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Spiders’ ability to spin foraging webs using silk from specialized glands

represents a remarkable evolutionary innovation, yet the molecular evolution
of silk glands remains unclear. Here, we investigated the evolution of silk
glands in Araneoidea spiders through genomic and transcriptomic mining.
After the divergence of the Araneoidea clade, numerous new genes with
simplified structures and constrained expression emerged, expressed pre-
dominantly in silk glands and coexpressed with ancient genes to drive the
evolution of silk glands. Among these, SpiCE-DS8, a newly evolved small
secretory peptide unique to the Nephilinae subfamily, interacted with the
N-terminal of MaSplb and was incorporated into dragline silk, potentially
aiding in silk solidification. In vitro wet-spinning experiments demonstrated
that SpiCE-DS8 enhanced fiber properties, likely enabling spiders to arm their
foraging webs for more efficient prey capture. These findings highlight the
pivotal role of lineage-specific genes in silk gland evolution and provide
insights for synthetic silk development.

The ability of spiders to spin foraging webs using silk secreted by
specialized glands is a remarkable evolutionary innovation, considered
as impressive as bird feathers and insect wings'*. The acquisition of the
ability to spin foraging webs has allowed spiders to increase their
evolutionary diversification while providing a substrate on which they
can explore various survival strategies**. Among spiders, the super-
family Araneoidea, representing one-quarter of the spider tree of life,
serves as an exemplary model of this evolutionary achievement®. These
spiders, which spin webs that vary in shape and size, are distributed
across a wide range of ecosystems®. Through the synergistic use of
robust web frameworks and adhesive silk, they exhibit a unique ability
to capture prey efficiently.

The mechanical properties of spider webs are largely attributed
to the diverse silk types produced by different glands. Major
ampullate (Ma) silk forms the primary framework of the web,

providing exceptional tensile strength and toughness for structural
support’. Minor ampullate (Mi) silk, which is used for auxiliary sup-
port lines or spiral construction, enhances web stability®’. Moreover,
the capture spirals, which are composed of elastic and adhesive
silks'>", endow the web with unparalleled prey capture efficiency.
The high toughness and adhesiveness of spider silk directly influence
web size, load-bearing capacity, and prey capture success'. Nota-
bly, the exceptional characteristics of spider silk allow the con-
struction of webs across substrates ranging from delicate grasses and
shrubs to the vast branches of towering trees®™, highlighting the
extraordinary versatility and strength of silk in various environments.
However, the mechanisms underlying the evolutionary innovation of
high-performance silk in Araneoidea spiders, along with the mole-
cular evolution of their silk-producing glands, remain poorly
understood.
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New genes are considered key drivers of phenotypic evolutionary
innovation® . In both animals and plants, the phylostratigraphic
approach for transcriptomic analysis provides new insights into
species-specific tissue evolution'®. For example, studies have eluci-
dated the single-insertion origin of metazoan larvae', the chordate
origins of the vertebrate brain®, and the rapid growth of bamboo
shoots”. By assigning all genes within a target genome to different
phylogenetic strata (PS) based on their evolutionary lineage, this
approach enables the chronological characterization of gene age
within a phylogenetic framework. Integrating gene expression profiles
further facilitates the investigation of tissue evolution’"®, Additionally,
the phylostratigraphic approach can be used to construct coexpres-
sion networks of ancient and new genes, facilitating inference of the
potential functions of new genes'”?. Motivated by this framework, we
are interested in using several Araneoidea spiders as models to
investigate the evolutionary process of silk glands through a phylos-
tratigraphic approach, shedding light on the genetic basis of their
remarkable functional adaptations.

Significant progress has been made in understanding the
mechanical properties of spider silk'***, which are attributed pri-
marily to the repetitive sequences in spider spidroins and their highly
conserved C- and N-terminal domains**?*. Recent studies have
demonstrated that Araneoidea-specific components, such as the
cysteine-rich protein in Latrodectus (black widow spiders) and the
spider silk composition element (SpiCE) in Trichonephila clavipes
(golden orb-weavers), substantially enhance the performance of
recombinant Ma silk?*?%, These components are likely encoded by
genes unique to Araneoidea spiders and are absent in other spiders,
suggesting that the evolution of new genes in this lineage has con-
ferred spiders with superior silk properties. Comparative tran-
scriptomic studies of silk glands in Argiope argentata and cobweb-
weaving spiders have revealed lineage-specific gene expression pat-
terns, including silk gland-specific transcripts and divergent expres-
sion profiles between fiber- and glue-producing glands, highlighting
the crucial role of gland-specific expression components in silk
synthesis and evolution®?°, However, it remains uncertain whether
these genes are truly unique to Araneoidea spiders or have evolved
from preexisting genetic frameworks. Additionally, their systematic
identification and functional significance in the evolution of silk glands
and silk production have largely remained unexplored. The recent
explosion of spider-related data®***' provides a significant opportunity
for advancing research in this field.

In this study, we employed progressive whole-genome alignment
and stringent homology-based methods to investigate the genes and
transcripts of several Araneoidea spiders, tracing a substantial number
of genes that emerged after the divergence of the Araneoidea ances-
tor. Expression analysis revealed that these genes are highly expressed
specifically in silk glands and are closely involved in the core interac-
tion networks of spidroin genes. Surprisingly, proteomics analysis
revealed that one new gene, SpiCE-DS8, might be associated with the
mechanical properties of spider dragline silk. Through in vitro inter-
action assays and spinning experiments, we validated the functional
role of SpiCE-DS8 in enhancing the mechanical performance of silk.
These findings provide new insights into the evolution and innovation
of spider silk, highlighting the important role of new genes in the
functional evolution of silk glands in Araneoidea spiders and inspiring
further breakthroughs in material innovation.

Results

Phylogenetic origins and features of Araneoidea spider genes
To identify new genes in Araneoidea spiders accurately, we collected
protein sequence data spanning the entire phylogenetic hierarchy of
this group. This dataset includes (1) the Nr protein dataset downloaded
from the NCBI database; (2) publicly available genome data for 30
Arachnida species (Fig. 1a, Supplementary Data 1); and (3) transcript

assemblies for 1116 species, including 1107 spider species, based on
1166 transcriptomes®**?! (Supplementary Data 1). In total, 235,689,197
protein sequences were considered. We then assigned the phyloge-
netic relationships of Trichonephila clavata within different PS levels
according to NCBI-Taxonomy. However, we noted discrepancies in the
results of NCBI-Taxonomy and those of previous studies®***. For
example, NCBI-Taxonomy classified horseshoe crabs (Limulidae) as
nonarachnids®*>*, whereas phylogenetic analyses have previously
placed them within Arachnida. Additionally, NCBI-Taxonomy placed
Trichonephila (formerly Nephila) in the Nephilidae family within Ara-
neoidea, while prior studies have placed it in the Araneidae family®*.
To resolve these issues, we reconstructed the phylogeny of 50 Ara-
chnida species, supporting the placement of horseshoe crabs within
Arachnida and confirming that Trichonephila should be classified in
the Araneidae family of Araneoidea (Supplementary Fig. 2a-c).

