

of mitotic densities were generated using a modified version of the

MatLab data‐density‐plot program (mathworks.com/matlabcentral/

fileexchange/31726). The color of the heatmaps are on a relative

scale from 0 (no mitoses) to 100 (maximal mitotic density, approxi-

mately 40 per 100 × 100 μm region).

4.4 | Confocal microscopy

Forewing disks were fixed in 10% formaldehyde, stained with

Hoechst 33258 (molecular probes Cat # H1396) for 30min and

mounted on microscope slides in a 3:1 mixture of glycerol:PBS.

Confocal microscopy was done with a Zeiss LSM 880 confocal

microscope.

4.5 | Chemicals

Morpholinos for En and Sal were obtained from Gene tools LLC, for

the sequences: JcSal: ATTTAACATTTTTACGCAAGTACCT; JcEn:

GGATTCATCTTCTTCTTGACTCTTC. Morpholinos were driven into

the imaginal disks as follows. Injections of morpholinos were done

next to the right‐wing imaginal disk. The electroporation was done by

placing silver wire electrode loops of 2mm diameter, holding a dro-

plet of saline, appressed to the outside the larva, one over the lo-

cation of the right and the other over the location of the left imaginal

disk. Seven square wave pulses of 15ms duration at 65 V were de-

livered by a Grass S9 stimulator at 1 s intervals. After the first set of

pulses the polarity of the electrodes was reversed and pulses were

repeated. Thus both disks received the identical electroshock pro-

tocol, and the only difference was the presence or absence of the

morpholino. Control morpholinos did not produce an effect in 10

experiments. Small molecule inhibitors of specific pathways

were obtained as follows. Xmu‐MP‐1 (inhibitor of Hippo), Sigma

(SML2233). IWP‐2 (inhibitor of wnt production) Cayman Chemicals

(686770‐61‐6), and Sigma (I0536). PKF118‐310 (inhibitor of beta‐

catenin signaling), Sigma (219331), rapamycin, LC Laboratories

(R‐5000). Inhibitors were dissolved in dimethyl sulfoxide (DMSO),

and brought to a final concentration of 1mg/ml in 10% DMSO in

lepidopteran saline. Rapamycin was not soluble in DMSO/saline and

was injected as a cloudy suspension.

4.6 | Morphometrics and image alignment

The x,y coordinates of the base of the wing, the endpoints of veins

R4, R5, M1, M2, M3, Cu1, Cu2, and 2A, and the forks between veins

Cu2 and 2A, Cu1 and M3, R4 and R5, and R2 and R3 (see Figure S1)

were digitized using tpsdig (James Rohlf, http://life.bio.sunysb.edu/

morph). The coordinates were centered on the forewing base by

subtracting the x and y values of the forewing base from all co-

ordinate measures. This sets the forewing base at (0,0). The forewing

base is the only fixed point of a growing forewing so we used a

modified Procrustes analysis with no displacement and only rotation

around the forewing base to find the optimal alignment of all land-

marks between two wings by means of a least‐squares fit using

the ABSOR tool (www.mathworks.com/matlabcentral/fileexchange/

26186) in MatLab (The Mathworks, Inc.). Images of the two forew-

ings were then superimposed in Adobe Photoshop by aligning the

computed coordinates. The wings were then thresholded to produce

solid outlines.

4.7 | Exploratory factor analysis

Photographs of specimens were used to digitize x,y coordinates

shown in Figure S1. Coordinate data were zeroed by subtracting the

values of the x and y coordinates of the wing base. Lengths were

measured as the Euclidian distance between coordinates. Length

measurements for each specimen were normalized by dividing

lengths by the mean value of all vein lengths. The area of the wing

region bounded by two wing veins was estimated by calculating the

area of the triangle bounded by the coordinates of the wing base and

the endpoints of the two wing veins (length and area data are in

Table S1). The area measurements were then used in exploratory

factor analysis using JMP Pro (SAS Institute). Only factors with ei-

genvalues >1 were used in the analysis. There is no formal test for

significance of factors, but factor loadings >0.4 and <−0.4 are gen-

erally considered important.
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