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Silk Moth Experiments Confirm the 'Molecular Cookie
Cutter' Mechanism of Wing Evolution

Evolutionary Developmental Biology * Lepidoptera * Apoptosis

Across the more than 160,000 described species of butterflies and moths (order
Lepidoptera), adult wings take on an extraordinary diversity of silhouettes -- from
the hooked, dead-leaf profiles of anglewing butterflies to the long, twisted

hindwing tails that help Luna moths ( Actias luna) deflect the echolocation sonar

of hunting bats. Three decades ago, developmental biologists studying butterflies
proposed a striking explanation for how these intricate outlines form: rather than
growing outward into their final shape, embryonic wing buds start as oversized,
rounded sheets that are trimmed back before adulthood by a"molecular cookie cutter"
of programmed cell death.

Now, aseven-year experimental study published in Evolution & Development by Andrei
Sourakov at the Florida Museum of Natural History's McGuire Center for Lepidoptera
and Biodiversity provides the first direct experimental manipulation of wing shape

in moths. Working with North American giant silk moths (family Saturniidae ) --
specifically the Lunamoth ( Actias luna) and the Polyphemus moth ( Antheraea
polyphemus) -- Sourakov demonstrated that perturbing extracellular signaling

gradients during pupation simultaneously alters both the physical outline of the

adult wing and its eyespot color patterns.

How the 'Molecular Cookie Cutter' Sculpts a Wing

Inside a caterpillar, the future adult wings develop asinternal pouches of
epithelia cells called wing imaginal discs. Throughout the final larval instar and
early pupa stage, these discs expand into broad, paddle-like sheets bordered by a
peripheral fluid channel known as the border lacuna.

Rather than retaining all of the tissue outside that channel, the devel oping insect
activates a sharp genetic boundary line across the wing disc:

* The Boundary Transcription Factor ( Cut ): Originally characterized in butterfly
wing discs by Sean Carroll and colleagues in 1994 and mapped in detail by William
Macdonald and coworkersin 2010, the homeodomain transcription factor Cut is
expressed in anarrow strip of cells tracing the exact future edge of the adult

wing.

* Morphogen Positioning ( Wingless/ Wnt Signaling): Diffusible signaling proteins
from the Wnt family (specifically wingless, or wg ) radiate from the wing margin,
establishing a concentration gradient that tells cells where the Cut boundary should
sit relative to internal wing-blade identity genes such as vestigia ( vg) and
Distal-less ( DII').

* Peripheral Programmed Cell Death ( Apoptosis): Once the boundary islocked in,
cells lying outside the Cut perimeter activate caspase enzymes and undergo
synchronized apoptosis (programmed cell death). Like dough trimmed away outside a
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pastry cutter, the outer zone dissolves before the adult moth emerges from its
chrysalis or cocoon, carving out scalloped notches, curved wingtips, and elongated
hindwing tails.

| Developmental Component / Perturbation | | Molecular Target or Pathway | | Normal
Rolein Saturniid Moths | | Experimental Effect of Heparin / Dextran Sulfate | |
Evolutionary Significance |

| Wing Margin Boundary ("Cookie Cutter") | | Cut homeodomain transcription factor +
peripheral caspase apoptosis | | Trims larval wing imaginal disc aong the border
lacunato carve tails and wingtips | | Shifts excision line inward or outward,

altering wing aspect ratio, curvature, and hindwing tail geometry | | Demonstrates

that major wing-shape leaps require only shifting an apoptosis boundary |

| Extracellular Morphogen Gradient | | Wingless ( wg / Wntl) & WntA heparan-sulfate
proteoglycan transport | | Establishes positional coordinates for both margin

excision and pigment bands | | Sulfated polysaccharides enhance/broaden Wnt
diffusion across pupal wing epithelium | | Couples physical wing silhouette directly

to color pattern coordinates |

| LunaMoth (Actiasluna) | | Hindwing acoustic decoy tails + submarginal eyespot
rings | | Long twisted hindwing tails deflect bat sonar; cryptic green leaf mimicry

| | Truncated or reshaped wing margins paired with expanded dark marginal and
ocellar pigment zones | | Links anti-bat structural defenses and visual camouflage
to a shared developmental switch |

| Polyphemus Moth ( Antheraea polyphemus) | | Cryptic dead-leaf forewings +
startled hindwing ocelli (eyespots) | | Sharp submarginal bands and transparent
mica-like eyespot windows | | Transforms cryptic leaf-mimic banding into diffuse,
hyper-melanized aposematic (warning-like) patterns | | Explains rapid evolutionary
transitions between camouflage and startle coloration |

Rewiring Moth Wings with Heparin and Dextran Sulfate

Testing whether nocturnal moths rely on the same morphogen-guided cookie cutter as
diurna butterflies required finding a way to shift the positional blueprint inside
aliving pupawithout halting metamorphosis . Over seven years of rearing
experiments on Actias luna and Antheraea polyphemus, Sourakov injected
micro-quantities of two sulfated polysaccharides -- heparin and dextran sulfate --
during the sensitive prepupal and early pupa windows.

In insect developmental biology , cell-surface molecules called heparan sulfate
proteoglycans (HSPGs) act like molecular stepping stones that regulate how far
Wnt/Wingless signaling proteins travel between cells. Introducing exogenous heparin
or dextran sulfate alters that extracellular transport matrix, allowing Wnt
morphogens to diffuse farther across the devel oping wing sheet than they normally
would.

In butterflies, heparin injections were previously known to smudge or expand pigment
bands. In Sourakov's giant silk moths, however, the treatment achieved something

never before documented in moths: it physically reshaped the adult wing contour .
Depending on the precise timing and dosage of the polysaccharide injection, adult

Luna and Polyphemus moths emerged with altered forewing curvature, modified wing-tip
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angles, and reshaped hindwing margins -- confirming that the Wnt morphogen gradient
directly sets the coordinates of the apoptotic cookie cutter.

From Leaf Camouflage to Startle Eyespots in a Single Step

Equally striking was how the same chemical perturbation reorganized the moths
visual defenses. Under normal conditions, giant silk moths balance two contrasting
survival strategies: their forewings mimic dry oak leaves or green foliage ( crypsis
), while their hindwings carry bold, ringed eyespots ( ocelli ) flashed suddenly to
startle predatory birds ( deimatic or aposematic display ).

When heparin or dextran sulfate broadened the Wnt signaling gradient in Antheraea
polyphemus and Actias luna, the boundary bands and eyespot rings expanded
dramatically, converting camouflaged |eaf-like wing surfaces into bold,
high-contrast patterns that closely resemble distant relative speciesin the genus
Actias and Automeris . Rather than requiring dozens of independent mutations to
change wing shape and wing coloration separately, a single regulatory tweak to
morphogen diffusion simultaneously coordinates both traits.

Why Shared Developmental Toolkits Accelerate Lepidopteran Evolution

Evolutionary biologists have long wondered how moths and butterflies evolved such
rapidly diverging wing geometries -- including the independent evolution of anti-bat
hindwing tails at least four separate times within Saturniidae alone. By confirming
that nocturnal silk moths use the same Wnt-coupled apoptotic boundary mechanism
proposed for butterflies, the Florida Museum study shows that this developmental
toolkit dates back to the common ancestor of macrol epidopterans well over 100
million years ago.

Because the larval wing disc always starts with a generous surplus of tissue and
relies on a movable chemical gradient to draw the cut line, natural selection can
rapidly lengthen a sonar-jamming tail, hook aleaf-mimicking wingtip, or enlarge a
startle eyespot simply by shifting where the molecular cookie cutter lands.
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