We followed previously established methods to assign the genes
of T. clavata to 16 PS levels, ranging from the oldest (PS1: cellular
biology) to the most recent (PS16: T. clavata-specific) (Fig. 1b), and
included A. argentata and Latrodectus hesperus based on transcript
assemblies from non-reference transcriptomes (Supplementary
Fig. 3a, b). Here, we focus on the evolution of silk glands. The Ara-
neoidea superfamily is known for having evolved seven silk glands®, so
we classify genes found in the ancestral lineage of Araneoidea, before
its divergence, as relatively ancient genes (RAGs, PS1-PS12), whereas
those that evolved after this divergence are considered relatively
young genes (RYGs, PS13-PS16). Among the 37,599 genes in T. clavata,
30,371 are RAGs, and 6868 are RYGs, with 1932 genes being exclusive
to T. clavata (Fig. 1c). Furthermore, functional annotation via eggNOG-
mapper’® revealed that these postdivergence genes lacked functional
annotations (potentially due to lack of homology or incomplete
database coverage) (Fig. 1c, Supplementary Fig. 3c), suggesting that
these RYGs, which originated after the divergence of the Araneoidea
superfamily approximately 170 million years ago®, may possess novel
functions. Furthermore, we performed sequence and expression ana-
lyses of genes across the 16 PS levels. Compared with ancient genes,
young genes tend to have fewer exons and shorter protein sequences
(Fig. 1d, e), with higher expression specificity (Fig. 1f). Notably, at
PS8-PS16, genes exhibited a progressive reduction in the number of
exons, averaging two exons per gene. The protein sequence lengths
decreased to an average of 106-143 amino acids (PS13-PS16), while
tissue-specific expression gradually increased, with average tau values
exceeding 0.8. These results reveal that new gene structures evolve
toward simplification and acquire constrained tissue-specific expres-
sion patterns, so younger genes tend to have more specialized
functions.

Young genes exhibit expression divergence in silk glands
To better understand the gene expression relationships across differ-
ent PS levels, we calculated the expression correlations across various
tissues to explore the interactions between ancient and young genes.
The results revealed widespread correlations for older genes
(PS1-PS6) (Fig. 2a, Supplementary Fig. 5a, b), particularly in all silk
glands and tissues such as the hemolymph (Hem), pedipalp (Ped), legs
(Leg), epidermis (Epi), and venom gland (Ven), whereas the correla-
tions for the fat body (Fat) and ovary (Ova) were weaker. In younger
genes, strong correlations persisted in the silk glands between
PS7-PS14, but correlations across most tissues were weakened in
PS15-PS16. Notably, strong expression correlations were observed
between Ped, Leg, and Epi, as well as between Ma and Mi, suggesting
potential functional or developmental linkages. For instance, Ma and
Mi glands share similar morphological features and collaborate in prey
capture through their combined secretions, which may underlie their
coordinated gene expression patterns®**.

We examined the expression patterns of genes associated with
different PS levels in the silk glands (Fig. 2b). From PS1 to PS11, the
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Fig. 1| Identification framework, distribution patterns, and sequence features
of new genes in spiders. a Gene classification into different PS levels on the basis of
an organized workflow. b The 16 PS levels of T. clavata, spanning from the genes of
the most ancient cellular organisms to the most recent species-specific genes. RAGs
refer to relatively ancient genes, while RYGs refer to relatively young genes. ¢ Gene
number distribution across the 16 PS levels in T. clavata. The Venn diagram in the
lower-right corner shows that genes from PS13 to PS16 are annotated as genes of
unknown function. d-f Box plots showing the transition of genes across the 16 PS

PS levels

PS levels

levels from ancient to young genes, with decreases in the exon length and protein
sequence length, and an increase in the Tau index. The Tau index measures the
specificity or breadth of gene or transcript expression across analyzed tissues. The
gene sets analyzed for each PS level (PS1-PS16) in d-f are identical to those
quantified in c. Box plots display the median (center line), the 25th and 75th per-
centiles (box limits), and the minimum and maximum values within 1.5x the
interquartile range (whiskers).

number of expressed genes (TPM >1) in the silk glands consistently
exceeded the number of tissue-specific genes (Tau >0.75). However,
from PS12 to PS16, tissue-specific genes outnumbered the total
expressed genes, suggesting that younger genes play an increasingly
important role in silk gland function. To further investigate the rela-
tionships between younger genes and silk gland functions, we con-
ducted a weighted gene coexpression network analysis and identified
four significant modules associated with silk glands (Fig. 2c, Supple-
mentary Fig. 6). These modules are associated with Ma (r=0.77, P-
value=7¢e), including 273 RAGs and 86 RYGs; Ag (r=0.96, P-
value=2e?), including 543 RAGs and 84 RYGs; Tu (r=0.98, P-
value = 8¢ ), including 440 RAGs and 122 RYGs; and Py&Ac (r=0.95,

P-value = 2e %), including 233 RAGs and 74 RYGs. Spidroin genes were
present in the modules associated with Ma, Ag, and Tu, forming
complex coexpression networks that integrated both ancient and
young genes. Notably, while spidroin genes are core-expressed genes
in the silk gland, some RYGs exhibit expression levels that surpass or
are comparable to those of spidroins. These findings suggest that
younger genes may play critical roles in spidroin-related functions.

Newly evolved genes preferentially expressed in silk glands

Following previously described research strategies®’, we constructed a
species tree using the genome sequences of 16 spiders (13 Araneoidea
spiders and 3 non-Araneoidea spiders) to identify and differentiate

Nature Communications | (2025)16:10071


www.nature.com/naturecommunications

i ps://doi.org/10. s -025- -
Article https://d /10.1038/s41467-025-65026-1
a b
Number of genes
PS1 5741/2256
PS2 2122/239
up M PS3 424/71
’If PS4 275/79
Ag
PyaAC PS5 902/300
Hem PS6 563/171
Ped
Leg PS7 316/170
Epi
Ven PS8 640/286
Fat
Down ova PS9 229/131
R2 PS10 648/287
me PS11 489/327 Silk glands
-08 expression genes (TPM>1)
06 PS12 378/439
-04 PS13 229/321
-0.2 PS14 185/155 Genes specifically
| lo.o expressed in the silk glands (Tau>0.75)
PS15 231/448
a
R20.75 PS16 333/417
c Ma: r=0.77, P-value=7e™%° Ag: r=0.96, P-value=2e 2 Tu: r=0.98, P-value=8e28 Py&Ac: r=0.95, P-value=2e™%
RYGs (86) RYGs (84) RYGs (122) RYGs (74)
1 ! |
-
- -'- r .-q )i g
[ CR) [, = ., =
] g n . A L
.L. .. ] _, L * .
[ ] J_.l':: - AgSp1 . ] . 2 et "
n " MaSp1c MaSp7aMDaSp20 l- : ' . o é\gSpZ i
Br 2 | =& L] AgSp3b
MaSp1b MaSp2e ) IR
P S 2
(m] DMaSp.?tb ML
(] - ‘| 4 e .
™ MaSp2d La Wyt &
® DM Sp-lik L 2
aSp-like . .
| =
) ] a .' ™ =
o e w" - A7 .
] ey »
[ § ] = Do | S L
] . " e = X 4
| ] L [ ] " x
. 1) "o n - -
" .ot =" LI
- L]
. o a || 1 . 1 LI |
L] 1‘ ‘ . " .-- g o /i
D, a ' .
el g )
. . o Tk o e
T M | T
n = - " | | . '] -
> . e L] .‘ - -
% .
TuSp

