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Zebra and quagga mussels (Dreissena spp.) are invasive freshwater biofoulers that
perpetrate devastating economic and ecological impact. Their success depends on their
ability to anchor onto substrates with protein-based fibers known as byssal threads.
Yet, compared to other mussel lineages, little is understood about the proteins com-
prising their fibers or their evolutionary history. Here, we investigated the hierarchi-
cal protein structure of Dreissenid byssal threads and the process by which they are
fabricated. Unique among bivalves, we found that threads possess a predominantly
p-sheet crystalline structure reminiscent of spider silk. Further analysis revealed unex-
pectedly that the Dreissenid thread protein precursors are mechanoresponsive a-helical
proteins that are mechanically processed into f-crystallites during thread formation.
Proteomic analysis of the byssus secretory organ and byssus fibers revealed a family
of ultrahigh molecular weight (354 to 467 kDa) asparagine-rich (19 to 20%) protein
precursors predicted to form a-helical coiled coils. Moreover, several independent
lines of evidence indicate that the ancestral predecessor of these proteins was likely
acquired via horizontal gene transfer. This chance evolutionary event that transpired at
least 12 Mya has endowed Dreissenids with a distinctive and effective fiber formation
mechanism, contributing significantly to their success as invasive species and possibly,
inspiring new materials design.

mussel byssus | self-assembly | coiled coil | mechanobiology | horizontal gene transfer

Mussels have garnered attention both for the problems they may solve through bio-inspired
design (1), as well as the problems they cause as biofoulers (2). The invasive freshwater mussel
species Dreissena polymorpha and Dreissena bugensis, known more commonly as zebra and
quagga mussels, respectively, are notorious biofoulers (Fig. 1 A and B). Introduced in the mid
1980s into the lakes and waterways of North America, these mussels have caused substantial
damage to the delicate ecosystems in these environments as well as to aquatic recreational
and industrial activities (3). The success of Dreissena spp. mussels as invasive biofouling species
is largely due to their externally secreted holdfast known as a byssus (4, 5). The byssus is a
collection of abiotic, protein-based fibers anchored into the mussel's soft tissue at one end
and capped at the other by the adhesive plaque that fastens to underwater substrates (Fig. 1C).
Byssal threads are produced by adult mussels of only certain bivalve lineages (4), and among
these, there is a notable diversity of mechanics, morphologies and biochemical compositions
(5, 6) (Fig. 1D).

Elucidating the molecular design of byssal threads has led directly to the development of
biomedically and technically relevant materials, including self-healing polymers, wet adhesives,
and tough coatings (1). However, thus far, most byssus research has focused on marine mussels
(Mytilus spp.) (Fig. 1B). Knowledge of Dreissena spp. byssal threads is comparatively sparse
and has focused almost exclusively on adhesion (8—13) with almost nothing known about
the composition and structure of the fibers, although comparative mechanical analyses have
demonstrated that zebra mussel threads are stronger, stiffer, and tougher than whole threads
from the common blue mussel Mytilus edulis (6). Gaining a deeper understanding of Dreissenid
byssus structure-function relationships is important both for combatting biofouling and for
providing a new role model for bio-inspired design. Here, we performed a structural and
compositional analysis of byssal threads from quagga and zebra mussels using a combination
of spectroscopy, X-ray diffraction, and proteomics. Our findings reveal unexpected insights
into the evolutionary history, hierarchical structure, and mechano-processing of the fibers,
which are especially relevant given the potential for extracting design principles for sustainable
production of high-performance polymers.

Dreissenid Thread Has Beta-Crystalline Structure. In previously studied mussel species,

the conformational structure of byssus proteins and their hierarchical organization
strongly influence the mechanical properties of the byssus fibers (14). However, there is
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considerable variation across different clades (Fig. 1.D)—AMyrilid
mussels build their byssus fibers from modified collagen precursors
(15), the giant clam Tridacna maxima produces fibers comprised of
tetrameric coiled coils (CCs) (16), and Ostreida mussels (including
Pinna nobilis) use globular proteins organized into superhelical
nanofibrils (17). This diversity hints at a parallel or convergent
evolution of the byssus (5). Currently, however, little is known
about the identity and conformational structure of proteins in
Dreissenid byssal fibers.

