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Morphological and compositional basis of silk
fiber function in Actias luna

Lauren E. Eccles,a Bert Foquet,b Amanda Markee,bc Rebecca K. Liwang,d

Kari B. Basso,e Akito Y. Kawaharab and Whitney L. Stoppel *a

Silk is a highly versatile natural protein fiber with a wide range of uses, yet its diversity in composition

and function remains poorly understood across the tree-of-life. This study investigates the silk of the

Luna moth, Actias luna (Saturniidae), known to produce high-density cocoons with distinct fiber

characteristics. Despite the broad recognition of A. luna as an important species for research and

education, its silk production, silk fiber composition, and properties remain under characterized,

particularly in comparison to other Saturniidae and model species such as Bombyx mori. Building from

the recently assembled A. luna genome, this study examines key repeat motifs and amino acid

composition of the silk fibroin heavy chain (FibH) protein in relation to silk fiber properties across

species. We assessed the physical properties of native and degummed A. luna silk fibers, evaluating the

effects of degumming time and treatment on fiber morphology and mechanical properties. Actias luna

silk fibers have similar properties to other saturniid silks, aligning with established trends that link fiber

characteristics to structural protein composition. Silk gland architecture and regional composition shifts

in A. luna were analyzed, highlighting differences that correlate to differential protein expression.

Analyses of fiber characteristics were further expanded to silk fibers produced by A. luna at different

developmental stages. Variation in larval characteristics, fiber morphology, and silk fiber composition

across larval instars suggests that life stage-specific silk fiber function may stem from differences in

protein expression and silk fiber use. These findings advance understanding of how evolutionary and

developmental shifts influence silk fiber properties, providing a foundation for rational design of protein-

based biomaterials with tunable mechanical and structural characteristics for biomedical applications.

1. Introduction

Silk fibers are among the strongest and most versatile bio-
materials on Earth and have played important economic and
cultural roles throughout much of human history.1 With nearly
160 000 described species, the order Lepidoptera represents
one of the largest groups of silk-producing organisms. Lepidop-
teran larvae use silk in diverse ways including cocoon construc-
tion, protection from environmental factors and predators,
water repellency, dispersion, and prey capture.2–5 Lepidopteran
silk fibers primarily consist of an inner structural core of silk
fibroin proteins, surrounded by an outer functional coating
containing sericins, seroins, and other supporting proteins.5–7

The unmatched strength, stability, and extensibility of silk

fibers is driven by the hierarchical structure of silk fibroin,
derived from the highly repetitive and semicrystalline nature
of fibroin proteins.5,6,8,9 The outer fiber coating, comprising
approximately 30% of the native silk fiber, serves as a protective
and adhesive layer that attaches to surfaces or other fibers.5,6,9

Recent advancements in long-read DNA sequencing tech-
nologies have significantly enhanced the ability to generate
high quality lepidopteran genomes,10,11 leading to a surge in
available genomes (e.g. Ag100 Pest Initiative,12 Darwin Tree of
Life13). More importantly, this sequencing revolution enables
the comprehensive characterization of long, repetitive silk
genes,14 driving a sharp increase in both the number of identi-
fied silk genes and the species for which they are available.15–18

Recent efforts focused on silk fiber genotype to phenotype
relationships under varying environmental conditions19,20 or
at different life stages9,21 have shown that fiber composition is
dynamic, dependent on the needs of the insect. These changes
in silk fiber composition can result in changes to fiber physical
properties such as strength, elasticity, and hydrophobicity.19,22

With these advancements, the field is moving toward a deeper
understanding of compositional differences and the roles that
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key proteins play in silk fiber structure, architecture, and func-
tion throughout an organism’s life cycle across many silk-
producing species.

The luna moth (Actias luna, Saturniidae), characterized by its
tail-like hindwings and its bright green pigmentation (Fig. 1), is
common throughout the eastern United States and has one to
three generations per year. The luna moth is popular as a model
for research on insect chemical ecology and behavior23,24 and as
an educational tool for children and the public.25 Actias luna
produces silk fibers throughout its lifetime, constructing strong
silk cocoons for protection during pupation (Fig. 1).26,27

Recently, a high-quality genome of A. luna was assembled,
allowing for the characterization of silk genes and proteins,
including fibroin heavy chain (FibH).28,29

Actias luna FibH possesses characteristic repeat motifs that
form crystalline b-sheet structures (polyA, (GX)n) in silks across
Saturniidae that correlate to their superior mechanical strength
and stability.5,8,28 Early characterizations of A. luna silk fibers
have focused on its coarse, high-density cocoon and evaluated
the ability to extract silk fibroin through degumming processes
relevant to biomaterials research.26,27 Stemming from varia-
tions in amino acid composition, molecular weight, and overall
repeat motif content and coverage in FibH proteins, wild silks
produced by A. luna and many saturniid species offer alter-
natives to traditional silk-based biomaterials, such as films,
sponges, and particles, derived from the mulberry silkworm,
Bombyx mori.30–32 Saturniid silk-derived biomaterials have
primarily focused on Antheraea species (Antheraea mylitta,
Antheraea pernyi) due to the presence of the tripeptide sequence
RGD within their FibH protein, which promotes cell adhesion
and tissue repair.30,33 Other physiochemical and biological

properties found in saturniid silks, such as differing amino
acid composition, crystallinity (derived from different b-sheet
repeat motifs, poly-alanine versus GAGAGS), and cocoon miner-
alization (calcium oxalate, zinc), could prove useful for many
biomaterial applications.8,34,35 However, the development of
saturniid-derived biomaterials is limited often due to ease of
laboratory rearing or silk collection, quality and amount
of cocoon silk, and longer life cycles, relative to the cultivation
of B. mori. Actias luna is easy to maintain under laboratory
conditions and exhibits unique cocoon properties and fiber
features that differ from that of model organisms like B. mori,
Antheraea yamamai, and Samia ricini, despite being part of the
same subfamily (Saturniinae) as the latter two species.26,35,36

The extensive biodiversity of silk proteins produced by insects
and spiders offers a large library of unique structural and
functional proteins to study in the design and development of
novel, naturally derived biomaterials.

