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Abstract

Spiders amplify their physical capabilities by synthesizing multiple high performing silks. Renowned for its toughness, major ampullate
(MA) silk composes the spiderweb frame, providing support and absorbing high-energy impacts. In ecribellate orb-weavers, proline-rich
motifs in MaSp2 proteins of MA silk are linked to a range of mechanical properties, including extensibility, elasticity, stiffness, and
supercontraction. We show a modification of these motifs outside of this clade in a spider that constructs a spring-loaded web. The
triangle weaver spider Hyptiotes cavatus (family Uloboridae) stores energy in the support lines of its triangular web, then rapidly
releases the tension to catapult forward, collapsing the web around prey. Hyptiotes has an expanded set of MaSp2 genes which
encode proteins with far higher proline contents than typical MaSp2. The predominant GPGPQ motifs present in Hyptiotes spidroins
also occur abundantly in MaSp sequences of distantly related spiders that produce the most extensible dragline, implying silk
protein convergence. Proline-rich MaSp2 proteins constitute half of all MA gland expression in Hyptiotes, and we show that the
resulting fibers are the most proline-rich spider silk measured to date. This unique silk composition suggests a functional
importance that may facilitate the spring-loaded prey capture mechanism of this species’ web and may inspire the design of novel
biomaterials using protein engineering.
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Significance Statement

Spider silks are famed for their exceptional material properties. Some spider species construct highly modified webs with unusual
mechanical demands, but it is unknown whether these adaptations coincide with a modification of their silk’s biochemical compos-
ition. Hyptiotes cavatus uses its triangle web as a “tool” for external power amplification, catapulting itself forward, jolting sticky
threads onto intercepted prey. Here, we show that the spring-loaded Hyptiotes silk has the highest proline content of any previously
characterized spider silk. Evolutionary genomic comparisons reveal that expansion and modification of silk genes drive this unique
composition. Given proline’s association with silk extensibility, the evolution of Hyptiotes’ proline-rich silk may facilitate its spring-
loading mechanism and provide a blueprint for novel biomaterials.

Introduction

Spiders (Araneae) are an extremely diverse order found in almost
all terrestrial as well as some aquatic ecosystems. Their success

a dedicated silk type produced in a distinct gland; a single spider
can have as many as eight different types of silk glands (3, 4).
Dragline silk, also known as major ampullate (MA) silk, is produced

as predators can be attributed to their extensive use of silk to aug-
ment their physical capabilities (1) (2). From protection to prey cap-
ture to dispersal through the air, spiders have developed a wide
range of ways to use their silk. Each purpose often coincides with

by all true spiders (Araneomorphae) and is the most well studied of
spider silks due to its extraordinary toughness (5). It is typically
used as both a safety line traversing the environment and as struc-
tural support in webs, such as the radial lines in iconic orb webs.
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Fig. 1. Hyptiotes cavatus web. Hyptiotes builds a three-sector triangle web. The spider pulls the web taught by walking backwards on the anchor line. It
quickly springs forward and releases the energy stored in its support lines in short bursts to shake and collapse the capture threads covered in wispy,

Velcro-like cribellate silk onto prey. Web photo credit: Sarah Han; inset: J.E.G.

The triangle weaver spider H. cavatus uses its MA silk to store
and release energy in a remarkable way. Species in the genus
Hyptiotes construct a three-sided web, considered a reduced
form of the orb webs produced by other genera in the same family,
Uloboridae (Fig. 1) (6). Hyptiotes uses its body as an integral part of
the web, acting as a bridge between two MA silk fibers (7, 8). With
its front legs, the spider holds onto a support line attached to one
vertex of the triangle. Its back legs hold a separate anchor line ce-
mented to a supporting tree or shrub. This anchor line runs from
its spinnerets (silk-extruding structures) to the supporting foliage.
To increase tension in the web, Hyptiotes pulls on the anchor line,
creating coils of loose silk by walking its fourth legs backward
along the fiber, continuing this motion until the spider rests
against the supporting foliage. When prey flies into the web,
Hyptiotes loosens its grip on the anchor line, releasing the energy
stored in the web in extremely quick successive bursts. These
bursts cause the web to collapse, tangling the prey as it comes
into contact with more of the web’s puffy, Velcro-like cribellate
capture silk strands (9, 10). The rates of acceleration reached us-
ing the energy stored in the MA fibers of the web are well beyond
the limits of the muscles in the spider’s body, illustrating a unique
example of power amplification by tool use (7).