To fill this knowledge gap, we performed confocal Raman spec-
troscopy, ATR-FTIR (attenuated total reflectance Fourier trans-
form infrared) microscopy, and synchrotron wide-angle X-ray
diffraction (WAXD) on native threads from D. polymorpha (zebra
mussel) and D. bugensis (quagga mussel). Confocal Raman spectra
from both species were very similar and dominated by peaks typical
of proteins, including amide I (1 630 to 1,700 cm™") and amide
III bands (1,200 to 1,350 cm™") arising from protein backbone
vibrations, as well as peaks arising from specific amino acid side
chains, including tyrosine, phenylalanine, and tryptophan (Fig. 24)
(18), consistent with previous amino acid analysis of zebra mussel
threads (11). For both spec1es the amide I band is sharp and cen-
tered around 1,672 cm” whlle the amide IIT band exhibited a
maximum of around 1,251 cm ™, suggestive of f-sheet conforma-
tion (19, 20). This is further supported by the large polarization
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dependence of the amide I band (Fig. 2B), which indicates that
the proteins are well aligned with backbone carbonyls oriented
perpendicular to the fiber axis—consistent with the presence of
aligned f-sheets, as observed in spiderssilk (19, 20). Complementary
ATR-FTIR spectra acquired from native fibers of both species
were similar to one another (Fig. 2C). Negative second derivative
analysis of the FTIR amide I bands (Fig. 2 C, Inser) revealed a
single dominant component at 1,627 cm™' and 1,631 cm™ in
quagga and zebra mussels, respectively, which, consistent with
Raman measurements, indicates the presence of f-sheet structure
21).

As further support, synchrotron source WAXD was performed
on native Dreissena spp. byssal threads. WAXD has been previously
used to characterize the f-sheet crystalline structure and orienta-
tion of proteins in spider and insect silks based on well-characterized
reflections from the orthorhombic unit cell typical of f-crystalline
structure (22, 23). The diffraction patterns acquired from zebra
and quagga mussel byssal threads were highly similar, indicating
an oriented crystalline component based on prominent reflections
along the equator and meridian, as well as an isotropic amorphous
component based on the presence of a broad background ring
(Fig. 2 D and E). Integrated radial profiles along the equatorial
and meridional directions (Fig. 2  and G) further highlight the
similarity between species, both showing well-defined peaks at
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Fig. 1. Dreissenid byssus morphology. (A) Photograph of two zebra mussels (D. polymorpha) highlighting the semitransparent foot organ with which they
fabricate byssal threads. (B) Comparison of a quagga mussel (D. bugensis) with a marine blue mussel (M. edulis). (C) Photograph of an extracted byssus from
D. polymorpha indicating stem, thread, and plaque features. (D) A phylogeny [derived from McCartney (5) and Lemer et al. (7)] onto which the presence and
absence of byssus threads is mapped. In cases in which the dominant conformation of the proteins comprising the byssus is known, it is indicated.
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Fig.2. Protein conformation characterization of native Dreissenid threads. (A) Raman spectra acquired from quagga and zebra mussel byssal threads highlighting
prominent peak assighments. (B) Polarization-dependent Raman spectra acquired from quagga mussel byssal threads indicating strong alignment of protein
chains based on amide | intensity variation. (C) ATR-FTIR spectra acquired from quagga and zebra mussel byssal threads. The /nset shows the negative second
derivative spectrum of the amide | band, highlighting the primary component at 1,625 to 1,630 cm™. (D and £) WAXD diffractograms acquired from (D) zebra and
(E) quagga mussels. (F and G) Radial intensity profiles of (D) and (E) as a function of the scattering vector g from sectors along the equatorial (F) and meridional
axes (G) as indicated in (D). Background scattering due to air was subtracted. (H) Schematic of parallel g-sheet crystallite structure showing the proposed unit cell.

specific positions of q that correspond to the reflections visible in
the diffraction patterns. Because q is inversely related to the spac-
ing (d) between specific crystallographic planes, these peaks allow
us to deduce the parameters of the crystallographic unit cell (22).
Specifically, there are two distinct peaks along the equatorial direc-
tion at q = 13.6 nm™' and 6.4 nm ™' on top of a broad amorphous
background, corresponding to d-spacings of 0.47 nm and 0.99
nm, respectively (Fig. 2F). Along the meridian, there was one
distinct peak at q = 19.7 nm™" corresponding to d = 0.32 nm
(Fig. 2G). Taken together, these three peaks provide clear indica-
tors for the presence of f-crystallites in line with previous studies
(22, 23) and were correspondingly indexed as the reflections orig-
inating from the (100), (020), and (002) crystallographic planes
of the f-crystalline unit cell, respectively, following the unit cell
convention originally used by Warwicker for spider silk (Fig. 2H)
(23). Indeed, the reflection at d = 0.47 nm corresponds to the
lateral f-sheet interchain distance dictated by the hydrogen bond
length between f-strands along the b-axis of the unit cell (020),
while the meridional peak at d = 0.32 nm arises from the trans-
lational rise per residues along the f-strand protein chain on the
c-axis (002), which is roughly oriented along the fiber axis
(Fig. 2H) (22, 23). The peak at d = 0.99 nm corresponds to the
intersheet distance along the unit cell a-axis (100), dictated by the
packing of amino acid side chains projecting off the f-sheet surface,
indicating the presence of crystallites consisting of multiple
stacked beta sheets