In this study, we investigate the characteristics of silk gland
structure, fiber composition and function, and material proper-
ties between Actias luna and closely related species. Whole
organism micro-computed tomography (microCT) and histo-
logical analyses provide insight into the silk gland structure of
A. luna, linking gland morphology and compositional shifts to
silk fiber production. We build upon previous assessments of
A. luna silk fibers by evaluating the physical properties of native
and degummed fibers, focusing on morphological, structural,
and mechanical stability differences upon removal of the outer
fiber coating. The functional characteristics of A. luna silk
fibers are driven, in part, by the composition and structure of
silk fibroin heavy chain (FibH), supporting previously reported
trends in the structure–function relationship in saturniid silk
fibers.5,8 In addition to generating data on cocoon silk fibers,
this work explores shifts in the morphology and function of
fibers produced at different life stages. Larval growth and
development are fundamentally dependent on silk fiber char-
acteristics and production, utilizing silk fibers for molting and
pupation, suggesting dynamic adaptations of fiber composition
and function (Fig. 1). These results present a detailed assess-
ment of A. luna silk fiber and larval characteristics, furthering
understandings into how the structure and composition of silk
relate to physical properties.

2. Materials and methods
2.1 Actias luna rearing

Actias luna caterpillars were reared in a US Department
of Agriculture (USDA) containment lab at the University of
Florida’s McGuire Center for Lepidoptera and Biodiversity. All
samples were collected from a single generation descended
from wild-caught females in the southeastern United States,
either in 2021 (computed tomography), 2024 (silk fiber proper-
ties and histology), or 2025 (larval growth measurements). Eggs
were collected from gravid adult female moths and kept in large
Petri dishes until the eggs hatched. Caterpillars that hatched
within the same time period (2–3 days) were kept together in

Fig. 1 Life stages and silk fiber use in the Luna moth (Actias luna). Larvae
produce silk throughout their life cycle and for different functions. L1: 1st
instar, L2: 2nd instar, L3: 3rd instar, L4: 4th instar, L5: 5th instar.
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Petri dishes or moved to clear plastic cups with lids. Caterpil-
lars were fed fresh American sweetgum (Liquidambar styraci-
flua) and monitored every two days to keep track of their growth
and the number of molting caterpillars, allowing accurate
assessment of their larval stage. In 2021, caterpillars were
reared to pupation in the clear cups and were moved to large
flight cages containing American sweetgum branches upon
pupation. In 2024 and 2025, they were transferred to a large
flight cage after the third larval instar.

Actias luna growth and development was tracked by measur-
ing head capsule size, larval length, and larval mass throughout
the life cycle. Head capsule size was measured by placing larvae
next to a ruler, imaging under a microscope, and then measur-
ing the width of the head capsule in ImageJ analysis software.37

Larval body mass was measured prior to molting to reduce
fluctuations in mass as a function of feeding and growth during
instar stage. Length was measured under a microscope, similar
to head capsule size, as the larvae neared the end of their life
stage, prior to molting.

2.2 FibH phylogenetic trees and repeat motifs

FibH protein sequences for B. mori and representative saturniid
taxa were extracted from the NCBI database: Bombyx mori
(NP_001106733.1), Antheraea assamensis (AIN40502.1), Anther-
aea mylitta (AAN28165), Antheraea pernyi (AAC32606.1), Anther-
aea yamamai (BAJ11925.1), Actias selene (ADA59934.1), Samia
ricini (BAQ55621.1), Hyalophora cecropia (WWE94419), Rhodinia
fugax (BAG84270), Saturnia japonica (BAH02016). To compare
the terminal domains across phylogenetic groups, N-termini,
C-termini, and concatenated N/C termini trees were created from
FibH protein sequences. For each tree, the multiple sequence
aligner MAFFT v7.490 in Geneious Primes v2019.2.3 was used to
align terminal sequences with a 1.53 gap penalty. With resulting
alignments, phylogenetic trees were constructed using PhyML
v.3.3.2 using default parameters with 1000 bootstrap iterations
enabled. Bombyx mori was selected as an outgroup for all
phylogenetic trees. R. fugax, A. selene, and S. japonica were
excluded from C-termini and concatenated N/C termini align-
ments due to the lack of recovered C-termini in the reported
partial sequence.

The A. luna FibH protein sequence was imported in Gen-
eious Primes v11.1.5 (https://www.geneious.com). FibH repeats
were manually extracted and aligned using muscle v3.8.425.38

The resulting alignment was used to generate a sequence
logo,39 showing the consensus sequence and relative amino
acid frequency and information content (in bits) at every
position in Geneious.

2.3 Computed tomography (CT)

A fifth instar larva was fixed in 70% ethanol for two weeks prior
to being submerged in a 1.25% Lugol’s iodine contrast solution
for seven days to allow visualization of soft tissues. The stained
specimen was scanned on a GE Phoenix v|tome|x m 240 CT
scanner with a 180 kV transmission tube and diamond target
(General Electric, USA) at the UF Nanoscale Research Facility
(Gainesville, Florida). Scan parameters were adjusted according

to the specimen’s size to produce a 21.79 mm voxel size at 80 kV
voltage and 200 mA current. Generated 3D volume files were
reconstructed with Datos|x CT software and processed with
Volume Graphics VGStudio Max v2023.2. Silk glands were
segmented with VGStudio segmentation tools and measured
in VGStudio and ImageJ analysis software.37

2.4 Histological sectioning and staining

A fifth instar larva was fixed in phosphate buffered formalin
(PBF) for 48 hours at 4 1C (ThermoFisher Scientific, USA). To
ensure full penetration of fixative throughout the insect, the
outer skin layer was nicked by needle pins after 24 hours to
improve diffusion into the larva. The fixed larva was then cut
into sections and divided into individual cassettes before being
returned to fixative overnight at 4 1C. Fixed larval samples were
dehydrated through a series of ethanol solutions before being
transferred to xylene. Instar silk fibers were fixed in PBF before
dehydration in ethanol and clearing in xylene. Dehydrated
samples were placed in paraffin wax baths before embedding
in paraffin blocks. Semi-thin sections (10 mm) were cut and
mounted on glass slides. Larval sections were deparaffinized
and rehydrated before being stained with hematoxylin and
eosin (H&E) or DAPI and Phalloidin (ThermoFisher Scientific,
USA). Silk fiber sections were deparaffinized and rehydrated
before being stained with toluidine blue (ThermoFisher Scien-
tific, USA). Stained sections were imaged on a Keyence BZ-X800
benchtop microscope.