Spider silks are made of proteins called spidroins. The ability of
spiders to synthesize a diverse range of silk materials and con-
struct web architectures is due to the evolutionary expansion of
a single gene family that underlies spidroin production (11-13).
Spidroin sequences are highly repetitive, consisting of repeating
blocks of amino acids. The repetition and composition of these
amino acid motifs largely determine the various mechanical
properties of the different silk types (14-16). For example, in the
well-studied araneoid orb weavers, MA silk is mainly composed
of spidroins MaSp1 and MaSp2 (17-19). Both MaSp1 and MaSp2
contain homopolymeric alanine (polyalanine) regions that form

crystalline beta-sheet structures in the silk, imparting strength
to the fibers (14, 15). Amorphous glycine-rich regions connect
these beta sheets (20) and are associated with silk extensibility
(21-23). MaSp2 confers extensibility to dragline through GPGX
or GPGXX motifs (where X is typically G, Q, or Y) in its amorphous
region, proposed to form beta turns involved in nanospring struc-
tures (11, 14, 16) (24). GPGX motifs are also found in abundance in
the spidroins of orb-weaver flagelliform silk, composing the high-
ly extensible orb capture spiral, reinforcing the link between pro-
line and silk extensibility.

Proline is the only amino acid where the side chain forms a
ring with the protein backbone. This pyrrolidine ring structure
imparts a conformational rigidity and an inability for amide
hydrogen bonding; thus, proline has been long known to have
significant impacts on protein secondary structures in general
(25, 26), and on spider silk properties in particular (27-30).
Proline contentin spider silk has been linked to fiber extensibility
(21), supercontraction (27), and elasticity (28). Biophysical stud-
les suggest that proline increases supercontraction by disrupting
more ordered glycine-rich chains in the amorphous region of spi-
der silk (28, 31) and by steric exclusion of hydrogen bonds within
the molecule (32). A meta-analysis (29) of spider silk composition
and mechanical performance found that proline content in MA
silk is correlated with increasing toughness (via increased exten-
sibility) and decreasing stiffness (Young’s modulus). In canonical
models of MA silk, proline occurs almost exclusively in the form
of GPGX or GPGXX motifs (11) in MaSp2 proteins, proposed to
form elastin-like beta spirals (14). The conservation of these mo-
tifs across species implies the importance of proline spacing in
silk fiber mechanics and structure.

MA spidroins have diversified beyond this canonical proline-
poor MaSp1 and proline-rich MaSp2 model. Recent genomic stud-
ies of orb weavers in the Araneoidea superfamily reveal that some
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species have as many as 14 MaSp genes (33). This expansion sug-
gests an investment in MA silk construction that could explain the
great toughness of araneoid dragline (24, 33-35). In contrast, little
is known about dragline silk composition outside of araneoids.
Compared with araneoid orb weavers, MA silk proteins from other
spiders were thought traditionally to have limited diversity (12,
36). These nonaraneoids include the Uloboridae family of cribel-
late orb weavers which contains Hyptiotes.

A recent genome from another species in the Uloboridae fam-
ily, Uloborus diversus, contains one MaSpl and two MaSp2 genes,
supporting the view of limited MaSp protein diversity outside of
araneoid spiders (37, 38). Since U. diversus makes a horizontal
web that remains stationary, the mechanical requirements of
the dragline silk in this web are markedly different than that of
the confamilial triangle weaver Hyptiotes. The prolonged energy
storage, semi-ordered coiling of the anchor line that does not tan-
gle upon release, and cycle of rapid release of tension and subse-
quent resetting of the Hyptiotes web impose seemingly unique
mechanical demands upon its MA fibers (7, 39).

Given its notable web structure and MA silk function, we se-
quenced the genome of H. cavatus to characterize its spidroins in
search of molecular enhancements in silk properties that comple-
ment the web’s spring-loaded mechanism. We discovered that
H. cavatus has expanded its repertoire of MaSp genes, and these genes
are radically modified to have increased proline content in their pre-
dicted proteins. We also found H. cavatus dragline fibers to have the
highest proline content measured to date in spiders, consistent with
the MaSp sequence characteristics, suggesting traits that may be im-
portant to the function of this web. Understanding the structure-
function relationship between these proteins and the remarkable
web is not only important for understanding the evolutionary
novelties that enable ecological specialization but also for design-
ing high-performance, silk-inspired biomaterials.

Results

The H. cavatus genome was assembled using Oxford nanopore
long reads with Flye (40), resulting in a total length of 4.26 Gb
and contig N50 of 107 kb. We evaluated the quality of the genome
using a search for Benchmark Universal Single Copy Orthologues
(BUSCOs) and found 95.4% of these genes (81.8% complete and
single-copy, 4.9% complete and duplicated, 8.7% fragmented,
see Fig. S1). Spidroin genes were verified as distinct loci by exam-
ining flanking sequences and other genes on spidroin-containing
contigs. Twenty spidroin genes were recovered from the genome
(Fig. 2), of which 17 were complete.