Consistent with polarized Raman measurements (Fig. 2B), the
orientation of these reflections indicates that the protein chains
comprising the f-sheets are primarily aligned along the thread axis,
similar to spider and insect silks (24). However, the translational
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rise per residue of 0.32 nm predicts a parallel f-sheet configuration
rather than silk’s anti-parallel configuration (14). In addition to
the f-sheet reflections, the broad amorphous ring indicates the
additional presence of unstructured and randomly oriented pro-
tein structure. In summary, all three methods support the presence
of parallel f-sheet crystallites in both zebra and quagga mussel
byssal threads, which is distinctive among studied bivalve species
(Fig. 1D). Given the close similarities between the two species, we
focused our attention primarily on D. bugensis for subsequent
investigation.

Dreissenid Thread Precursors Are Alpha-Helical Proteins. The
finding that Dreissenid threads contain dominant parallel f-crystalline
structure raises the question of how the threads are processed and
fabricated, especially given the well-documented complexities of
controlling f-sheet-rich fiber formation in vivo and in vitro, as
exemplified in native and artificial spider silk processing (25), as well
as pathological amyloid formation (26). During byssus formation,
proteins synthesized and stored in secretory glands within the
mussel foot are secreted into a narrow groove running along
the ventral surface, where they are molded and formed into a
new thread (11, 27) (Fig. 14 and Movie S1). While the glands
responsible for storing the fiber proteins in Dreissena spp. have
not been studied explicitly, we surmise that they are located
surrounding the ventral groove, drawing analogy to the Myrilus
byssus formation process (27). High-resolution confocal Raman
spectroscopic measurements focused within the putative gland
region from cryo-sectioned foot tissue from D. bugensis produced
consistent spectra, showing similarity to native thread spectra
with peaks corresponding to specific amino acid side chains (e.g.,
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Trp, Tyr, and Phe), indicating a similar composition to the fibers
(Fig. 3C). Surprisingly, however, analysis of the amide bands
indicated a dominant a-helical rather than f5-sheet conformation,
based on the amide I maximum centered at 1,654 cm™" and the
amide I1I band maximum around 1,340 cm™" (20).

To resolve this discrepancy, we acquired Raman spectra from
artificially induced byssus material, which represents an inter-
mediate stage in the byssus formation process. As previously
established, induced fibers are formed by injecting the base of
the mussel foot with a 0.56 M KCl solution, resulting in the
paralysis of the foot and unregulated secretion of the gland
proteins into the foot groove (8). The proteins coalesce without
further processing, forming a roughly shaped fiber that super-
ficially resembles a native thread (Fig. 3B). Native and induced
threads are assumed to be nearly identical compositionally (8,
27); however, polarized light microscopy imaging reveals a much
lower birefringence in induced threads indicating poor protein
alignment (Fig. 3 A and B). Confocal Raman spectra acquired
from freshly induced fibers closely resembled spectra acquired
from the putative secretory glands in the foot indicating a dom-
inant a-helical structure, in contrast to the f-crystalline struc-
ture of native threads (Fig. 3C). Additionally, polarized Raman
measurements of induced threads show a weak amide I polari-
zation dependence that is 90 degrees shifted compared to the
native threads, consistent with the fact that the carbonyls in an
a-helix backbone are roughly oriented along the induced thread
axis but are perpendicular to the native thread in the f-crystalline
conformation (Fig. 3D). These data strongly indicate that the
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normalized intensity (a.u.)

induced

Tyr, Phe

A\

A

thread precursor proteins are stored and secreted as a-helices,
and that without active processing, remain as poorly aligned
a-helices in induced threads. However, when properly secreted
by the mussel foot, the proteins are apparently converted into
well-aligned parallel f-crystallites. Similar measurements made
on feet and threads of D. polymorpha show nearly identical
results (S Appendix, Fig. S1).