2.5 Degumming

Cocoon (L5) silk fibers were degummed as described pre-
viously.26 Actias luna cocoons were cut into pieces and boiled
in a 0.5% (w/w) sodium carbonate and 10% (w/w) ethylenedia-
mine solution for 30 minutes at a ratio of 2 : 1 silk mass
(mg) : volume of degumming solution (ml). Degummed silk
fibers were rinsed in ultrapure water to remove residual salt
(3 � 20 minutes) and air-dried for 48 hours. Mass loss upon
degumming was determined by weighing the dried degummed
mat relative to the initial mass of native cocoon fibers. To test
the effect of degumming time on A. luna silk fibers, cocoon
fibers were degummed for 15, 30, and 60 minutes (described in
Fig. S6).

2.6 Proteomic analysis of A. luna silk glands

Expanded methods are described in Section S2. Silk glands
were dissected from fifth instar larva prior to spinning cocoons
and snap frozen in liquid nitrogen. Samples were submerged
in TRIzol and homogenized in a bead beater at 1900 rpm for
1.5 minutes. Samples were phase separated with chloroform
and the organic protein-containing phase was retained. Pro-
teins were precipitated from the organic phase by isopropanol
precipitation according to manufacturer protocols. DNA was
precipitated from the TRIzol lysate by adding 100% ethanol and
incubating for 2–3 minutes before centrifuging at 2000 � g for
5 min at 4 1C. The phenol–ethanol supernatant was transferred
to a new tube, mixed with 1.5 mL of isopropanol per mL of
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TRIzol reagent, incubated for 10 min, and pelleted at 12 000 � g
for 10 min at 4 1C.

Proteins were extracted and digested using the EasyPept MS
Sample Prep Kit (Thermo Fisher Scientific). Total protein was
determined on a Qubit and the appropriate volume of each
sample was taken to equal 20 mg total protein for digestion.
Samples were digested with sequencing grade trypsin/lys C rapid
digestion kit from Promega (Madison, WI) using manufacturer
recommended protocol. MS analysis was immediately performed
to ensure high quality tryptic peptides with minimal non-specific
cleavage. Nano-liquid chromatography tandem mass spectro-
metry (Nano-LC/MS/MS) was performed on a ThermoScientific
Q Exactive HF Orbitrap mass spectrometer equipped with an
EASY Spray nanospray source (ThermoScientific) operated in
positive ion mode and an UltiMatet 3000 RSLCnano system
(ThermoScientific).

All MS/MS spectra were analyzed using the Chimerys node
(Thermo Fisher Scientific, San Jose, CA, USA; Proteome Dis-
coverer 3.2.0.450). Chimerys was set up to search a custom
curated fasta compiled from NCBI GenBank40 (accession num-
bers listed in Table S2, downloaded 9/15/2025)28,29,41–44 and
Universal Protein Contaminants fasta45 assuming the digestion
enzyme trypsin. Chimerys was searched with a fragment ion
mass tolerance of 0.020 Da and a precursor ion tolerance of
10.0 ppm. Carbamidomethyl of cysteine was specified in Chim-
erys as a fixed modification. Phosphorylation of serine, threo-
nine, and tyrosine (STY) and oxidation of methionine was
specified in Chimerys as a variable modification. Precursor
ion intensity label free quantitation was done using Proteome
Discoverer (Thermo Fisher Scientific vs. 3.2.0.450). The two
groups were compared using a ‘‘non-nested’’ study factor.
Normalization was derived by using all peptides. Protein abun-
dances were calculated by summed abundances, meaning the
protein abundances are calculated by summing sample abun-
dances of the connected peptide groups.

2.7 Scanning electron microscopy (SEM)

Silk was collected in each instar and kept at 4 1C until analysis.
At the first instar, silk was collected on branches and stems
where multiple caterpillars had walked. In later instars, silk was
exclusively collected from the silk pad, spun in preparation for
their molt or from the cocoon. Silk fibers were secured to ZEISS/
LEO SEM sample stubs with carbon conductive tape (Catalog
No. 16202, Ted Pella, Inc., USA). L1–L4 fibers were sputter-
coated with 8 nm of gold prior to imaging and analysis. Samples
were dried overnight in air prior to imaging on a Phenom Pure
benchtop SEM. Images were obtained using a backscattered
electron detector with 5 kV acceleration voltage. Long axis fiber
diameter measurements for each instar were completed in
ImageJ analysis software37 (n = 90).

2.8 Fourier transform infrared (FTIR) spectroscopy

Native and degummed cocoon silk fibers were analyzed using
attenuated total reflectance (ATR) with a zinc selenide crystal on
a Nicolet iS50 FTIR Spectrometer (ThermoFisher Scientific, USA)
at the UF Nanoscale Research Facility (Gainesville, Florida).

Sample spectra and background spectra were collected over
64 scans at a resolution of 4 cm�1 over a 4000–650 cm�1

wavenumber range (n = 6). Background spectra were subtracted
from sample spectra in OMNICt Spectra Software and then
analyzed with Origin data analysis software (OriginLab Corpora-
tion, USA). Deconvolution was performed within the amide I
region (1590–1720 cm�1) according to Hu et al.46 to estimate
protein secondary structure.

2.9 Thermal gravimetric analysis (TGA)

Native and degummed cocoon silk fibers were analyzed using
TA Instruments TGA550 (TA Instruments, USA). Samples
(5–10 mg) were placed in platinum pans (TA Instruments,
USA, 957207.904) and ramped from ambient temperature to
500 1C at 10 1C min�1 with air flow of 40 L min�1 and N2 flow of
60 L min�1. Water content and Td were determined using TA
Instruments TRIOS analysis software.

2.10 Tensile testing

Individual fibers were removed from cocoons or degummed silk
mats and secured to thin paper frames. Frames were inserted into
solid rectangular fixture (SRF) screw clamps of an Anton Paar MCT
702e Rheometer (Anton Paar, Graz, Austria). The gauge length of
all samples prior to tensile testing was 10 mm. The sample in the
paper frame was tightened to 10 centinewton meter�1 with a
torsion screwdriver, and the side paper panels were cut with
scissors once tightened. Anton Paar RheoCompass software was
used to pre-stretch samples to 0.01 N and perform static exten-
sional tests at 1 mm min�1 strain rate. Non-degummed and
degummed tensile tests were carried out under the same ambient
temperature (25 1C) and humidity (45–50%) conditions. Young’s
modulus (E), ultimate tensile strength (UTS), and strain at fracture
(ebreak) were calculated from resulting stress–strain curves. Cross-
sectional area for rheological assessment was determined using
diameter and thickness measurements of silk fibers, based on
SEM images.