We classified these genes based on a phylogeny of the termin-
al domains (Fig. S2) as well as their repetitive structure. Spidroin
genes were recovered for each expected spidroin type. The list of
full-length spidroins consists of six MA genes (MaSp—used in
dragline and web supporting lines), four minor ampullate genes
(MiSp—possibly used in web temporary scaffolding), and one
each of tubuliform (TuSp—egg case silk), aciniform (AcSp—
wrapping silk), and pseudoflagelliform genes (Pflag—support in
capture silk). Spidroin family members labeled AmSp and SpvC
eluded traditional spidroin classification but were named follow-
ing the same convention in U. diversus (37). The cribellar spidroin
(CrSp—putfty, sticky capture silk) appeared to be incompletely as-
sembled into two fragments, which are concatenated here and in
further analyses. A small C-terminal fragment of pyriform spi-
droin (PySp) was recovered, which appears at the end of a contig.
Since this is a short fragment resulting from an incomplete as-
sembly of the gene, PySp was not included in subsequent amino

acid composition analyses of its predicted translation. In add-
ition, two genes proposed as candidates for paracribellar spi-
droins, which connect capture silk threads in uloborids, were
recovered (SpvA and SpuB) (37).

One additional N-terminal fragment of an MA spidroin (MaSp2.5)
was found. This gene appears in the center of a contig and contains
a stop codon immediately after the N-terminal domain and exhib-
its very low expression (Dataset S1). This suggests pseudogeniza-
tion, and so MaSp2.5 was not included in further analyses.

Duplicated MaSp2 silk genes evolved proline-rich
motifs

The Hyptiotes genome contains double to triple the number of
MaSp genes compared with other Uloboridae genomes published
to date. We recovered six distinct full-length Hyptiotes MaSp spi-
droins (Figs. 2-4), while three were found in recent U. diversus ge-
nomes (37, 38) and two in each genome of three Octonoba species
(42). The six Hyptiotes MaSp proteins were classified as either
MaSp1 or MaSp2 based on the proline content of their repetitive
regions. Using this method, one protein has a low-proline content
and abundant GGx motifs typically associated with MaSp1 and is
labeled as such. The remaining five proline-rich sequences are
designated as MaSp?2 variants (Fig. 3).

To illustrate the proline-rich nature of H. cavatus MaSp2 pro-
teins, we categorized the repeats presentin H. cavatus and U. diver-
sus MaSp sequences. MaSp2-like repeats contain canonical MaSp2
motifs found in other uloborids and in ecribellate orb weavers and
cobweb weavers (e.g. Argiope, Latrodectus, and Trichonephila): GPGx
or GPGxx (where xis usually Q, G, or S) and a poly-A motif. In com-
parison, MaSp4-like sequences (first described in the MA proteins
of the distantly related Darwin’s bark spider Caerostris darwini) (24)
consist of the more proline-rich GPGPQ motif and an S/T-rich mo-
tif. The extra proline in the GPGPQ motif compared with GPGx or
GPGxx has been hypothesized to contribute to the increased ex-
tensibility of C. darwini dragline (24). The third type of H. cavatus
MaSp2 protein contains a mixture of MaSp4-like GPGPQ motifs
and the MaSp2-like poly-A motif.

Surprisingly, there are no instances of canonical MaSp2-like re-
peats in Hyptiotes MaSp2 sequences; the repetitive regions are en-
tirely composed of proline-rich MaSp4-like and MaSp2-MaSp4
hybrid repeats (Fig. 3). MaSp2.2 is entirely composed of MaSp4-like
repeats. Representative repeats for each MaSp spidroin in
Hyptiotes and Uloborus are also shown in Fig. 3. The length and
amino acid composition of these repeats varies within each spi-
droin. Usually, the number of GPGx or GPGPQ repeats varies by
one to three motifs between the poly-A- or S/T-rich domains.
Full gene and protein sequences are shown in Datasets S2 and S3.

Proline-rich sequences arise in multiple MaSp
lineages

The MaSp2 sequences in Hyptiotes are extraordinarily proline
rich. To understand the relationship of these MaSps to the silk
genes in other spiders, we mapped the proportions of proline in
the repetitive regions as characters on a spidroin gene tree and
performed ancestral state reconstruction (Fig. 4). This phylogeny
contains sequences from genomes with complete spidroin cata-
logs of two additional cribellate and three ecribellate orb weavers.
Compared with other uloborids, the Hyptiotes genome reveals a
MaSp2 gene expansion that is associated with increased proline
content. Octonoba sybotides and U. diversus (representatives of
two other uloborid genera) have one and two MaSp2 spidroins, re-
spectively, containing between 15 and 20% proline. In contrast, the
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Fig. 2. Classifications and lengths of H. cavatus spidroins. Gene tree showing the relationships of the spidroins inferred from the H. cavatus genome. The
tree was constructed by maximum likelihood analysis of concatenated N- and C-terminal domains, with B. californicum fibroin 1 as the outgroup. The
length of each spidroin is shown, along with the presence of the N-terminal domain, C terminal domain, and/or repetitive region. For the pyriform
spidroin (PySp), only the C-terminal fragment was recovered, and the cribellar spidroin (CrSp) appeared to be incompletely assembled into two

fragments, which are concatenated here and in further analyses.