Fig. 2 | Coexpression network intertwining ancient and young genes.

a Heatmap of gene expression correlations across the 16 PS levels, calculated using
Pearson correlation, revealing a modular expression pattern. Tissue order in each
PS heatmap (top-to-bottom, left-to-right) follows the arrow-indicated order in the
legend. Correlation strength is shown by the blue-to-red gradient. b Distribution of
silk gland-expressed genes and tissue-specific silk gland genes across the 16 PS
levels. ¢ Coexpression modules significantly correlated with Ma, Ag, Tu, and Py&Ac.
Node size represents normalized expression (log,(TPM +1)); bold borders indicate

silk gland-specific spidroin genes. Pearson correlation coefficients (r) with two-
tailed P-values are annotated at the top of the figure. Genes from PS1-PS12 and
PS13-PS16 are distinguished by light and dark shading, respectively; tissues are
colored as indicated in the legend. Ma major ampullate gland, Mi minor ampullate
gland, Tu tubuliform gland, FI flagelliform gland, Ag aggregate gland, Ac&Py mixed
aciniform and pyriform gland, Hem hemolymph, Ped pedipalp, Leg legs, Epi epi-
dermis, Ven venom gland, Fat fat body, Ova ovary.

newly evolved genes in Araneoidea spiders (Fig. 3a). The protein
sequences of the RYGs were aligned to the genomes of these species,
including both coding and noncoding regions (for detailed methods,
see the Materials and Methods section). A total of 232 genes were
identified as having evolved after the divergence of the Araneoidea
ancestor, including de novo genes, duplicate genes, and orphan genes
(Fig. 3b). The specific classification of genes from PS13 to PS16 is shown

in Fig. 3c. For PS13, the numbers of de novo, duplicate, and orphan
genes are 2, 30, and 17, respectively; for PS14, the numbers are 2, 10,
and 12; for PSI15, the numbers are 3, 26, and 41; and for PS16, the
numbers are 5,47, and 37. These results indicate that the number of de
novo genes is relatively low in Araneoidea spiders, whereas the accu-
mulation of duplicate and orphan genes may reflect unique mechan-
isms of genome adaptation during the evolutionary process.
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The multi-tissue expression profiles of the 232 newly identified
genes showed that these genes are predominantly expressed in the six
silk glands, with varying degrees of specificity and activity (Fig. 3d,
Supplementary Fig. 7). In contrast, their expression levels are con-
siderably lower in tissues such as Hem, Ped, and Leg, with both the
number and abundance of transcripts being significantly reduced.
Among the silk glands, Ma, Mi, Ag, and Fl exhibited the greatest
number of highly expressed genes. Notably, the expression profiles of
Ma and Mi were more similar to each other, whereas Ag and FI
exhibited more distinct and specific gene expression patterns. Tu and

Py&Ac also showed distinct and specific expression patterns. These
findings suggest that the newly evolved genes in Araneoidea spiders
play significant roles in silk glands, with their functions becoming
increasingly specialized, particularly with possible functional coop-
eration between the Ma and Mi glands (Figs. 2a—c and 3d).

Two new genes potentially linked to dragline silk function

To investigate the functions of these RYGs in the silk gland, we
employed the Ma gland as a model, as described in our previous
work®, and divided it into the following three regions: Tail, Sac, and
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Fig. 4 | Transcriptomic and proteomic profiles and interaction networks of new
genes associated with Ma tissue. a Upset plot of genes identified in dragline silk
and the tail, sac, and duct proteomes of the Ma tissue. The numbers highlighted in
red in the plot represent new genes identified in the three segments of the Ma gland
or dragline silk. The genes SpiCE-DS5 and SpiCE-DSS8, indicated by arrows, were also
identified in dragline silk. b Transcriptomic and proteomic profiles of 14 new genes

in the Ma gland and dragline silk. c Coexpression network of the SpiCE-DS5, SpiCE-
DS8, and MaSp genes on the basis of expression profiles from 13 tissues. The RAGs
and RYGs are represented in different colors, with the node size reflecting the
normalized TPM expression values, which are calculated as log,(TPM +1). d Gene
coexpression network based on single-cell expression levels from the Ma gland.
The top five genes of each module are displayed.

Duct. Proteomic analyses were subsequently performed on each of
these regions. Our analysis identified 14 new genes, all of which were
supported by proteomic data (Fig. 4a). Among these genes, four were
uniquely expressed in the Sac, whereas three were expressed in both
the Sac and Duct. Additionally, two genes were expressed in all three
regions: Tail, Sac, and Duct. Moreover, the Tail and Duct each con-
tained one gene, highlighting distinct yet interconnected expression
patterns across these regions (Fig. 4b). Notably, two of the genes that
were common to both the Sac and Duct (SpiCE-DS5 and SpiCE-DS8)
were also detected in the dragline silk proteome. Furthermore, tran-
scriptomic data from the three MA gland regions corroborated the
expression of these two genes in the Sac and Duct (Fig. 4b). These
findings suggest that SpiCE-DS5 and SpiCE-DS8 may play important
roles in the function of dragline silk.

The primary components of dragline silk include proteins, inor-
ganic salts, and water’®*’, The main protein components are spidroins,
along with various auxiliary proteins, whose abundances in the drag-
line silk are comparable to that of MaSp®'. On this basis, we hypothesize
that SpiCE-DS5 and SpiCE-DS8 may be involved in the mechanical
properties of dragline silk. To further test this hypothesis, we con-
structed a transcriptomic coexpression network for the SpiCE-DSS,
SpiCE-DS8, and MaSp genes by using multitissue data (Fig. 4c). The
results revealed that these two genes participate in both direct and
indirect interactions with other MaSp family members. For example,
SpiCE-DSS interacts with MaSp-like and MaSp2e, whereas SpiCE-DS8
interacts not only with these two spidroins but also with MaSp1b.
Overall, SpiCE-DS5 and SpiCE-DS8 form a complex coexpression net-
work with eight distinct spidroins, encompassing both new and
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previously characterized genes. These findings support the hypothesis
that SpiCE-DS5 and SpiCE-DS8 are functionally related to spidroins in
the synthesis and function of dragline silk.