2.11 Atomic force microscopy (AFM)

Individual silk fibers were secured to glass slides and scanned
in air on a Nanowizard 4XP ZEISS LSM 900 AFM (Bruker, GER)
in QI Advanced Imaging mode. Height images were performed
with a RTESPA-300 cantilever (k = 40 N m�1, f = 300 kHz)
(Bruker, USA) calibrated on glass slides prior to scanning.
Arithmetic average roughness (Ra) and root mean square rough-
ness (Rq) of silk fiber surfaces were determined from the
complete height histogram of a 1 mm � 1 mm scanned area
(256 � 256 pixels) in JPK SPM Data Processing Software.

2.12 Statistical analysis

Experimental data are primarily expressed as average � stan-
dard deviation with a minimum n = 3. GraphPad Prism 10.2.2
(GraphPad Software Inc., USA) was used for statistical analysis
unless otherwise stated. Analysis was performed with appropriate-
size analysis of variance (ANOVA) with Tukey’s test post-hoc
analysis. Statistical significance is reported as *p o 0.05,
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**p o 0.01, ***p o 0.001, and ****p o 0.0001 with key features
shown in the figures and tables.

3. Results and discussion
3.1 Sequence diversity of FibH and structural implications in
A. luna

Across Lepidoptera and Trichoptera, the fibroin heavy chain
protein (FibH) is comprised of non-repetitive N- and C-terminal
domains and a highly repetitive, structural core. The N- and
C-terminal domains are largely conserved across Lepidoptera
and species strains, believed to function in the secretion and
assembly of silk proteins.47 The repetitive region can vary largely
within a species and across taxonomic families and orders,
influencing the semi-crystalline structures present within silks
and resulting fiber properties.5,8,47,48 To compare the terminal
domains of A. luna FibH across phylogenetic groups, we created
an N-terminal, C-terminal, and concatenated N/C terminal tree
for heavy-chain fibroin (Fig. 2A and Fig. S1). The non-repetitive
amine terminal sequence (N-term) begins with a methionine
amino acid residue and averages around 150 residues in model
species (B. mori), inclusive of the signal peptide.47,48 Sequence
alignment of 10 saturniid and B. mori N-terminal domains
shows that terminal domains are highly conserved, with high
alignment between genera (i.e., Antheraea, Actias) (Fig. 2A and
Fig. S2). The carboxyl terminal region (C-term) is found proceed-
ing of the second largest exon and is far less conserved in
sequence identity in lepidopterans. Thus, for C-terminal and
concatenated N/C terminal trees, we excluded sequences with
partial C-term domains (Fig. S1).

Differences in the conserved termini domains of FibH
proteins represent diverging evolutionary relationships based
on spatial and temporal history (Fig. 2A).36 The diversity of

structure and physical properties across silk fibers is more
complex, emerging in part from sequence-level variations in
the repetitive region in FibH proteins. Despite containing
similar repetitive motifs (i.e., polyA, GX, GGX), the repetitive
region exhibits interspecific and intraspecific variation in the
length, order, and number of motifs, with the portion of
amorphous and crystalline domains contributing largely to
observed silk fiber properties.5,8,47,49–51 Similar to previous
reports in a wide variety of silk-spinning taxa,49,50 A. luna FibH
exhibits allelic variation, even within one individual,28 resulting
in variation in its total length and repeat number.

The primary A. luna FibH has a length of 2679 amino acids
and contains 73 repeats, consisting of 21–77 amino acids with
repeat motifs characteristic of other saturniid FibH proteins
(Fig. 2B).8,28,44,52–54 Each repeat in A. luna FibH begins with a
stretch of 8–17 alanine residues (PolyA motifs, average length of
11 residues) followed by multiple glycine-rich motifs, GX and
GGX (X is often Y, A, S, L).5,28 PolyA regions are hypothesized to
form crystalline b-sheet structures, contributing to the rigidity
and strength of saturniid silk fibers,5,8 in contrast to the
hexapeptide GAGAGS in B. mori FibH that dominates its crystal-
line region.55,56 PolyA motifs are primarily observed in satur-
niid FibH among lepidopteran species, but their presence has
recently been identified in the FibH of a few species of bag-
worms (Psychidae)18,57,58 and is also common in multiple types
of spidroin proteins.59–61 Compared to other saturniid FibH
proteins, A. luna FibH contains fewer GX and GGX motifs and a
larger number of bulky, hydrophobic residues such as leucine
(L) and valine (V) (6% and 2%, respectively, versus less than 1%
in other species), which are correlated to silk strength and
extensibility.5,8 The repeat motifs and amino acid composition
of A. luna FibH reflect structural adaptations distinct from
B. mori and shifted from other saturniids, potentially influen-
cing the physical properties of A. luna silk fibers.

3.2 Structural and compositional characterization of A. luna
silk glands

Morphological properties of silk glands relevant to expression,
storage, and secretion of silk proteins are variable across silk-
producing species, possibly due to differences in habitat,
primary silk use, and timing of silk production.62,63 Silk glands
are generally categorized into three distinct regions that differ
in their morphology, function, and secreted proteins.64–69 The
anterior silk gland (ASG) serves as an excretory duct, the middle
silk gland (MSG) secretes sericins and other components of the
outer coating, and the posterior silk gland (PSG) produces the
contents of the silk fibroin core. Computed tomography (CT)
presents a unique opportunity to visualize the complete struc-
ture of insect silk glands and other tissues without dissection,
allowing the natural arrangement and structure of native
tissues to be maintained.70 Diffusible iodine-based contrast-
enhanced CT was used to visualize the internal soft tissues of an
A. luna fifth instar (L5) larva (Fig. 3). Silk glands were segmented
based on grayscale differences between tissues and visualized
within the 3D reconstruction of the insect (Fig. 3A and
Video S1).