five MaSp2 sequences of Hyptiotes range from 23 to 30% proline.
This prevalence is even higher than in any of the included araneoid
flagelliform or aggregate spidroins (8 to 13%), which are known for
their high-proline content and respective association with very ex-
tensible capture spiral or viscous glue silk (13, 43). To our knowl-
edge, the proline content of the repetitive region of H. cavatus
MaSp2.1a (~30%) is the most proline-rich spidroin in Uloboridae,
and across spiders is only matched by araneid MaSp4, which is
the most proline-rich spidroin reported to date.

Proline-rich MA spidroins have been characterized in other spi-
ders, mainly ecribellate orb weavers. The phylogeny of the terminal
domains (Fig. 4, detailed tree in Fig. S3) shows proline-rich MaSp se-
quences in different species are spread across divergent spider lin-
eages. MaSp2.2 in Hyptiotes and MaSp4 in C. darwini contain both
numerous tandem GPGPQ motifs and S/T-rich motifs, but these
spidroins are not closely related based on their terminal domains.
These tandem GPGPQ motifs also do not appear in other nonspi-
droin proteins encoded in the genome of Hyptiotes or in any other
annotated spider genome. This suggests these extremely similar
spidroin repeats in very distant species evolved convergently.
High-proline spidroins in Trichonephila and Argiope also are more
closely related to low-proline sequences than to each other, con-
sistent with the rapid divergence of MaSp repetitive sequences (33).

Predominant MaSp2 expression in MA glands
results in extremely proline-rich dragline silk
Using RNA-Seq analysis, we found that MaSp2 genes are highly ex-
pressed in the major ampullate glands (Fig. SA and B). Intriguingly,

we found that, along with the cribellar spidroin gene (CrSp), these
MaSp2 genes were expressed to varying degrees in cribellar glands
(Fig. S4). In MA glands, proline-rich MaSp2 genes were the most
highly expressed spidroin type. As an average across the three
MA gland replicates, 71% of spidroin expression consists of the
moderately proline-rich MaSp2.3 (23% proline) and MaSp2.4
(24% proline), while the remaining spidroin expression (19%) is
mostly the even more proline-rich MaSp 2.1a, 2.1b, and 2.2 (25~
28% proline). Low-proline sequences only account for a small
amount of MA gland spidroin expression, split primarily between
MaSp1 and MiSp3 (in total 10% of expression).

The expression data indicate that Hyptiotes produces an ex-
tremely proline-rich dragline. We predicted the overall dragline
proline content using the amino acid composition for each spi-
droin and weighted transcript expression proportions (Dataset
S1). This expression-based predicted estimate of Hyptiotes drag-
line proline content was calculated at 21.8%. To verify this esti-
mate, we measured amino acid composition directly from
pulled dragline silks. Dragline proline content across six indi-
viduals ranged from 20.9 to 24.3% and in the three samples
that were analyzed for hydroxyproline, none was detected
(Table S1, Dataset S1). This proline content coincides with our
expression data and is the highest measured proline content
in any spider silk (Fig. 5C detailed in Table S2).

To examine the functional implications of H. cavatus MaSp di-
versity and composition, we tested the mechanical performance
of pulled dragline fibers. This testing (Table S3, Fig. S5) is within
the range of previous measurements for both H. cavatus and
Hyptiotes affinis (9, 51). This reinforces that when using standard
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Hyptiotes cavatus

MaSp1 GGIGQAQGGQQGYGAGAAAAAAAGGGQ
P GGAGQAQGSQGGLGGYGAGAGSAAAAAGGGLAQ B
MaSp2.1a GPGPQGPGPQGPGPQGPGPQGPGPQGPGPYAAAAAAAGSPY |
MaSp2.1b GPGPQGPGPQGPGPQGPGPQGPGPQGPGPYAAAAAAAGSPY M
MaSp2.2 GPGPQGPGPQGPGPQGPGPQGPGPQGPQGPGPQGPGPYSTSAVSVTSY B
MaSp2.3 GPGPQAPQGPQPQVPTPQGPAPQAPLPQRPGPQGPGPMYTSSTSVTSY
: GPSGPGPQGPSGPGPQGPGPQGPSGPGPYGPGPGASAAAAAAGGY I
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Fig. 3. Repeat structure of MA spidroin sequences in Hyptiotes differs from those known in other Uloboridae. The canonical motifs and their organization
intorepeats of the MaSp sequences in H. cavatus and the U. diversus genomes are shown. Repeats are categorized and color coded based on the presence of
typical motifs found in MaSp1, MaSp2, and MaSp4. Representative repeats are also listed for each type of repeat present in each spidroin.

metrics such as Young's modulus (9.2-10.7 Gpa) and toughness
(84-164 MPa) to evaluate H. cavatus dragline, it performs within
the range of other species in the family Uloboridae as well as
across all spiders (5, 9, 51). Contrary to correlations between pro-
line content and extensibility (52), the proline-rich Hyptiotes silk
does not outperform the silk of other spiders in the same family
in this measure. Nevertheless, the MA silk of Hyptiotes is distinct
in that it contains a higher proportion of proline than silk charac-
terized from any other spider.