In addition, we previously analyzed the single-cell transcriptome
of the Ma gland®, revealing the presence of multiple cell types. To
further explore whether SpiCE-DS5 and SpiCE-DS8 interact with spi-
droins at the cellular level, we conducted a cell-specific coexpression
network analysis by using the Ma gland single-cell expression data. As
shown in Fig. 4d, the single-cell coexpression network was divided into
eight modules (Supplementary Fig. 8); the top five highly expressed
genes in each module are displayed. The analysis revealed that
MaSpla, MaSplb, MaSpic, MaSp2e, and SpiCE-DS8 were all present in
the network. Notably, the MaSp genes were predominantly expressed
in the Tail and Sac, whereas SpiCE-DS8 was expressed mainly in the Sac
and Duct (Supplementary Fig. 9a). Based on the process of spidroin
synthesis, secretion, and fiber formation in the silk gland®, as well as
the convergent silk fiber formation mechanism in silkworm silk gland
(Supplementary Fig. 9b). We hypothesize that the MaSp proteins are
synthesized in the Tail and Sac, and then flow through the Sac and Duct
where they interact with SpiCE-DS8. Given that the Sac and Duct are
key regions for the transition of spidroin solutions into fibers, we
speculate that SpiCE-DS8 may play a critical role in the fiberization
process of MaSp spidroins, possibly aiding in the transition from a
liquid silk solution to solid silk fibers.

Evolutionary origin and functional role of SpiCE-DS8

We used SpiCE-DS8 as a seed for homology analysis across all spider
transcriptomes collected and assembled in this study, as well as for
annotating homologous genes in the genomes of 13 Araneoidea spi-
ders, and addressed potential gaps in annotations from previous stu-
dies. The results revealed homologous genes in Nephila pilipes and T.
inaurata madagascariensis, whereas an unannotated homologous
gene was identified in T. antipodina (Fig. 5a). Notably, all three species
belong to the subfamily Nephilinae*®*, suggesting that SpiCE-DS8 is a
new orphan gene specific to the Nephilinae lineage. Multiple sequence
alignment revealed that the protein sequences encoded by SpiCE-DS8
genes contain a conserved signal peptide region (Fig. 5a), along with an
additional 42 amino acid sequence, classifying it as a small secretory
peptide. Research has shown that small secretory peptides play critical
physiological roles in animals**** and are often secreted into the
extracellular space to perform their functions. This finding aligns with
the hypothesis that SpiCE-DS8 may be secreted from the sac and duct
into the silk gland lumen, where it could interact with MaSp (Supple-
mentary Fig. 9b), further supporting its potential role in silk fiber for-
mation. We identified two conserved sequence regions within SpiCE-
DS8, namely, SpiCE-DS8-L (42 aa) and SpiCE-DS8-S (24 aa), with SpiCE-
DS8-S exhibiting greater conservation across the four species.

To explore the origin and evolutionary pattern of SpiCE-DS8, four
adjacent genes flanking SpiCE-DS8 were included in the analysis.
Homology searches and structural annotations of these genes were
conducted across the genomes of 15 additional spiders. As shown in
Fig. 5b, these four genes are ancient genes that diverged before the
common ancestor of Araneoidea. Interestingly, these genes were lost
in more ancient branches of the Araneoidea clade (e.g., Theridiida,
Tetragnathidae, and Linyphiidae) but were reacquired in the Araneidae
family. The SpiCE-DS8 gene itself evolved only in the Nephilinae sub-
family and is a unique orphan gene specific to this subfamily (Fig. 3d).
This new gene is embedded within the intergenic regions of ancient
genes, and similar evolutionary patterns have been reported in pre-
vious studies*>*, suggesting that this strategy may be an important
mechanism for the emergence of new genes with functional roles.

To further explore the functional role of SpiCE-DS8, we used
AlphaFold3* to predict the potential interaction interface between
SpiCE-DS8 and MaSplb (N-terminus, two repeat regions, and the C-
terminus) (Fig. 5c). When the 3D structure of MaSplb alone was

predicted, we observed that its N- and C-terminal regions formed
ordered helical structures, whereas the repetitive region formed five
parallel B-sheet structures. Upon introduction of the SpiCE-DS8-L/
SpiCE-DS8-S sequences, the repetitive region of MaSplb presented an
increased number of 3-sheet structures, with as many as 9 (SpiCE-DS8-
S) or 10 (SpiCE-DS8-L) B-sheets. The ordered folding of the repetitive
region is known to facilitate the fiberization process of spidroins*®*?,
with the conserved SpiCE-DS8-S potentially representing the core
functional region of SpiCE-DS8. The interaction heatmap (Fig. 5d) also
indicates that SpiCE-DS8-L or SpiCE-DS8-S interacts with the
N-terminal region of MaSplb, with SpiCE-DS8-S showing a notably
stronger interaction. Given that previous studies have shown that the
N-terminus of MaSp plays a critical role in the transition of spidroins
from a soluble state to a solid fiber state’*', we speculate that SpiCE-
DS8, by interacting with the N-terminus of MaSp, promotes the
ordered folding of its repetitive regions, thereby accelerating the
solidification of silk protein solutions (Supplementary Fig. 11a, b). Co-
immunoprecipitation experiments confirmed the interaction between
SpiCE-DS8 and MaSp1b (N-terminal region, one repeat region, and the
C-terminal region) (Fig. 5e). Immunoprecipitation targeting only the
N-terminus of SpiCE-DS8 and MaSplb still revealed an interaction
(Fig. 5e), suggesting that the N-terminus of MaSplb interacts with
SpiCE-DS8.

In vitro spinning shows SpiCE-DS8 enhances silk properties
Enhancing the mechanical properties of dragline silk is crucial for
spider prey capture, as the performance of dragline silk, which serves
as the framework of the web, directly determines its ability to support
larger or heavier prey'>”, To evaluate whether SpiCE-DS8 can improve
the performance of dragline silk, we conducted in vitro spinning of
fibroin and spider silk analogs. We adapted the wet spinning process
proposed by Michael Wéltje et al.** for this study, modifying it to suit
the silk protein spinning workflow (Fig. 6a, Supplementary Movie 1).
Fibers were spun from a solution containing 4% fibroin protein derived
from both silkworm cocoons (Chuan Shan x Shu Shui) and cocoons of
the spidroin-expressing silkworm (SP2-KI: 80% MaSp)>, with the
addition of SpiCE-DS8 protein during the process. When a multi-
functional variable-speed spinneret was used, the wet-spun fibers
exhibited smooth surfaces (Fig. 6b). Remarkably, fibers that were spun
with SpiCE-DS8-L and SpiCE-DS8-S showed even tighter and smoother
surfaces, indicating that these two proteins exerted a significant
impact on the fiber surface structure.

Further analysis through synchrotron infrared spectroscopy was
conducted to quantify the secondary structure of the fibers in the
amide I region (1600-1700 cm™). The results showed that the addition
of SpiCE-DS8 significantly increased the B-sheet content (Fig. 6¢). In
Fibroin + SpiCE-DS8-L, the -sheet content rose from 29.35 to 38.14%
(Supplementary Data 2), and in Fibroin + SpiCE-DS8-S, it increased to
39.32%. Similarly, among SP2-Kl-containing systems, the [-sheet con-
tent increased from 28.46.45 to 37.09% in SP2-KI + SpiCE-DS8-L and
38.08% in SP2-KI + SpiCE-DS8-S. These findings suggest that SpiCE-DS8
promoted the formation of B-sheets and enhanced the ordering of the
protein structure.