Fig. 2 Actias luna FibH structure and phylogeny. (A) Phylogenetic tree
generated by multiple sequence alignment of non-repetitive N-termini.
Scale bar represents the number of amino acid substitutions per site,
indicative of evolutionary change. (B) Sequence logo of the alignment of
the 73 repeat sequences of A. luna FibH. Amino acids are colored based on
their chemical nature (blue: basic, red: acidic, green: polar, yellow: non-
polar). Larger font size is indicative of greater prevalence and conservation.
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3.2.1 Silk gland architecture in Actias luna. The paired silk
glands of A. luna, corresponding to the two filaments in
lepidopteran silk fibers, consist of curved, highly symmetric
structures in the PSG and MSG and a thinner, more linear
morphology in the ASG (Fig. 3B). Each gland of the fifth instar
A. luna larva is approximately 80 mm when measured end-to-
end and occupies a volume close to 3 mm3. Relative to the
insect, the linear silk gland length is double the length of the
larva (40 mm) and occupies about 0.18% of the total volume of
the larva (1590 mm3). Measurements of silk gland diameter
throughout the full length of segmented silk glands (Fig. 3C
and D) show consistency in dimensions between the two
glands; however, morphological boundaries between the MSG
and PSG were unable to be clearly visualized. Tapering of silk
gland diameter is observed towards the ASG and spinneret (200
to 90 mm), while the diameter within the MSG and PSG is more
variable, between B150 and 340 mm.

Observed silk gland morphology is similar to those reported
for other Saturniidae, and distinctly different from the silk

glands of the domesticated silkworm, B. mori.41,54,62,71,72 The
appearance of long, thinner glands in Saturniidae is hypothe-
sized to correlate to lower resource allocation to silk production
and overall smaller amounts of silk produced.62 This is pri-
marily driven by the lack of clear storage structures and the
structural similarities between the MSG and PSG (Fig. 3B, C and
4), which is unlike B. mori silk glands that possess large,
swollen MSGs essential to longer storage times and high levels
of silk production for cocoon construction.6,62 Although com-
parative volumetric assessments are not commonly reported in
literature, the low silk gland volume with respect to total insect
volume (0.18%) could prove analogous to wet mass ratios
reported by Holland et al.62 Larger percent mass ratios of silk
gland dope to total insect mass correlated to insects with high
silk production, while lower mass ratios, specifically reported
for A. selene and A. yamamai, were suggested to correlate to
lower resource allocation for silk production and low storage
time of silk dope in the gland.62 Actias luna produces thin,
loosely packed, single-layer cocoons,26,27 aligning with the

Fig. 3 Actias luna silk gland structure in situ. (A) 3D reconstruction of a L5 larva, viewed laterally, depicting silk glands segmented in pink and green. (B)
Dorsal view of segmented silk glands oriented with the larva’s head at the top of the image. (C) Measurements throughout silk gland length. Scale bars are
1.5 mm. (D) Representative grayscale line profiles through the cross section of A. luna silk glands in the ASG, MSG, and PSG. Green and pink lines
correspond to the similar colored glands in (A)–(C).
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hypothesized link between silk gland structure and overall
silk production.62 Continued efforts toward a more in-depth
comparison of silk gland structures is required to better
elucidate the relationship between silk gland structure and silk
production.

3.2.2 Regional variation in silk gland composition. The
A. luna silk gland exhibits morphological and compositional
variation throughout relative gland regions (Fig. 4). Narrow,
thin ASG cross sections (Fig. 4A) are easily distinguished from
the thicker medial and posterior gland regions (Fig. 4B and C,
respectively). Slight variation between silk gland size observed
between insects used for CT and histological studies could
result from differences within the specimen prep for analysis
and potential differences in the stage of insect (close to pupa-
tion vs. early instar). Although we were unable to determine the
specific boundaries between the MSG and PSG regions based
on morphology alone, compositional differences within silk
gland cross sections indicate changes in the expression and
composition of proteins within cell secretions. The appearance
of a two-phase organization is visualized within gland cross-
sections of the MSG (Fig. 4B) while the PSG has a primarily
homogenous cross-section (Fig. 4C), indicating minimal com-
positional differences. Similar differences in transverse gland
sections in the MSG and PSG were observed in related saturniid
species, H. cecropia and A. yamamai.41,42 Identification and
annotation of A. luna silk proteins is limited relative to other
species. However, analysis of FibH and, more recently, eight
putative sericin proteins,29 suggests that the silk glands of
A. luna are responsible for the production of similar proteins
to other saturniid silkworms. Additionally, similarities in gland
morphology and observed cocoon morphology and properties
support the hypothesis that protein production and spinning
behavior in A. luna follows that of closely related species. Thus,
the two-phase structure within the MSG can be attributed to the
presence of both silk coating proteins (sericins, seroins),
expressed within the MSG, and silk fibroin, expressed in the
PSG. Polyploid cells responsible for the production and secre-
tion of silk proteins are visualized in both the MSG and PSG
(Fig. 4D and E).

To expand on analyses of silk gland composition and
identified A. luna silk proteins, silk glands from L5 larva prior
to cocoon construction were dissected and pooled for proteo-
mic analysis (3 biological replicates). We utilized two libraries
as a foundational reference for identifying proteins: (1) an
expanded library that includes A. luna proteins, silk-specific
proteins identified for other saturniids, and proteins annotated
from B. mori genome and (2) a restricted library limited to
identified A. luna proteins, many of which were recently identi-
fied through genomic and transcriptomic analyses28,29 (acces-
sion numbers listed in Table S2). This assessment of A. luna silk
gland composition is preliminary and limited, both due to the
number of identified proteins in A. luna and the lack of
available functional genome annotations for saturniid species
available through UniProt or the Protein Database available
from the National Library of Medicine’s National Center for
Biotechnology Information (NCBI). Thus, the identification and
comparisons of identified proteins are based on relative abun-
dance compared to total abundances (Files S1 and S2) and not
quantitatively assessed.