Dreissenid Thread Precursors Undergo a Mechanoresponsive @
to f# Transition. One compelling mechanism that may reconcile
the conformational mismatch between the storage a-phase and the
fiber f-phase is the possibility that the a-helices are mechanically
converted into f-sheets through application of tensile stresses
during thread formation (28). In fact, there is precedence for
this mechanism in biology—mechanical @ to f transitions
occur reversibly in keratin (29), marine whelk egg cases (20),
and fibrin (30), but also irreversibly in the case of hagfish slime
(31) and in the amyloidogenesis of certain coiled-coil proteins
(32, 33). We posit here that mechanical forces applied during the
natural biological processing of Dreissenid byssal threads result
in a permanent a-helical to f-sheet transition in the precursor
proteins. Indeed, rhythmic contractions of the foot are observed
during natural thread formation (Movie S1), which may produce
tensile or shear forces that induce a conformational transition,
as well as a higher degree of protein alignment, as evinced from
the greater degree of birefringence observed in native vs. induced
threads through crossed polarizers with polarized light microscopy
measurements (Fig. 3 4 and B).
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Fig. 3. Organization and conformation of proteins before, during, and after thread formation in D. bugensis. (A and B) Cross-polarized light microscopy images
of a native (A) and induced (B) fiber from D. bugensis with fibers oriented 45° to polarizer with full-wave retardation plate. (C) Raman spectra acquired from the
thread gland, induced thread, and native thread showing strong compositional similarity but clear conformational differences. (D) Plot of normalized amide |
intensity as a function of laser polarization showing orientation of backbone carbonyls in native and induced threads (thread axis aligned along vertical axis—i.e.,
0°to 180°). (E) Average confocal Raman spectra acquired from imaging of an induced thread before and after application of tensile strain showing clear transition
in conformation. Dashed lines enable comparison between prominent spectral features between (D) and (£).

40f9 https://doi.org/10.1073/pnas.2311901120

pnas.org


http://www.pnas.org/lookup/doi/10.1073/pnas.2311901120#supplementary-materials
http://www.pnas.org/lookup/doi/10.1073/pnas.2311901120#supplementary-materials

Downloaded from https://www.pnas.org by Fritz-Haber-Inst. MAX PLANCK GESELLSCHAFT on November 28, 2023 from |P address 141.14.235.241.

To test this hypothesis, freshly induced fibers were subjected to
axially loaded tensile strains. Large area confocal Raman images
were made before and after application of stress on the same
threads. Averaged spectra were then extracted to monitor the global
change in protein secondary structure (Fig. 3£ and SI Appendix,
Fig. S2). As predicted, the main differences between the samples
before and after stress application were attributable to changes in
secondary structure from a-helix to f-sheet conformation—there
was a shift in the amide I band from ~1,652 cm™ to ~1,670 cm™
following stretching (Fig. 3E). A similar response was observed
when induced threads were sheared during sample sectioning and
with D. polymorpha induced threads subjected to axial stretching
(SI Appendix, Fig. S3). We can thus confidently assert that
Dreissenid fiber precursor proteins can undergo a mechanically
induced conformational transformation from a dominant a-helical
structure to a parallel f-sheet structure reminiscent of the native
thread spectra.

Sequences of Thread Precursor Genes and Proteins in Dreissenid
Mussels. Nearly all structural a-helical proteins found in biological
materials are in the form of coiled coils (CCs), which consist of
two or more a-helices wrapped around one another in a left-
handed supercoil (34). CC protein sequences are characterized
by tandemly repeated heptad motifs with polar, nonpolar,
and charged residues in preferred positions (34), enabling
bioinformatic prediction of CC structure based on primary
sequence (35). Since our spectroscopic data strongly suggest an
a-helical precursor, we adopted a proteomic approach to identify
this putative CC precursor. Previous proteomic analysis of D.
polymorpha- and D. bugensis-induced byssal threads revealed many
byssal proteins; however, none were identified as CCs (8-10).
We therefore performed mass spectrometry-based proteomic
analysis on trypsin-digested protein extracts from the foot gland,
as well as induced and native threads from D. bugensis and D.
polymorpha, which were then searched against publicly available
transcriptomes and genomes for both species (10, 36-38). The
number of identified foot and induced thread proteins was quite
high (around 1,500) while the number of proteins identified in the
native threads was lower (383 for quagga and 66 for zebra), likely
due to the cross-linking of proteins in native byssal threads (14).
Nonetheless, we could identify many previously described byssal
proteins in all samples (SI Appendix, Table S1), suggesting good
proteomic coverage. We then analyzed protein candidates with
high peptide coverage using a variety of CC prediction algorithms
(35). Excluding obvious cellular contaminants (e.g., myosin,
tubulin, and actin), the only candidate in native thread, induced
thread and foot samples predicted to form CCs corresponded to
a cluster of similar protein transcripts (87 Appendix, Table S2), a
portion of which was previously reported in the quagga genome
and transcriptome (37). We verified the full-length sequence of
this candidate using 5" and 3’ RACE and added over 2,500 bp of
coding sequence to the previously reported transcript (SI Appendix,
Tables S3 and S4). The final verified mRNA transcript is 13,285
bp long and encodes a massive protein of 4,068 residues with a
predicted molecular weight of 440.3 kDa.