Next, we measured the mechanical properties of the spun silk
fibers. The incorporation of SpiCE-DSS8-L resulted in a substantial
enhancement in the strain, which increased by approximately 67.7%
compared with that of pure fibroin (Fig. 6d, Supplementary Data 3).
Similarly, the toughness modulus exhibited a remarkable increase of
approximately 70.4%, indicating notable improvements in both duc-
tility and toughness. When SpiCE-DS8-S was incorporated into the
fibroin matrix, the performance improvements were even more pro-
nounced. Specifically, the strain increased by approximately 82.1%, the
strength increased by 20.6%, and the toughness modulus nearly dou-
bled, reflecting significant gains in the ductility, strength, and tough-
ness. The conserved domain of SpiCE-DS8-S played a critical role in
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Fig. 6 | In vitro spinning enhanced the mechanical properties of silk fibroin
with SpiCE-DS8. a Schematic of the in vitro spinning process for a silk fibroin and
SpiCE-DS8 mixed solution. Image created with Adobe Illustrator 2020. b Scanning
electron microscopy (SEM) image of spun silk fibers. This experiment was per-
formed in three independent biological replicates, with similar results observed.
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¢ Determination of the secondary structure content of spun silk fibers using FTIR
spectroscopy. d Stress—strain curve of spun silk fibers. Fibroin represents the silk
fibroin of silkworm cocoons, and SP2-KI represents cocoons of the spidroin-
expressing silkworm. Data reflect measurements from 30 independent biological
replicates (n =30). Source data are provided as a Source data file.

enhancing these mechanical properties. Moreover, in systems con-
taining SP2-KI, the SP2-KI + SpiCE-DS8-S composite exhibited excep-
tional performance, with the strength and toughness moduli
improving by approximately 12.3% and 19.2%, respectively. The
Young’s modulus for all the samples ranged from 2500 to 4000 MPa,
indicating high rigidity capable of resisting deformation. Although the
introduction of SpiCE-DS8 slightly reduced the Young’s modulus, it

substantially improved the ductility and toughness of the material,
thus enhancing its overall mechanical performance.

In conclusion, the incorporation of SpiCE-DS8 significantly
improved the mechanical properties of silk, with particularly pro-
nounced effects observed for the conserved SpiCE-DS8-S region. For
spiders, this enhancement aids in the capture of larger and heavier
prey, whereas for humans, it offers substantial potential for the
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artificial synthesis of silkworm and spider silk and the development of
high-performance materials, highlighting its dual value in biological
and engineering applications.

Discussion

The evolution of new genes plays a pivotal role in driving phenotypic
diversification'®"*¢, While silk production is a universal trait among
spiders®, considerable variation exists in how different species utilize
silk functionally. Araneoidea spiders possess up to seven distinct silk
glands, each of which is responsible for the secretion of specialized
silks—such as dragline silk’, which supports the structural integrity of
the web, and glue silk'>", which is crucial for prey capture. These silk
specialization mechanisms enhance both predation efficiency and
ecological adaptability. However, the evolutionary processes that
underlie the functional diversification of silk glands and the perfor-
mance optimization of dragline silk remain poorly understood. To
address this gap, in this study, we integrated comprehensive genomic
and transcriptomic data with robust phylogenetic analysis and gene
expression profiling. By doing so, we aimed to elucidate the molecular
mechanisms driving the evolutionary divergence of silk gland gene
expression, thereby providing new insights into the molecular basis for
silk performance optimization in Araneoidea spiders.

Through progressive alignment and rigorous ortholog tracing, we
identified new genes that originated after the divergence of the Ara-
neoidea ancestor in 7. clavata, A. argentata, and L. hesperus (Fig. 1b, c,
Supplementary Fig. 3). Intriguingly, these genes were uniformly
annotated as unknown function, consistent with their status as novel
genetic elements that potentially encode new biological functions.
Sequence and structural analyses further supported this observation,
revealing simplified architectures and tissue-specific expression pat-
terns of these genes. The average length of these recently evolved
genes was less than 143 amino acids, suggesting that their compact
sizes may facilitate rapid evolutionary adaptations. Although func-
tional characterization of these new genes remains challenging,
expression profiling demonstrated predominant expression in silk
glands. Notably, Araneoidea spiders, which experienced only the
ancestral arthropod whole-genome duplication event®, have evolved
remarkable web diversity and exceptional dragline silk properties®.
Strikingly, more than half of the new genes were expressed in silk
glands (Fig. 1c), with a significant proportion integrated into the spi-
droin expression network, even surpassing spidroin expression levels
in some cases (Fig. 2c). Our findings elucidated an underexplored
aspect of spider genome evolution, highliting a potential connection
between the origin of these new genes and the specialization of silk
glands and underscoring their critical roles in silk production and
function.

Comparative genomic analyses revealed that the evolution of new
genes in spiders is primarily driven by gene duplication events and the
accumulation of orphan genes (Fig. 3c). In the Ma and Mi glands, new
genes exhibited highly conserved expression patterns (Fig. 3d), which
may reflect their functional synergy and their expression correlation is
tightly conserved across the entire phylogenetic hierarchy (Fig. 2a),
suggesting functional coordination between these silk-producing
glands®. Ma-derived dragline silk demonstrates exceptional tensile
strength and toughness, serving as the structural framework and safety
line>>*°, whereas Mi silk exhibits a higher elastic modulus to withstand
dynamic loading”. In both Ag and FI glands, distinct yet overlapping
expression profiles of the new genes are observed. The silk produced
by the Fl glands, which is involved in prey capture, and the wet adhe-
sive produced by the Ag glands, which attaches to the Fl silk, com-
plement each other. The Ag glands are unique to Araneoidea spiders,
imparting wet adhesive properties to their webs”. These tissue-
specific expression patterns suggest that the new genes may facilitate
the functional specialization of silk glands by modulating the com-
position and material properties of silk proteins. This modulation is

crucial for tailoring the mechanical properties of each silk type to meet
specific ecological demands, thereby enhancing the adaptive versati-
lity of spider webs.