Through utilization of the expanded library, over 500 pro-
teins were identified that play roles in protein metabolism (e.g.,
proteases, dehydrogenases, juvenile hormone), cell organiza-
tion (e.g., cytoskeletal, transport), and stress response (e.g., heat
shock proteins, antioxidant enzymes). Identified A. luna silk
proteins through this library were limited to FibH, Sericin A,
and Sericin C, comprising approximately 3% of the total
protein composition based on reported abundances (File S1).
In our recent collaborative work,29 Sericin A and Sericin C were
identified through sequence homology to other saturniid ser-
icins and shared sericin protein motifs and termini (Ser A
contig: ptg000025l; SerC contig: ptg0000811). Sericin A and C
have been reported to share similar expression patterns (higher
expression levels in later instars, primarily L4), though some
variability across the population was noted.29 In addition to
shared expression patterns, the similar predicted amino acid
composition suggests these sericins may serve a similar pur-
pose within silk fiber structure. These proteomic analyses
represent the first attempt to confirm the presence of proteins

Fig. 4 Histology of A. luna silk glands. Histological cross-sections of A. luna larva stained with hematoxylin and eosin in the (A) ASG, (B) MSG, and (C) PSG
(dorsal side at the top of each image). Inset images show silk glands at higher magnification to visualize protein secretions within the lumen. Histological
section of (D) MSG and (E) PSG stained with DAPI (nuclei, pink) and Phalloidin (f-actin, green), showing polyploidy.
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identified through genomic and transcriptomic assessments,
specifically aimed at identifying these proteins in late-stage silk
glands. Common reference genes for normalizing gene expres-
sion such as b-tubulin and actin were also identified, with
consistent abundances across each sample (1.1 � 0.03% and
0.61 � 0.2%, respectively). Comparing silk gland proteomic
data to the restricted library of A. luna putative proteins
resulted in the identification of FibH and Sericin C in all three
samples at a relative expression ratio of 1 : 4. Sericin E was
identified in one sample and at low abundance (o1%) (File S2).
Though limited, this assessment confirms the presence of a few
putative sericin genes identified in A. luna29 and relative expres-
sion patterns that suggest that, to an extent, differential gene
expression patterns translate to observed protein composition

within the silk glands. Further analyses are warranted to supple-
ment this assessment and similar studies, both in A. luna and
other saturniid species, to better elucidate links between the
genetic blueprint, functional proteins, and overall biological
function.

3.3 Impact of degumming on the structure and properties of
A. luna silk fibers

3.3.1 Morphological and structural organization of A. luna
silk. Actias luna silk fibers were degummed to evaluate sericin
removal and silk fibroin-specific shifts in physical properties.
SEM of native cocoon fibers (Fig. 5A) reveal a tightly packed, yet
slightly porous, network of interweaving, double-stranded
fibers connected by an outer sericin-rich coating. Actias luna

Fig. 5 Degumming impacts on A. luna silk fiber structure and composition. (A) SEM image of non-degummed and degummed cocoon silk fibers. (B)
Histological cross-section of non-degummed and degummed fibers stained with toluidine blue. The inner core of the fiber is a lighter blue than the outer
coating. (C) Relative protein content determined through deconvolution of the amide I peak of FTIR spectra. Data is expressed as mean � standard
deviation (n = 3). (D) Representative mass loss (solid line, left y-axis) and derivative mass loss curves (dashed line, right y-axis) of non-degummed (NDG,
pink) and degummed (DG, green) A. luna silk determined through TGA. (E) Representative stress–strain curves of non-degummed and degummed fibers
obtained from static tensile tests at 1 mm min�1. Representative SEM images of fractured (F) non-degummed and (G) degummed fibers after tensile tests.
(H) Young’s modulus, (I) ultimate tensile strength, and (J) strain at break were determined from stress–strain curves (n = 10). Analyzed with unpaired
parametric t-test. Statistical significance is reported as *p o 0.05 and ****p o 0.0001.
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silk fibers appear ribbon-like, exhibiting an average long-axis
fiber diameter of 41.9 � 3.4 mm and flattened cross-sections
(Fig. 5A and B), similar to previous reports.26,27 Degumming
A. luna fibers for 15, 30, and 60 minutes resulted in the
separation of the two fibroin filaments (average fiber diameter
18–20 mm) and revealed internal fibrillar structures aligned
along the fiber axis (Fig. 5A, B and Fig. S6). Fibers degummed
for 15 minutes exhibited an 18–20% mass loss while both
30- and 60-minute degummed silk had a mass loss between
25–35%. This suggests that 30 minutes of degumming is suffi-
cient to remove the hydrophilic, sericin-rich coating and surface
debris (Fig. 5B) and that silk fibroin comprises around 70% of
native A. luna silk fibers. Small crystal structures observed on the
surface of native (non-degummed) A. luna fibers were visibly
removed at longer degumming times (Fig. 5A). As previously
reported across Saturniidae,8,26,27,30,41,42,73,74 these crystals indi-
cate the presence of calcium oxalate, which is secreted during
cocoon construction and hypothesized to aid in the insulation
and protection of cocoons.27,75 The presence of calcium oxalate
on non-degummed fibers and removal of calcium oxalate upon
degumming was confirmed the presence and loss of the
1315 cm�1 peak at in FTIR spectra (Fig. S7), characteristic of
calcium oxalate hydrate.27,73,74

FTIR analysis was also used to estimate protein secondary
structures within fibers through deconvolution of the amide I
peak (1700–1600 cm�1, Fig. 5C). Non-degummed and degummed
A. luna silk fibers are both semicrystalline, with almost half of
their secondary structure composed of b-sheets (46 � 6% and
50 � 2%, respectively). These crystalline b-sheet structures are
largely attributed to the poly-alanine sheets (characteristic peak
at 965 cm�1)73,74 and glycine rich GX motifs (X is often S, L, Y, A)
present within the A. luna FibH (Fig. 2B). Degumming A. luna silk
fibers did not significantly shift the relative content of protein
secondary structures determined within the silk fibers. The con-
tributions of sericins and other coating proteins to silk fiber
secondary structures and function in A. luna and other species
are not yet fully understood, as the structure and interactions
between proteins are highly complex and species dependent.
However, the organization and interactions of A. luna silk fibroin
are hypothesized to be modified through the removal of these
proteins and exposure to harsh conditions during degumming,
resulting in distinct physical properties from native silk fibers.