Upon inspection of the quagga genome, we were surprised to
find that this >13K bp gene is apparently intronless. For reference,
the average length of intronless genes in Deuterostomes ranges
from 200 to 300 bp (39) (no such survey has been reported for
protostomes). Three scaffolds (59, 2,947, and 1,234) could be
identified in the quagga genome (37) that contained similar genes
to the RACE sequence we generated; however, we focus specifically
on scaffold 59 (GenBank accession VMBQ01000129.1) as this
contains the gene corresponding to our RACE sequence. We name

PNAS 2023 Vol.120 No.48 e2311901120

this apparent family of proteins “thread protein family 17 (tpfl),
with species initials indicated before and members denoted by
lower case roman numerals after (for example, Db-tpfli). The
previously reported annotation of scaffold 59 (37) identified one
of three very similar, very large intronless genes (Fig. 4 and
SI Appendix, Table S3). Additionally, we clearly identified three
tpfl orthologs in the genome of the closely related zebra mussel
(38). However, we believe the loci that encode Dp-tpflii and
Dp-tpfliii may each have sequencing errors that interrupt the sin-
gle exons of these genes. When these minor errors are adjusted,
the open reading frames are restored and code for >4,050 residue
proteins with features very similar to the D. bugensis tpf1 proteins
(81 Appendix, Table S3) and to which peptides have been mapped
by other workers. Notably, a relatively small fragment of a tpfl
protein was previously identified in the byssus of zebra mussels by
Gantayet et al. (9) named Dpfp8 (AM230242) and in quagga
mussels (10); however, the true sizes of the complete tpfl proteins
have until now escaped recognition.

Our efforts to model the structure of Db-tpfliii (the
RACE-verified isoform) using Alphafold2 (40) were significantly
hampered by the size of the protein. After identifying a loose pat-
tern of 20 repeats in Db-tpfliii using RADAR (41) (81 Appendix,
Fig. $4), we individually modelled the structures of these domains.
In agreement with our initial predictions (see above) and with high
confidence in the resulting structure, Alphafold2 predicts the
majority of these domains to form (trimeric or tetrameric) CCs
(Fig. 5 and SI Appendix, Fig. S5). Assuming the prediction accu-
rately reflects the conformational structure of the tpfl proteins,
they would possess a length of ~600 nm and would measure more
than 700 residues longer than the largest ever reported CC, Giantin
(42). Additionally, tpf1 proteins have an unusually high asparagine
content (19 to 20 mol%) compared with most coiled-coil struc-
tural proteins (Fig. 5 and S Appendix, Table S3), which has been
previously associated with increased likelihood of aggregation into
p-crystalline amyloid aggregates in other proteins (32).

The sequences of tpf1 proteins are quite distinctive—we could
find no other metazoan with similar sequences to these proteins
(these searches included targeted queries against the complete
genomes of 77 bivalve species), suggesting that this is a protein
family unique to Dreissenids. Searches for conserved domains
within the tpfl proteins revealed only one very short motif (resi-
dues 1,249 to 1,269) with some similarity to a bacterial flagellar
basal body rod protein (InterPro family IPR019776). These
sequence-similarity search results, the large intronless nature of
all 3 #f1 genes, and the apparent absence of tpfl genes in any
other metazoan prompted us to investigate the codon usage bias
and GC content of Db-tpfliii as these features can be indicative
of horizontal gene transfer (HGT) events (44, 45). We assembled
a “core” set of 1,300 full-length native protein-coding genes from
the quagga mussel genome based on their homology with other
conserved metazoan sequences. Plotting both the length of the
coding sequence vs. the GC3 (GC% at the 3rd codon position)
and overall GC% vs. GC3 revealed #pf1 genes as markedly differ-
ent from the 1,300 D. bugensis core proteins (SI Appendix, Fig. S6).