Discussion

Proline-rich MA silk evolved with unusual web
architecture and mechanics

Hyptiotes cavatus employs a unique prey capture strategy and pro-
duces unusually proline-rich MA silk to match. MA silk has
evolved extraordinary mechanical properties, and because of
this, it has been the focus of considerable research to both under-
stand (53-55) and replicate (56-58) these attributes. Previous stud-
ies have shown that MaSp genes in ecribellate orb-web weavers
have undergone significant expansion and diversification (24, 33,
59). Our Hyptiotes genome shows that expansion of MaSp genes
through recent duplication events is not unique to ecribellate
orb weavers (33). Understanding the relationship between

function and molecular structure is imperative to understanding
silk as a biomaterial (14). Hyptiotes actively stretches its triangle
web taut, storing energy in its MA silk, and quickly releases it in
short, controlled bursts (Fig. 1). Thus, markedly different mechan-
ics and stresses operate on the support lines of Hyptiotes webs than
exist in those of static webs of other cribellate and ecribellate orb
weavers (60). It follows that the primary and secondary structures
of Hyptiotes spidroins likely evolved in tandem with its novel prey
capture strategy.

Many studies have examined the relationships of silk protein
primary and secondary structure to its mechanical properties:
polyalanine motifs form antiparallel beta sheets that contribute
to toughness, connected by amorphous regions (14, 15). The pres-
ence of proline in these amorphous regions contributes to the fi-
ber's extensibility (21, 27, 28, 61). Traditionally, MA silk is
understood to be composed of two spidroins that are categorized
as MaSp1 or MaSp2 depending in part on whether they are low or
high in proline, respectively (11, 62). Recent studies have shown
that the MaSp clade is more complex than previously known
(24, 33, 59). Our phylogenetic analysis of the spidroins of various
cribellate and ecribellate orb weavers shows that thereis no single
evolutionary pathway from MaSp1 and MaSp2. Rather, it appears
that MaSp sequences evolve rapidly between high- and low-
proline content sequences and repeatedly altered motifs, even
converging on some in very distantly related species. For example,
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Fig. 4. Ancestral state reconstruction of spidroin repetitive region proline content. A) Spidroin gene tree from concatenated N- and C-terminal sequences
from Uloboridae and Araneidae genomes. Colors indicate percentage of proline in the repetitive domain of each spidroin sequence with major spidroin
types labeled (full tree in Fig. S3). B) A full spider species phylogeny adapted from Kallal et al. (41) highlighting included families. C) Enlarged view of MA
clade in (a). Representative repeats are shown for proline-rich MaSp2 sequences with MaSp4-like motifs highlighted. Included species are U. diversus
(U. div), C. darwini (C.dar), A. argentata and A. aurantia (A.arg, A.aur), Trichonephila clavipes (T.cla), and Octonoba sybotides (O.syb). Support values were

calculated using ultrafast bootstrapping and SH-alrt.

MaSp2.2 in Hyptiotes is remarkably similar in repetitive primary
sequence structure to MaSp4 sequences in C. darwini, despite
their phylogenetic distance as indicated by nonrepetitive termin-
al domains and the ~214 million years since the two species
shared their most recent common ancestor (63). This suggests

potential functional convergence since it is the spidroin repeti-
tive sequence that contributes to the mechanical function of
spider silk fibers and can rapidly diversify, whereas the terminal
domains are relatively conserved and phylogenetically inform-
ative (18).
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Fig. 5. MA gland expression and measured proline content in dragline. A) Spidroin expression in H. cavatus MA glands visualized as a proportion of all
expression across three individuals (share of total TPM). B) Detailed MA gland spidroin expression data for each of three individuals. C) The proline
content of collected MA silk for spiders where composition data are known (detailed in Table S2) (27, 29, 44-50). Each point represents a separate species,
arranged by family and according to the current understanding of their phylogenetic relationships (41).