3.3.2 Effects of degumming on silk fiber stability and
tensile properties. The balance between flexible and crystalline
structural regions is thought to play an important role in
determining the physical properties of silk fibers, particularly
their thermal and mechanical characteristics. Degumming has
been previously reported to directly influence the mechanical
and thermal properties of silk fibers,76,77 both through removal
of sericins and exposure of silk fibroin to high heat and
chemical treatments. TGA analysis was used to evaluate the
thermal stability of A. luna silk (Fig. 5D). Non-degummed and
degummed cocoon fibers exhibited an initial mass loss (7–9%)
around 100 1C upon evaporation of surface bound water.
Further heating led to fiber degradation, beginning at around
280 1C for non-degummed and 300 1C for degummed silk

fibers. Decomposition of non-degummed and degummed
fibers occurs in the range of 350–400 1C. The midpoint degra-
dation temperature upon degumming was significantly shifted
from 346 1C (non-degummed) to 376 1C (degummed, p = 0.007).
Degradation of A. luna silk fibers occurs at lower temperatures
than values reported for other saturniid silks that range between
360–380 1C.8,30 The lower polyA content of A. luna FibH (34%)
compared to other saturniid silks evaluated previously (39–43%)
aligns with trends noted in prior literature, wherein increasing
polyA correlates to a higher thermal stability (Fig. S8).5,8

Tensile tests were performed to determine the Young’s
modulus (E), ultimate tensile strength (UTS), and strain at
fracture (ebreak, extensibility) of individual non-degummed
and degummed cocoon silk fibers. Representative stress–strain
curves are shown in Fig. 5E. Actias luna silk fibers exhibit an
initial elastic region at low strain, followed by a strain-stiffening
response, ultimately leading to a break or fracture at maximum
stress. Non-degummed fibers often frayed or split upon exten-
sion (Fig. 5F), while degummed fibers had a more brittle fracture
across the fiber cross section (Fig. 5G). Non-degummed silk
fibers exhibited a significantly lower Young’s modulus (p =
0.0120) and ultimate tensile strength (p o 0.0001) than
degummed silk fibers (Fig. 5H and I). Degumming processes
remove the sericin-rich coating that binds together silk fibroin
filaments and modify the protein structures present within silk
fibers (i.e., amorphous and crystalline structures, molecular
weight, hydrophilic content),78 influencing the response to
stress or tensile loading. Although the effects of degumming
are not fully understood, degumming A. luna fibers led to an
increase in Young’s modulus (NDG: 1790 � 690 MPa, DG:
2801 � 843 MPa) and ultimate tensile strength (NDG: 125 �
45 MPa, DG: 278� 52 MPa). The strain at break, or extensibility,
of A. luna silk fibers was highly variable and not significantly
shifted between non-degummed (0.2 � 0.09) and degummed
(0.23 � 0.10) fibers (Fig. 5J).

The stress–strain profile and determined mechanical prop-
erties of non-degummed and degummed A. luna silk fibers are
similar to other saturniid silks reported previously.8 Despite
variations in mechanical assessments, the mechanical proper-
ties of A. luna cocoon silk are of a similar magnitude to other
saturniid silks and align with trends observed across the eight
saturniid species examined by Malay et al.8 Compositional
differences in FibH proteins, such as the higher proportion of
bulky hydrophobic residues (L,V) and a decreased abundance
of elastic GGX motifs within the repetitive region of A. luna
FibH (Fig. 2B), could contribute to the lower extensibility and
the brittle response of A. luna fibers compared to Antheraea silk
(Fig. S8), as hypothesized for another species of Actias.8 It is
also important to note the differences in strain rate of tensile
tests between the study by Malay et al. (10 mm min�1),8 Reddy
et al. (18 mm min�1),26 and this study (1 mm min�1). Differ-
ences in strain rate can skew mechanical property compari-
sons, as the viscoelastic properties of silks suggests strain-rate
dependence.76,79 As the dynamics of silk protein sequence–
structure–function relationships are highly complex interactions
to explore, clear correlations are not observed in many physical
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properties (i.e., tensile modulus, toughness, strength).5,8,59 This
suggests that while FibH is thought to be the primary driver of
physical properties, other protein constituents of silk fibers
(sericins, seroins) or the interactions between fibroins and
coating proteins also play an important role in fiber function.

3.4 Life stage-specific changes in Actias luna silk fibers

A substantial number of silk fiber studies focus on comparative
analyses at a single life stage – often the final instar before
pupation or the cocoon itself – to investigate genotype to
phenotype relationships within and between species. Variations
in fiber characteristics across life stages remain largely unex-
plored, primarily due to the lower silk volume produced in early
instars, the ease of cocoon silk collection in both laboratory
culture and field settings, and the lack of comparable studies in
literature. Larval and silk fiber characteristics vary as A. luna
larva progress through developmental stages, with the largest
change observed between the fourth and fifth instar. The growth
and development of A. luna larva was assessed throughout their
life cycle by measurement of insect head capsule, length, and
mass prior to molting (Table 1 and Fig. S9). The head capsule
size remains constant within a single developmental stage, and
as larvae develop into the next instar, the old head capsule will
be shed during the molting process and is replaced by a new,
larger capsule. Head capsule size increased in each stage by an
average factor of 1.5 (Dyar’s ratio),80 while larval length and
mass increased almost exponentially (Table 1 and Fig. S9). The
life cycle of A. luna and other silkworms are strongly associated
with the production and use of silk fibers, ensuring that fiber
output meets on the specific needs of the insect.

In A. luna, caterpillars begin producing silk immediately
after emerging from their eggs (L1), using it as a safety line to
anchor themselves to their host plant, allowing them to drop but
remain suspended from the plant when encountering danger
(Fig. 1). In later instars (L2–L4), silk production decreases
and primarily serves as a silk mat for molting (Fig. 1). These
silk mats, commonly found across Lepidoptera, serve as an
important attachment point for shedding exuviae, significantly
improving the ease and success of each molt (Fig. S9). Silk
production is negligible in final instar caterpillars (L5) when
caterpillars are actively feeding. Once caterpillars reach their
maximum body size and an optimal pupation site is found, they
significantly increase silk production to generate a single-
layered, light brown cocoon wrapped in leaves (Fig. 1).26,27 Like

most cocoons, its main function is to protect and insulate the
pupa during metamorphosis. The different silk uses in A. luna
(safety line, silk mat, and cocoon) likely differ in properties,
possibly stemming from differential expression of silk proteins
and motivating efforts to identify these proteins in A. luna.