We also searched for other features on scaffold 59 that might
shed light on the origin of the 3 Dé-1pf1 genes. We selected a 150
kb region of the quagga and zebra mussel genomes encompassing
the 3 #pf1 genes and divided these into 1,000 bp bins, then searched
these against Genbank's nonredundant sequence database. The
molecular machinery associated with mobile genetic elements such
as transposases and reverse transcriptases (RTs), are in abundance
throughout this 150 kb region and are near all pf7 genes (Fig. 4).
Intact copies of the most prevalent RT sequence are also present
in the quagga transcriptome, and it is abundant throughout the
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D. polymorpha (zebra mussel) chromosome 3 (CM035917.1)
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. Reverse transcriptase like family [> Exonuclease-Endonuclease-Phosphatase domain

. Nuclease similar to lambda phage exonuclease [> PDDEXK family nucleases

. Endonuclease domain of LINE-1/Reverse transcriptase like family. tyrosine-type recombinase/integrase

[> Non-LTR retrotransposon and non-LTR retrovirus reverse transcriptase ' Endonuclease domain of LINE-1

[> DIRS1 family of RNase HI in long-term repeat retroelements [> GDSL-like Lipase/Acylhydrolase family

[> Integrase/IS630 transposase domain ' DNA breaking-rejoining enzyme

D DIRS1 family of RNase HI in long-term repeat retroelement ’ THAP putative DNA-binding domain

Fig. 4. Genomic landscape of tpf1 genes. Genomic arrangement of 3 zebra (Upper) and 3 quagga (Lower) tpf1 genes on chromosome 3 and scaffold 59
(respectively). Of note is the abundance and proximity of sequences with high similarity to mobile genetic elements such as transposons and RTs (colored arrows).

genome (50 different loci), suggesting that it has been (and likely
still is) actively mobilizing DNA throughout the quagga genome.
Interestingly, the most similar RT in GenBank (e-value 2e-154) is
found in the bacterium (Candidatus Thiodiazotropha endolucinida),
which is a symbiont of chemosymbiotic bivalves (family Lucinidae).
It is noteworthy that this clade of bacteria was only recently iden-
tified (46). If we assume that the same bacterium that transferred
this RT sequence into the ancestral Dreissenid genome also inserted
the #pf1 ancestral sequence, it becomes clear that we cannot cur-
rently identify the donor species. Despite the high sequence sim-
ilarity between the intact quagga RT sequence and the Candidatus
RT sequence, the overall sequence identity (33.12%) suggests that
a bacterium from a clade distinct from Candidatus, that is yet to
be fully sequenced, donated the ancestral #f7 sequence into the
genome of an ancestral Dreissenid.

Conclusions

Our studies reveal a dominant f-sheet crystalline conformation
in Dreissenid byssal threads that is distinctive from other bivalves.
In spider dragline silks, f-crystallites are strengthening agents, and
their combination with amorphous, extensible protein structure
contributes to the exceptional toughness of silk (14, 47). We posit
that a similar structure—function relationship exists in the
Dreissenid fibers. These findings highlight the evolutionary diver-
sity of byssus proteins across different phyla (Fig. 1D), adding
further support to the hypothesis that the structural biochemistry
of byssal threads is an instance of convergent or parallel evolution
(5). Notably, our findings suggest that Dreissenid byssus evolution
proceeded through the unusual route of HGT. This would not be
the first example of a material functionality gained through

https://doi.org/10.1073/pnas.2311901120

HGT—e.g., ascidian cellulose production (48) and diatom adhe-
sive proteins (49). However, this particular HGT event combined
with human activity (e.g., aquatic transport) has led to devastating
economic and environmental impacts on freshwater habitats
worldwide (2, 3, 5).

Db-tfpliii has several distinguishing biochemical features—it
has an extremely high molecular weight, it can exist stably in both
a CC and f-crystalline conformation, and it contains an unusually
high content of asparagine (~20 mol%) (SI Appendix, Table S1).
While bioinformatic analysis confirms that Dé-tpfliii will form
highly stable CCs, we posit that the high asparagine content may
play a key role in promoting f-crystalline structure as has been
reported with certain Asn/Gln-rich CC proteins (32). For exam-
ple, cytoplasmic polyadenylation element binding (CPEB) protein
has a Gln-rich CC domain that can be mechanically stretched
into a f-sheet conformation (33), f-sheet amyloid aggregation
enhanced by polyGln expansions in specific proteins is associated
with different neurological disorders (32, 33), and it was reported
that CC propensity of Asn/Gln-rich proteins was directly corre-
lated with their tendency to aggregate into f-sheet structure (32).