Caerostris darwini is known to produce the toughest measured
dragline of any spider, largely due to increased extensibility,
used in webs reaching 2.8 m? in area that are suspended by bridge
lines as long as 25 m across rivers (64). GPGPQ-rich motifs are pre-
sent in all highly expressed MA spidroins in Hyptiotes, while C. dar-
wini blends its MaSp4 sequence with more conventional MaSpl
and MaSp2 (24, 54). The differing proportions of these proteins
in the silk of the two species, along with spinning conditions, likely
explain why the silk of Hyptiotes does not match the extreme
toughness of that of C. darwini. Nevertheless, the potential conver-
gent development of these motifs in spiders with novel web struc-
tures strongly suggests the functional importance of these similar
silk proteins in web mechanics.

The expansion of GPGPQ motifs in Hyptiotes MaSp2 spidroins, in
comparison with much lower frequencies in closely related ulo-
borid MaSp2 proteins, raises the question of how such rapid mo-
lecular diversification occurs. We surveyed all predicted proteins
from the Hyptiotes genome and from every spider genome for
which there exists a protein annotation and found there are no in-
stances of tandem GPGPQ motifs outside of MaSp spidroins.
Tandem GPGPQ motifs do occur with some frequency in the
MaSp spidroins of other uloborids. These motifs appear in the
first two to three ensemble repeats of one MaSp in U. diversus
and in Octonoba sinensis, and they occupy the first third of a second
U. diversus MaSp (Fig. 3). This suggests that the GPGPQ motif ex-
isted in low frequencies in the MaSp spidroins of ancestral ulo-
borids and likely expanded in Hyptiotes, rather than being
recruited from nonspidroin genes. Similarly, in other spider ge-
nomes where GPGPQ appears as a single instance within a spi-
droin, it is most often in the repetitive sequence flanking the
terminal domains, which are much less homogenized than inter-
vening repeats, providing a source of novel motifs (65). Studies
have suggested that replication slippage, intragenic exchange,
and unequal crossing over contribute to spidroin diversification
and repeat homogenization (33). It is possible that through such
molecular mechanisms the initial, more variable repeats near

terminal domains can sweep through the rest of the gene and
homogenize through selection (66, 67). Gene duplication can in-
crease the likelihood of this differentiation by either relaxing se-
lection on any given gene or facilitating intergenic exchange of
repeat motifs. In other words, GPGPQ motifs may occur sporadic-
ally through mutation in the more variable repeats immediately
flanking terminal domains but only propagate and homogenize
throughout the entire repetitive region when selectively advanta-
geous for silk mechanics. Similar evolutionary mechanisms inde-
pendently occurring in distant spider lineages could also explain
the convergence of the Caerostris MaSp4 sequences with Hyptiotes
GPGPQ-rich MaSp?2.

Hyptiotes dragline composition remains unusual
when compared with other animal biomaterials

Proline-rich silks and other biomaterials have evolved multiple
times among diverse animal lineages. Known to disrupt alpha
helices and beta sheets, proline is frequently found in amorph-
ous regions of proteins, where it is essential to the formation
and function of fibrous and elastomeric proteins (68). One well-
known proline-rich animal protein is collagen, where numerous
proline- and hydroxyproline-rich residues stabilize the forma-
tion of its characteristic triple helices (69). There are also numer-
ous examples of the evolution of proline-rich biomaterials across
invertebrates. For instance, willow sawflies secrete a silk (10.0%
proline) of small collagen-like proteins which can form the typ-
ical triple helices but without hydroxyproline. Some paper wasps
(70) and caddisflies (71) secrete proline-rich proteins to build
their nests and retreats (~10% proline). There are also a number
of proline-rich secretions in animals that form gel-like substan-
ces, either through heavily O-glycosylated proteins (spider aggre-
gate silk (72) and human mucin (73) or through proteins with
cross-linked short hydrophobic or complementary charged
domains (velvet worm slime) (74). While Hyptiotes is not unique
in producing a proline-rich biomaterial, its dragline remains

GZ0Z JaquianoN | | uo 1sanb Aq 67£€ 1 £8/81 €186/ | | //e/onie/snxauseud/woo dno-oliwapeoe)/:sdiy Woil papeojumoc]


http://academic.oup.com/pnasnexus/article-lookup/doi/10.1093/pnasnexus/pgaf318#supplementary-data

8 | PNAS Nexus, 2025, Vol. 4, No. 11

extraordinarily proline rich through comparison across metazoa; its
20.9-24.3% measured proline content is only rivaled by the com-
bined total of proline and hydroxyproline in collagen (~23%) (75).
Many elastomeric proteins have variations of proline-rich mo-
tifs similar to the GPGPQ motif in Hyptiotes silk. Collagen (75) and
willow sawfly silk (76) contain GXY (where X is often P) motifs
which form triple helixes. Both elastin’s VPGXG pentapeptide mo-
tifs (77) and gluten’s QPGQ motifs in the HMM subunit of glutenin
(78) have been proposed to form B-spiral structures which contrib-
ute to the elasticity of these materials. The glutamine residues in
glutenin likely explain its altered elastic characteristics when
compared with elastin, as glutamine forms many hydrogen bonds
between these B-spirals and across chains (79) Glutamineis alsoin
the GPGPQ motifs of Hyptiotes MaSp2, and the uniformity with
which it appears strongly suggests its functional importance.
Glutamine is also common in MaSp2 motifs of other spiders,
and glutamine hydrogen bonding may similarly stabilize second-
ary structures within and between silk proteins in dragline. Thus,
while proline-rich proteins tend to exhibit elastomeric properties,
the function and mechanics of the material they compose are dic-
tated by the frequency of specific proline-rich motifs. While the
GPGPQ throughout Hyptiotes dragline are similar to those of other
elastomeric proteins, they remain distinct in proline spacing,
which may result in unique secondary structures and mechanics.