Proteomic analyses have identified two RAGs, SpiCE-DS5 and
SpiCE-DS8, which are expressed in both the sac and duct regions of the
Ma gland and are secreted into spider silk, suggesting their potential
involvement in silk performance (Fig. 4a, b). The expression of these
genes in multiple regions of the gland indicates potential dual func-
tions, contributing to both silk protein synthesis and postsecretion
optimization®. Coexpression network analysis revealed interactions
among SpiCE-DS5, SpiCE-DS8, and MaSp (Fig. 4c). Single-cell coex-
pression module analysis further revealed that SpiCE-DS8 functioned
as a hub gene (Fig. 4d), playing a central role in the MaSp network
through direct and indirect interactions. Interestingly, evolutionary
analyses revealed that SpiCE-DS8 was an orphan gene that was exclu-
sive to the Nephilinae subfamily, existing as a single-copy gene and
nested within ancient genes (Fig. 5b). This pattern of gene nesting and
reacquisition following the loss of conserved genes suggests that the
evolution of SpiCE-DSS is likely driven by functional demands**°.
SpiCE-DS8 encodes a small secretory peptide with extracellular secre-
tion activity that interacts with MaSp within the silk gland lumen
(Fig. 5a). Structural predictions and interaction assays confirmed that
SpiCE-DS8 interacts with the N-terminal domain of MaSp (Fig. 5c, d).
This interaction likely facilitates the orderly formation of B-sheets in
repetitive regions, a key step in the transformation of liquid silk pro-
tein into solid fibers***°, This finding underscores the molecular intri-
cacy of silk production and suggests that SpiCE-DS8 may play a pivotal
role in influencing silk fiber quality and mechanical properties by
guiding protein folding and assembly within the lumen.

The Ma gland of the spider and the silk gland of the silkworm share
morphologically similar spinning apparatuses and convergent silk-
secretion characteristics (Supplementary Fig. 9)*. Notably, the
mechanical properties of silkworm cocoon silk and spider dragline silk
are primarily attributed to fibroin heavy chain (FibH, the dominant
component of silkworm cocoon silk) and MaSp proteins'“*>*, respec-
tively. Although FibH and MaSp exhibit almost no sequence homology,
they share a common architectural organization: a conserved
N-terminal domain, a highly variable repeat region, and a conserved
C-terminal domain (Supplementary Fig. 12a). Crucially, while their
N-terminal sequences differ significantly (Supplementary Fig. 12b),
AlphaFold3 predictions revealed that the N-terminal domain of FibH
(FibH-N) can also interact with SpiCE-DS8 (Supplementary Fig. 12c, e).
This finding strongly suggests that SpiCE-DS8 may similarly enhance the
mechanical properties of silkworm silk. Based on this evidence, we
further validated the functional role of SpiCE-DS8 using both native
silkworm silk and transgenic MaSp-expressing silkworm silk.

In vitro spinning experiments confirmed that the inclusion of
SpiCE-DS8 significantly enhances the mechanical properties of spun
silk fibers. The core function of SpiCE-DS8 is to increase the [3-sheet
content of the protein and optimize the structural order of the fibers
(Fig. 6¢). This increase in the (3-sheet content is directly associated with
improvements in fiber toughness and strength®*°, particularly fol-
lowing the introduction of the conserved SpiCE-DS8-S region. Both the
fibroin and SP2-KI fibers exhibited increased strength and fracture
toughness (Fig. 6d), suggesting that the conserved functional domain
of SpiCE-DS8 is crucial for promoting fiber formation and optimizing
its structural properties. Integrating these findings with the previously
observed interaction between SpiCE-DS8 and MaSp, we demonstrate
that SpiCE-DS8 primarily facilitates the ordered folding of the MaSp
repetitive regions through its interaction with the N-terminus of silk
proteins, thereby promoting the self-organization of the silk fibers.
Although previous studies have shown that SpiCE-DS1 (Tc11G063480,
also named SpiCE-NMa1)“°, a core protein of dragline silk, enhances
silk toughness in recombinant spider silk experiments, this gene, with
a sequence length of 254 aa, originated from the ancient PS10 and is
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not specific to the Araneoidea. In contrast, SpiCE-DS8, which was
identified in this study, is a smaller protein (67 aa) and an orphan gene
unique to the Nephilinae subfamily, with a key 24-aa core sequence.
This mechanism underscores the critical roles of new genes in func-
tional adaptation and offers a compelling example of how spiders
optimize silk performance by incorporating additional small molecular
components.

Generally, the toughness of the foraging web prevents larger or
heavier insects from breaking through it, while its stickiness keeps the
insects from escaping, thereby effectively capturing prey. Our findings
indicate that a significant number of novel genes emerged after the
divergence of the Araneoidea ancestors, and these genes are closely
associated with silk gland functions, suggesting that these new genes
may be a core drivers of the evolution of Araneoidea spiders. Assuming
that the population size and foraging web performance of Araneoidea
spiders are not disturbed by other external factors and that their size
has not changed, changes in the web performance and species diver-
sity can signify their exposure to external factors. Herein, we combine
climate change and ecological factors® to explain the changes in spi-
der webs. As shown in Fig. 7, we propose a food chain relationships in
which the radiation of angiosperms prompted the radiation of
insects®®, and subsequently, the radiation of insects drove the
radiation of Araneoidea spiders®. To meet ecological demands, the
evolution of new genes contributed to the diversification of Araneoi-
dea spiders, including the emergence of wet glue silk and the
enhancement of silk properties, both of which are key to prey capture.

Overall, our study demonstrates that the enhancement of silk
properties in Araneoidea spiders is driven primarily by new genes,

Angiosperm radiation

Silk properties |

% Aggregate glue
More effective h
predation

Dragline silk

Flying insects radiation

offering new insights into the evolutionary mechanisms associated with
foraging webs. From an evolutionary perspective, the improved
mechanical properties of dragline silk significantly enhance the ability
of spiders to capture larger prey, providing a competitive advantage in
terms of survival’*®’. From the perspective of materials science, the
introduction of SpiCE-DS8 provides new routes for the artificial synth-
esis of high-performance silk materials®>®. In summary, this study not
only offers natural inspiration for the development of advanced mate-
rials but also illustrates how new genes transcend species boundaries,
highlighting their broad functional potential. This study represents a
classic example of the reciprocal influence between natural science and
materials science, providing valuable insights into the profound con-
nections between biological evolution and applied science.

Methods

Data acquisition

We compiled publicly available data for 1144 chelicerate species,
including 1121 spiders, six scorpions, six ticks, six mites, four horseshoe
crabs, and one sea spider (Supplementary Data 1). Annotated genomes
were available for 30 of these species. For the remaining 1114 species,
we assembled de novo transcript sets from transcriptome data
through a multistep process: (1) Raw sequencing data were processed
using fastp v0.21 to remove adapter sequences®, filter out low-quality
reads, and trim bases; (2) the cleaned data were used for de novo
transcriptome assembly with Trinity v2.117%; (3) a custom Python script
was employed to extract the longest transcripts from the assembled
data; (4) CD-HIT v4.8.1 was used to remove redundant sequences with
the parameters -c 0.8, -aS 0.8, -d 0, and -T 40; and 5) TransDecoder
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Fig. 7 | Brief illustration of the silk performance enhancements in Araneoidea
spiders. The curve at the bottom of the figure shows approximately 225 million
years of global temperature changes, corresponding to temperatures on the right
thermometer; this curve was drawn according to the study by Voosen®’. The
divergence time of Araneoidea was ~-182 Mya according to TimeTree’ . The timeline

of angiosperms, insects, and spiders at the top of the figure relates to geological
origins. The red line in the spider web represents the dragline silk, and the thin to
thick lines represent the silk toughness enhancements. The green solid circle
represents the aggregate glue. Image created with Adobe Illustrator 2020.
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v5.5.0 was applied to predict coding regions within the assembled

transcripts’®.