Computational studies of CPEB protein indicate that the a
and f# conformations each represent energy minima in the protein
folding landscape and that mechanical activation provides the
impetus to overcome the energy barrier between these minima
(33). Similarly, we postulate that the Dé-tpfliii CC conformation
provides a stable low-energy folded state that can be stored at high
concentrations within the mussel foot prior to secretion and that
mechanical forces during secretion align the CC precursors and
provide the mechanical activation required to convert into a
p-crystalline conformation, which is possibly stabilized through
Asn-based interactions (e.g., H-bonding) (28, 32). Efficient
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Fig. 5. Predicted conformational structure of Db-tpf1. A schematic representation of the quagga Db-tpf1iii protein and the 20 repetitive domains detected by
RADAR (S/ Appendix, Fig. S4). Structural modelling suggests 18/20 of these repeats form stable trimer or tetramer conformations (blue coloring indicates confident
folding by Alphafold2). Repeat 18 (and to a lesser degree repeat 17) is predicted to fold as beta-barrels (see S/ Appendix, Fig. S5 for structural predictions of all 20
repeats in trimeric and tetrameric conformations). Below each Alphafold prediction a WebLogo (43) of the respective repeat from all 6 aligned tpf1i-iii proteins
from quagga and zebra mussel reveals the degree of sequence conservation (represented by the height of the letter) and the overall high asparagine content

(highlighted in red). Alphafold Cls are indicated at the bottom.

processing of f-crystalline materials is notoriously challenging to
control as emphasized in native and artificial spider silk processing
(47) and pathological amyloid formation (26, 32). The formation
of p-crystalline structure in Dreissenid fibers is rapid, controlled,
and conceptually simpler since it seems to only depend on the
application of mechanical forces rather than the combined acid-
ification, ion exchange, shear stress, and water loss required during
silk processing (25). This makes Dreissenid thread processing a
compelling new role model for biotechnological production,
upscaling, and commercialization of artificial protein-based fibers
(25). It still remains to be seen how this mechanically induced
transition is achieved in the living organism. While peristaltic
contractions of the mussel foot during thread formation may play
arole (Movie S1), we require a better understanding of the forces
needed to drive the & to  transition. Indeed, it is conceivable that
the transition could be initiated even after initial secretion due to
forces experienced in the turbulent freshwater environment (e.g.,
flowing river water). Nonetheless, it is clear from our investigations
that the precursor phase is @ helical and is converted permanently
to a f-crystalline structure in the mature thread.

In addition to the fascinating structural and mechanical features
of tpfl proteins, their evolutionary history is also highly unusual.
While recognized HGT events from prokaryotes into metazoans

PNAS 2023 Vol.120 No.48 e2311901120

are known (50), they are far less common than between prokaryotes
(51). Nonetheless, the byssus of zebra and quagga mussels represents
an ecologically impactful manifestation of an HGT into a meta-
zoan—these fibers have directly enabled these species to attach to
the hulls of ships and boats to spread into new environments and
once transferred, have allowed the animals to find secure attachment
where they prosper, outcompete local species, and cause billions of
dollars in damage (2, 3). While there is still work to do in terms of
identifying potential ancestral donors of the founding #pf7 element,
we can infer some details of when this HGT event may have
occurred. According to the phylogeny of Lemer et al. (7) the closest
sequenced bivalve genome outside of the Dreissenidae is that of
Mya arenaria (52). This bivalve does not synthesize byssus threads
and has no clear homolog to tpfl proteins. The next closest bivalve
with a sequenced genome that forms a byssus is the Asian freshwater
clam Corbicula fluminea (53), and it too has no clear homolog to
the tpfl proteins. Therefore, the most constrained estimate accord-
ing to the data currently available is that tpf1 genes are restricted to
zebra and quagga mussels. As D. bugensis is estimated to have split
from the other three Dreissena spp. 12.7 Mya (54), this is the earliest
time at which an HGT could have inserted the ancestral tpfl ele-
ment into an ancestral Dreissenid genome. Alternatively, if all
byssus-forming Myida members use #pf7 genes to synthesize byssus
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threads, this would push the HGT event significantly further back
in time. Complete genomes from additional Myida members are
needed to clarify this. From a broader perspective, we posit that
numerous other such metazoan gain-of-function events via HGT
await discovery. This is supported by the fact that commonly
employed techniques to broadly survey genomes for HGT [phy-
logenetic incongruence and alien indices (55)] would not have
detected the byssus thread case here nor others that we are aware
of (45, 56). These examples were discovered through careful cus-
tomized analyses of the respective protein-coding sequences and
their genomic contexts because of their prominent functional roles
in interesting biological processes.