Proline content has multifaceted effect on spider
silk mechanics

Mechanical testing of Hyptiotes dragline yielded values for extensi-
bility and tensile strength that were within the range of other cri-
bellate orb weavers that produce MA silk with much lower proline
contents (9, 51). This contradicts multiple studies correlating in-
creased proline content to increases in extensibility and elasticity
and decreases in the stiffness (Young’'s modulus) of dragline silk
(28, 29, 52). Structural models (16, 30, 32) of proline in dragline fo-
cus on the predominant GPGX or GPGXX motifs in typical MaSp2
proteins. The increased proximity of prolines in the GPGPQ motifs
throughout Hyptiotes MaSp sequences may impart additional ster-
ic constraints that may lead to modified molecular dynamics, in-
cluding different secondary structures, which do not follow
previously established correlations between proline content and
multiple mechanical properties.

Since the H. cavatus MaSp motifs and amino acid composition are
dissimilar to closely related spider species, an untested property
conferred to the silk by this extra proline may facilitate its prey cap-
ture strategy of storing and quickly releasing energy in its dragline.
One such metric may be minimizing energy loss through the cycle
of storage and rapid release. Studies of dragline silk have shown
that the amount of energy lost during this cycle is dependent on
both the strain rate and the proline content (80). Higher proline con-
tent has also been associated with higher work recovery and better
strain recovery through multiple cycles (52). Hyptiotes releases the
tension in its web incredibly quickly and then cycles tension into
the same support line. Since it would be advantageous to lose as lit-
tle energy as possible during this process, there may be selective
pressure for higher proline content to conserve the spider’s energy
in this unique system. The expression of these proline-rich sequen-
ces in cribellate glands also suggests their importance in the me-
chanics of Hyptiotes cribellate capture silk. However, because this
is the first measure of cribellate gland expression in a spider and
there is wide variability across individuals (Fig. S4), the role of
MasSps in the structure of Hyptiotes cribellate silk and how this con-
trasts to other cribellate silk remains an intriguing open question.

The rapid release of tension by Hyptiotes in its support line is
achieved in multiple short bursts that cause the spider and the en-
tire web to oscillate (7). These oscillations allow more capture
threads to contact and tangle prey. Since proline introduces turns
in protein structures, the increased proline in the amorphous re-
gion of MaSp sequences may act as nano-springs (16) that allow
for increased web oscillations. Furthermore, given that the
GPGPQ motifs in Hyptiotes dragline arise convergently across spi-
der lineages and in species that make webs with atypical mechan-
ical demands, it is highly likely that these motifs have functional
importance to the silk. Further study into Hyptiotes silk mechanics
and secondary structure is needed to illuminate the effect of its
predominant GPGPQ motifs on performance, which may also pro-
vide insight into their functional importance in the extraordinar-
ily extensible silk of distantly related species. Understanding
these relationships will contribute to designing biomaterials for
a wide range of prospective applications.

Methods
Genome sequencing and assembly

Genome sequencing was carried out using Oxford Nanopore
PromethION sequence data and Illumina reads for error cor-
rection. DNA was extracted from a combined sample of silk
glands from ten individuals using the Gentra Puregene tissue
kit (Qiagen cat. 158667) and treated with the Circulomics
short-read eliminator kit (PacBio cat. SS-100-101-01). This
DNA prep was used for both the Nanopore and Illumina se-
quencing. The Nanopore sequencing was conducted on two
PromethION flowcells, producing a total of 96 Gb of sequence
data with an N50 of 9.8 kb. The Illumina sequencing produced
104 Gb of sequence data.

Spidroin annotation

Nanopore reads were filtered to a minimum length of 5,000 base
pairs and assembled using Flye (40). This assembly produced a
genome of size 4.26 Gb comprised of 91,457 contigs with an N50
of 107 kb. Spidroin sequences were discovered using blastx
searches of the genome against a private database of a curated
list of known spidroin protein terminal domains. Full contigs for
each spidroin hit were separated and corrected using Illumina
DNA short reads with Pilon (81), which was set to only correct fra-
meshifts to minimize artificial repeat homogenization from short-
read correction. Both short and long reads were then mapped to
the contigs using minimap? (82). These mappings were viewed
in Integrative Genomics Viewer (IGV) (83) and misassembled fra-
meshifts in spidroin sequences were manually corrected.