Orthology assignment and phylogenetic analyses

To screen out sequences set for phylogenetic construction, we used
the sea spider (N. striatum) as the query, and the putative one-to-one
ortholog groups between the sea spider and 50 chelicerates were
exposed by all-vs.-all comparisons of the protein sequences in each
pair with the Diamond v0.9.27 (E value <le™) program’. Protein
sequences were aligned using MUSCLE v3.8.31° and reverse translated
to codon sequences by using Pal2nal v14*. These codon sequences
were concatenated for each species to construct the phylogenetic tree.
The maximum likelihood phylogenetic tree was inferred using IQ-TREE
v2.1.4”, RAXML v8.2.12 (with the parameters -x 12345 -# 1000 -m
GTRGAMMA)’® and MrBayes v3.2.7 (with the parameters mcmc ngen:
1,000,000; nst=6; standard deviation <0.01)”” under the optimal
model found by ModelFinder’®. Resulting trees were visualized with
FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/).

Gene PS assignment

We first downloaded the NCBI-Nr database (https://ftp.ncbi.nlm.nih.
gov/blast/db/FASTA/nr.gz) (data downloaded on August 10, 2021) and
integrated it with the gene sets collected and de novo assembled in this
study (Supplementary Data 1) to construct a comprehensive local
database. The target genome was subsequently categorized into dif-
ferent PS levels based on the NCBI-Taxonomy database (https://www.
ncbi.nlm.nih.gov/taxonomy) and phylogenetic profiles. When dis-
crepancies were observed between the NCBI-Taxonomy results and
published phylogenetic relationships®*>*, we reconstructed the phy-
logenetic relationships to provide a more reliable basis for gene PS
assignment. Following the construction of the local database and the
determination of PS levels, genes from the target genome were first
assigned to PS1 (cellular organism) using the Diamond BLASTP pro-
gram (E value < 1e7®) for alignment against the local database, following
methodologies described in previous research®?°. The genes were
assigned using a progressive alignment strategy. Genes aligning at the
first PS level were classified as PS1. Then, genes from PS1 were exclu-
ded, and the remaining genes were assigned to PS2 (Eukaryota), con-
tinuing progressively until reaching the final PS level (species-specific).

New gene classification and detection

Sixteen spiders with available genomic data were selected to deter-
mine phylogenetic relationships, followed by screening for new genes
specific to the Araneoidea family (PS13-PS16) based on the gene PS
assignments. For Araneoidea-specific genes, the classification into
three categories was based on the study by Zhang et al."”*". (1) The first
category was de novo genes, referring to noncoding homologous
fragments present in the non-Araneoidea genomes that do not form
complete gene sequences’®*°. The BLAT v3.5 tool® was used to scan
the genomes of non-Araneoidea spiders (minldentity =80, cover-
age >20%) to identify these genes. (2) The second category was
duplicate genes, which are homologous genes or noncoding homo-
logous fragments that are present in two or more copies in the Ara-
neoidea genomes but absent in non-Araneoidea genomes. The
duplicate genes were screened for via DupGen_Finder v1.0"*? with an
E-value <1e7. (3) The third category was orphan genes; although pre-
vious studies have categorized species-specific genes as orphan
genes®, they are defined here as genes having neither ancestral
homologous segments nor homologous genes specific to the Ara-
neoidea family. Additionally, we used the GMAP tool** for gene
structure annotation in other spider genomes.

RNA-seq data quantification
The quantification of the nonreference transcriptome was performed
via the following process (Supplementary Fig. 4): (1) the previous steps

(de novo assembly of transcripts, as described in Data acquisition) were
used to obtain nonredundant transcripts; (2) HISAT v2.2.1* was used to
map the clean reads to the transcripts; and (3) StringTie v2.1.5°¢ was
employed to calculate the TPM values of each longest open reading
frame on the basis of the gff file (generated by TransDecoder™). The
TPM values of T. clavata were calculated directly by using the second
and third steps. The transcriptomic data for the T. clavata spider were
obtained from our recently developed SpiderDB (https://spider.
bioinfotoolkits.net/) database®. The Tau index was calculated by
using the R package tispec (https://github.com/roonysgalbi/tispec).

Proteomics

T. clavata spiders (Supplementary Fig. 1) were captured in Dali, Yun-
nan, China, and transported to the laboratory for Ma gland dissection
by the following steps: (1) Ma glands were segmented with scissors as
described in our previous study®. Approximately 20 mg per sample
(-4-6 female spiders) was taken for protein component identification,
and three independent biological replicates were established. (2) After
homogenization, each sample was dissolved in 500 pL of 9 M LiSCN
solution, centrifuged at 10,000 rpm for 10 min, and the supernatant
was collected. (3) Then, the protein concentration was measured via
the Bradford assay (Beyotime, China). (4) Following protein con-
centration determination, the sample was diluted 10-fold with 8 M urea
solution and mixed with 5 x SDS-PAGE buffer solution. (5) Separation
was performed by NuPAGE and using a 4-12% Bis-Tris protein gel
(Thermo Fisher Scientific, USA). (6) The samples were trypsin-diges-
ted, and the peptides were identified via LC-MS/MS using a Q Exactive
HF-X Column (Thermo Fisher Scientific, USA). (7) The identified pep-
tides were quantified using MaxQuant v1.3.0.5% against a custom
protein sequence database comprising 37,607 entries from T. clavata.
The search parameters included a minimum peptide length of 7 aa and
allowed a maximum of two missed cleavages. Both peptide and protein
identifications were filtered at a 1% false discovery rate, with protein
identification requiring at least one unique peptide. All reverse data-
base matches and potential contaminants were systematically exclu-
ded from the final dataset to ensure data quality. A protein had to be
identified in three biological replicates for the identification to be
considered valid, and the iBAQ (intensity-based absolute-protein-
quantification) value was used to assess protein expression levels.

Gene coexpression analysis and 3D structure prediction

Gene coexpression network analysis was performed via the WGCNA
v1.73 R package®. Single-cell data from the Ma gland were obtained
from the SpiderDB database®. Based on the classification into 10 cell
types, encompassing 9349 single cells, the R package hbWGCNA® was
used to calculate gene coexpression relationships at the single-cell
level. Complex predictions were made by using the AlphaFold3 tool®°,
and visualization and hydrogen bonding force analysis were per-
formed by using ChimeraX v1.6.1”".