Throughout their development, A. luna silk maintains a
double-stranded fiber morphology (Fig. 6A) with fiber diameter
increasing as the insect grows (Table 1 and Fig. S9). The greatest
increase in long-axis fiber diameter occurs between the 4th and
5th instar, as cocoon silk fibers are more than twice the diameter
of fibers produced in L4. AFM analysis of fiber surface topography
revealed differences in nano-scale features across larval instars
(Fig. 6B and C). Various globular structures were observed on the
silk surface, mostly unaligned or randomly oriented with respect to
the fiber axis. These structures vary in morphology and size,
contributing to slight differences in calculated surface roughness
(Table 1). However, clear trends between arithmetic average rough-
ness (Ra) and root mean square roughness (Rq) of instar silks were
difficult to ascertain as no statistical significance between stages
was found (Table S3). Variations in surface features could indicate
changes in silk fiber functional characteristics that are dependent
on many factors within the insect’s growth and development, such
as fiber use (molting mat, cocoon), scale of silk production,
spinning speed, or protein composition.

Larval silk fiber characteristics are influenced by both the
structural core, consisting largely of silk fibroin, and the outer
functional coating on the fiber, consisting largely of sericins and
other supplemental proteins (Fig. 6D).5,6,81 Histological cross-
sections of fibers produced during the second to fifth instar
stained with toluidine blue indicate compositional differences in
fibers produced at different life stages (Fig. 6E). The intensity of
the blue staining in the inner fibroin core remains constant
throughout the development of A. luna, suggesting minimal
compositional differences within the structural core of the silk
fibers. This is consistent with the presence of a single fibroin
protein in A. luna (Fig. 2), previous reports of B. mori instar silks,
and recent gene expression data by Foquet et al.9,28,29 However,
variation in staining intensity was observed in the outer coating
between instars (Fig. 6D), suggesting differences in the protein
composition of the outer coating as a function of life stage.
Specifically, in fifth instar cocoon fibers, the outer coating is a
dark and purplish blue, contrasting with the coating of early
instar (L2–L4) fibers, which are light blue to transparent. As the
outer coating of lepidopteran silk fibers is primarily composed of

Table 1 Life cycle characteristics of the Luna moth. Larval and silk fiber property values are reported as the average � standard deviation (n Z 6)

Instar Head capsule width [mm] Larval mass [mg] Larval length [mm] Fiber diameter [mm] Fiber roughness [nm]

L1 1.00 � 0.05 19.50 � 1.05 8.78 � 0.56 3.1 � 0.5 Ra: 8.5 � 5.2
Rq: 10.4 � 6.1

L2 1.55 � 0.08 63.50 � 6.02 11.06 � 0.98 3.9 � 0.7 Ra: 10.0 � 4.2
Rq: 13.5 � 4.7

L3 2.34 � 0.09 295.89 � 21.65 17.51 � 2.06 7.1 � 1.2 Ra: 11.3 � 6.1
Rq: 14.3 � 7.5

L4 3.38 � 0.07 1519.74 � 156.40 25.75 � 1.67 11.2 � 2.0 Ra: 11.1 � 2.9
Rq: 13.3 � 3.1

L5 5.09 � 0.16 4615.75 � 686.35 48.58 � 5.36 41.9 � 3.4 Ra: 13.8 � 2.9
Rq: 17.2 � 3.8
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sericins,7,41,82 variation in staining across different life stages
could be largely influenced by shifts in the expression and
proportions of sericin proteins. Life stage-specific expression of
A. luna silk proteins is supported by findings across Lepidoptera,
with differences in expression directly linked to variations in silk
characteristics.9,67 Identified A. luna sericins have variable amino
acid composition, characteristic repeats, and expression profiles
in early and late stage larva, suggesting these proteins play
specific roles in the formation of silk fibers and life stage-
specific silk use.29 These compositional differences could also

contribute to the observed differences in visual surface topogra-
phy and roughness on the outer surface of silk fibers (Fig. 6B and
C), modifying how the fibers would adhere to surfaces and other
fibers or respond to environmental conditions at each life stage.

4. Conclusions

Actias luna produces silk throughout its life cycle, yielding
fibers with distinct structural and functional characteristics at

Fig. 6 Imaging and characterization of A. luna silk fibers at each life stage. (A) Representative SEM images of silk fibers produced by each larval stage. (B)
Two-dimensional and (C) three-dimensional height topographical AFM images of silk fibers produced at each life stage. Distributions of height scale in
AFM images are depicted by the color scale (B) or height axis (C) accompanying the image. (D) Schematic representation of A. luna fiber cross section
showing the inner fibroin core surrounded by the outer sericin-rich coating. (E) Histological cross-sections of L2, L3, L4, and L5 instar silk fibers stained
with toluidine blue.
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each stage. This study provides a broad investigation of A. luna
silk, and its underlying structural and compositional bases. An
analysis of silk gland morphology reveals shared traits among
Saturniidae, which correlate with the capacity for silk fiber
production and storage. Through comparative analyses, this
study highlights the conservation of terminal regions and
divergence of amino acid repeats of FibH protein within Satur-
niidae, contributing to the rapid evolution of silk proteins and
the composition of A. luna silk fibers. Properties of native and
degummed A. luna cocoon silk fibers – specifically the struc-
tural, thermal, and mechanical properties – are comparable to
silks of other saturniid species, aligning with trends observed in
the prediction of physical properties based on FibH protein
sequences. Moreover, the morphological and compositional
characterization of silk produced throughout the A. luna life
cycle provides valuable insights into developmentally regulated
shifts in silk fiber properties.

These results contribute to a broader understanding of
protein evolution and functional diversification of lepidopteran
silk fibers, underscoring the importance of combining multiple
approaches to better understand silk fiber structure in relation
to species and life stage. Our data furthers hypotheses that silk
fiber properties are primarily driven by the structural protein
FibH but also suggests that differences in properties and the
utility to the insect could stem from variation in other proteins
that comprise silk fibers (coating proteins) and overall silk
production. These variations were observed at a single life stage
between several saturniid species (cocoon silks), but also at
multiple life stages within A. luna silk fibers. These results
provide greater insight into structure–function relationships
and key amino acid motifs as we move toward material applica-
tions or rational design of silk-like protein fibers.
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