Spidroin sequences were categorized by both examining the
repeat structure of each sequence and by creating a phylogeny
of the concatenated N- and C-terminal domains including spi-
droins from U. diversus. Flanking regions and other genes on
spidroin-containing contigs were examined to verify that each
spidroin gene was a distinct locus and did not represent allelic
variants. MaSp2.1a and Masp2.1b, the two most similar sequen-
ces, were located on the same contig. In this case, their validity as
distinct loci was determined by locating multiple individual
nanopore reads that spanned portions of both genes. This was re-
peated for the only other spidroin pair that occurred on a single
contig, MiSpla and MiSp1b.

MaSp sequences were separated into MaSp1 and MaSp2 clades
based on the repeat motifs and proportion of proline in the repeti-
tive region, as MaSp?2 is typically differentiated from MaSp1 by
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having a significant number of GPGx repeats. Repeat motifs were
both manually defined and computationally defined using the
program RADAR (84).

Phylogenetic analysis

Phylogenetic trees were created by isolating and concatenating
the N-terminal and C-terminal domains of each spidroin protein
sequence. Sequences were aligned using Clustalw (85), and max-
imum likelihood trees were created usingiqgtree2 (86). The substi-
tution model Q.insect + R5 was used, selected by using the built-in
model finder which selects for the model with the lowest BIC.
Support values were calculated using Ultrafast Bootstrap (87)
and Shimodaira-Hasegawa approximate likelihood ratio test
(sh-alrt) (88), each using 5,000 replicates. Strong support cutoffs
of 95 and 80% for UFbootstrap and sh-alrt, respectively, were
used, as suggested in the igtree manual.

To map proline content as a continuous character onto the
phylogeny, the function contMap in the R package phytools
(89) was used. Species within Uloboridae and Araneoidea with
high-quality genomes, full spidroin catalogs, and notably high-
proline MA spidroins were included in this analysis. Argiope ar-
gentata does not have a full-length MaSp2.3 gene present in other
Argiope species, so the MaSp2.3 sequence from Argiope aurantia
was includedinits place. Proline content was determined by iso-
lating the repetitive region of each protein sequence and deter-
mining the amino acid composition of each sequence. N- or
C-terminal fragments without repetitive region were excluded.
The mygalomorph spidroin sequence Bothriocyrtum californicum
spidroin 1 was selected as an outgroup given its available
N- and C-terminal domain.

RNA-seq and expression

RNA was extracted from six H. cavatus individuals to create three
replicates, for each of four tissue types: total silk glands, cephalo-
thorax, cribellate glands, and MA glands. The cribellate and MA
gland replicates were created from the same three individuals,
while the cephalothorax and total silk glands replicates origi-
nated from the remaining three. RNA was extracted using the
PurelLink RNA Mini kit with on-column DNAse treatment
(Thermo Fisher Scientific) and quantification was done with a
Qubit Fluorometer. All samples were sent to Novogene for library
preparation and sequencing. Each library was paired-end 150 bp
sequenced on an Illumina HiSeq System.

The RNA-seq reads from all libraries were mapped to the gen-
ome assembly using the splice-aware alignment program GSNAP
(90). A reference-based transcriptome using these mapped reads
was assembled using Stringtie (91). Differential gene expression
was determined using only uniquely mapping reads from align-
ment with STAR (92). The program Deseqg?2 (93) was then used to
make pairwise comparisons across each tissue type. Transcripts
for MA glands were then separated into four groups: genes upre-
gulated in MA glands compared with cephalothorax tissue,
genes upregulated in MA compared with both cephalothorax
and cribellate glands, spidroins, and all other genes. This pro-
cess was repeated for cribellate gland libraries. Transcripts per
million (TPM) values were calculated using Salmon (94) to map
reads to the genome-guided transcriptome created by Stringtie.

Amino acid composition and mechanical testing

Pulled silk was reeled from six Hyptiotes, one Zosis, and two
Miagrammopes individuals for amino acid composition.
Composition was analyzed using Hitachi L-8900 Amino Acid

Analyzer. Three of the Hyptiotes silk samples were analyzed us-
ing a Hitachi LA8080 to detect hydroxyproline. For mechanical
testing, single-fiber MA silk was forcibly pulled from two indi-
viduals. Fiber diameter was measured using the SEM JEOL JSM
6390. Seven replicates for each individual were tested using
the Tensile Tester Nano Single Fiber KLA T150 UTM with a
strain rate of 1/s, harmonic frequency of 20 Hz and harmonic
force of 4.5 uN. Fiber lengths were 21 mm.
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Supplementary material is available at PNAS Nexus online.
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