Co-immunoprecipitation

For co-immunoprecipitation, 293T cells were cultured, transfected
with plasmids, and harvested 48-72h posttransfection for protein
extraction. Total protein was extracted using IP lysis buffer containing
a protease inhibitor cocktail and stored at —80 °C. Protein A/G beads
were prepared and washed with PBS and then incubated with anti-Flag
(MBL, M185-3L) or anti-GFP (Roche, 11814460001) antibodies for 1h,
followed by overnight incubation with total protein lysate. After
repeated washes to remove nonspecific binding, the immunoprecipi-
tated proteins were treated with IP lysis buffer (Thermo, 87787) and
SDS sample buffer, heated, and stored as the IP and input groups. SDS-
PAGE and wet transfer were performed to transfer proteins onto PVDF
membranes, which were then incubated with primary and secondary
antibodies. Finally, the membranes were exposed, and imaging ana-
lysis was conducted.
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Protein synthesis and silk protein acquisition

SpiCE-DS8-S and SpiCE-DS8-L protein synthesis was carried out by
Sangon Biotech Co., Ltd., Shanghai, China. After HPLC purification and
MALDI-TOF MS detection (Supplementary Fig. 10), protein samples with
purities greater than 95% were obtained. Silkworm cocoons were pro-
vided by the Biology Research Center of Southwest University
(Chonggqing, China). Cocoons of spidroin-expressing silkworms (SP2-KI)
were gifted by Prof. Anjiang Tan from Jiangsu University of Science and
Technology (Jiangsu, China; Ref. 53). Briefly, transgenic expression of
the spider gene MaSp2 in silkworms was achieved using the BmFibH-R
system. Approximately 30 cocoons were collected, which produced a
160 kDa MaSp2 protein (GenBank accession ID: AF350276). In this sys-
tem, endogenous BmFibH expression was completely silenced, while
MaSp2 expression was driven by the regulatory elements of BmFibH.
The repetitive sequence of BmFibH was replaced with that of MaSp2,
whereas the N- and C-termini retained the native BmFibH sequence.
Homozygous transgenic silkworms were successfully generated, with
MaSp2 accounting for 51.02% of the total cocoon silk. For silk degum-
ming, 5 g of silkworm cocoons was cut into small pieces and boiled in a
0.02 M Na,CO3 solution with continuous stirring for 30 min, after which
the silk fibers were obtained’. The silk fibers were then rinsed with
distilled water for 1 min, and excess water was removed by squeezing.
After three additional rinse cycles, the degummed fibers were dried
overnight. For lithium bromide dissolution, 3 g of silk fibers was added
to 300 mL of 9.3 M LiBr solution and heated in a 55 °C water bath for 4 h
until completely dissolved®**. The solution was dialyzed against pure
water for 48 h using a dialysis membrane with a molecular weight cutoff
of 14,000 Da until the conductivity dropped below 10 pS*.

In vitro protein interaction assay monitored by bright-field
microscopy

SpiCE-DS8-L protein was dissolved in ultrapure water, and complete
dissolution was confirmed by centrifugation at 12,000 x g for 1.5 min,
with no observable precipitation. SP2-KI and fibroin powders were
independently dissolved in 9.3 M LiBr and dialyzed (14 kDa MWCO)
against deionized water for 48 h (conductivity <10 uS/cm). For the
interaction assay, equimolar mixtures of SpiCE-DS8-L with either SP2-
Kl or fibroin were incubated at 23 °C for 30 min, followed by bright-
field microscopic analysis (10 uL aliquots).

Wet spinning raw material preparation

To prepare the spinning dope, silk fibroin was desalted, then frozen at
-20°C, and then freeze-dried using a SCIENTZ-10N/A lyophilizer for
24 h. In the control group, 0.4 g of freeze-dried filipin material was dis-
solved in 10 mL of 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to create a 4%
(w/v) spinning solution®’. For the experimental group, 0.35 g of freeze-
dried filipin material was combined with 0.05 g of SpiCE-DS8 protein in
10 mL of HFIP. The resulting turbid suspension was incubated overnight
at 37 °C with constant shaking. After incubation, a pale yellow, viscous,
clear liquid was obtained, which was suitable for wet spinning.

Wet spinning

A syringe pump delivered the spinning solution at a constant rate of
50 pL/min through a conical needle with an inner diameter of 200 pm,
directing it into a preprepared coagulation bath composed of 80% (v/
v) ethanol, 0.6 M ammonium acetate, and 1% (w/v) PEG4000°%. Upon
contact with the coagulation bath, distinct fibers formed instanta-
neously and were retrieved using tweezers. These wet fibers were
subsequently mounted onto a spinning wheel and towed at a uniform
speed of 0.06 m/s. The entire process ensured that all the fibers were
efficiently collected on the spinning wheel.

Fiber characterization
The diameters of different segments within each fiber sample (n=3)
were measured under a microscope (magnification: 50 x10) (Leica

Microsystems CMS GmbH, Germany), and the cross-sectional areas of
adjacent fiber sections were subsequently calculated. For mechanical
testing, degummed silk fibers were utilized. Experiments were con-
ducted on a dynamic mechanical analyzer (DMA Q800, TA Instru-
ments, USA) under the following controlled conditions: gauge length
of 10 mm, stretching speed of 1 mm/min, ambient temperature of
24°C, and relative humidity of 60%. Valid data were obtained for
approximately 35 strain points per sample”. Experimental stress—
strain data were analyzed using TA Universal Analysis software to
extract raw data, which were further processed using ORIGIN 8.0
(OriginLab, Northampton, MA, USA) to calculate key mechanical
properties, including elongation, maximum strength, elastic modulus,
and toughness.

Attenuated total reflection infrared spectroscopy (ATR-FTIR)
In a controlled dry environment, the ATR attachment was integrated
into the optical path of the spectrometer (Thermo Fisher Scientific
Nicolet 6700, USA). An air background spectrum was initially recor-
ded. The surface of the bulk or film samples was subsequently firmly
pressed against the crystalline surface of the ATR attachment. Infra-
red spectra were collected with a resolution of 4 cm™, averaging
32 scans per sample across a wavelength range of 400/
600-4000 cm™.

Scanning electron microscopy (SEM)

The microfiber samples were directly affixed to a conductive adhesive
and coated with gold for 45 s via a Quorum SC7620 sputtering coater
at 10 mA. Following gold sputtering, the samples were imaged using a
ZEISS Sigma 300, ZEISS GeminiSEM 300, or TESCAN MIRA LMS scan-
ning electron microscope for morphological analysis and energy
mapping. Imaging for morphology was conducted at an accelerating
voltage of 3kV via an SE2 secondary electron detector, whereas
spectral mapping was performed at 15 kV.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability

The datasets generated in this study, including assembled transcripts,
gene expression profiles, Tau values, and phylogenetic trees, are
publicly available in the Figshare®® repository (https://doi.org/10.
6084/m9.figshare.28237562/30193852 and https://doi.org/10.6084/
m9.figshare.30193852). The mass spectrometry proteomics data
have been deposited to the ProteomeXchange Consortium (https://
proteomecentral.proteomexchange.org) via the iProX partner
repository®” with the dataset identifier PXD067171. All datasets are
publicly accessible and can be freely used by readers without restric-
tions. Source data are provided with this paper.

Code availability

All analysis software parameters and custom scripts used in this study
are archived together with the datasets in the Figshare repository
(https://doi.org/10.6084/m9.figshare.28237562).
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