Materials and Methods
Complete details can be found in S/ Appendiix.

Materials. Zebra (D. polymorpha) and quagga mussels (D. bugensis) were col-
lected near Montreal (SEG Permit number 020-06-01-2831-06-16-S-P from
Ministere des Foréts, de la Faune et des Parcs), separated by species and stored in
room temperature source water. Native threads were removed from mussels and
induced threads were produced by injecting the base of the mussel foot with 0.56
MKCI. Mussel feet were dissected and mounted in Optimal Cutting Temperature
(OCT) medium, flash-frozen in liquid nitrogen, and sectioned.

Polarized Light Microscopy. Polarized light microscopy images of native and
induced threads were recorded using a cross-polarized light microscope (Axio
Scope.A1, Zeiss) equipped with a full-wave retardation plate and a 6-megapixel
CCD camera (Axiocam 505 color, Zeiss).

Confocal Raman Spectroscopy. Raman spectra and images (including
polarization-dependent measurements) from threads and foot sections were
acquired with a confocal Raman microscope (Alpha 300R, WiTec) and a 532
nm laser operating between 2 and 5 mW and focused with a 50x objective
(NA=0.7).

FTIR Spectroscopy. ATR-FTIR studies were conducted on a Digilab FTS 7000e
FTIR with a UMA 600 microscope equipped with a Lancer detector with 32 x 32
pixels. Spectra were smoothed with a Savitzky-Golay filter before deconvoluting
the amide | band by taking the second derivative.

synchrotron WAXD. WAXD studies were conducted at the BESSY Il synchrotron
radiation facility at the mySpot beamline (Helmholtz-Zentrum Berlin, Adlershof).
For each measurement, approximately 20 byssal threads were bundled together
and mounted horizontally and perpendicular to the incident X-ray beam. The
X-ray wavelength was set to 0.082656 nm (15 keV) using a MoBC multilayer
monochromator (2 nm period), with a 30-pum beam size and 150 s measurement
time. The diffraction patterns were collected with the Eiger 9M (Dectris) detector
with a sample-to-detector distance of ~300 mm.
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Protein Extraction and Purification. For protein extraction, foot extracts and
induced threads were treated with an extraction buffer consisting of 20 mM phos-
phate bufferatpH 7,4 M urea, 1 mMKCN, T mM EDTA, and 10 mM ascorbic acid.
Samples were homogenized on ice with a glass hand-held tissue grinder, soni-
cated ~15 times with a microtip probe sonicatorat4 °C, and centrifuged (17,500
x g, 7 min, 4 °C). Freshly secreted native threads were collected for a maximum
3-d period, had the plaques removed, and were stored in a solution of 1% acetic
acid with 10 mM N-phenylthiourea at 4 °C until a sufficient number of threads
were collected. The threads were then treated as above but with the addition of
10 mM N-phenylthiourea and an increase of urea to 8 M in the extraction buffer.

Mass Spectrometry Sequencing. Gels containing quagga and zebra mussel
foot, induced and native thread extracts were stained by Coomassie, and the
bands excised for trypsin digestion were analyzed using standard procedures
at the MUHC (McGill University Health Center) proteomics facility. Peptides
were analyzed using a Thermo Orbitrap Fusion mass spectrometer operating at
120,000 full-width half maximum resolution in Mass Spectrometry mode with
HCD sequencing. Data were analyzed using publicly available transcriptomicand
genomic libraries.

RACE PCR, Sequence Analysis, and Alphafold2 Modelling. Gene-specific
primers were initially designed to amplify short fragments from 5" and 3’ RACE
libraries using standard TA-cloning methods These 5’ and 3’ sequences were
used to design gene-specific primers thatamplified a 12.5-kb fragment. This PCR
fragmentwas purified and directly Sanger sequenced with a series of walks using
successively designed primers (S/ Appendix, Table S4). Acquired sequences were
analyzed with numerous bioinformatics tools, including Alphafold.

Data, Materials, and Software Availability. All data discussed in the paper
are presented in the figures and supporting information. Materials will be made
available to readers upon reasonable request. Db_tpf1iii has GenBank accession
number OR105623 (57).
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