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Dr. Emily Carrington

Biology

Marine mussels are masters of underwater adhesion, attaching to a wide variety of substrates
using an array of collagen-like fibers (byssal threads) that are each tipped with a powerful
protein-based adhesive (plaque). The molecular mechanisms that underlay plaque adhesion are
an integral part of a worldwide mussel aquaculture industry, while also inspiring the
development of anti-fouling coatings for use in the maritime industry, and the design of medical
adhesives for use as sutures in the human body. In this dissertation, | seek to understand the
mechanisms underlying plaque adhesion using an ‘ecomechanical’ perspective, by exploring the
direct interaction between the local environment and the adhesive plaque after it is deposited on
a surface. To accomplish this, in Chapter 1 | perform a series of laboratory experiments wherein
mussels make attachments to surfaces under standard ‘open-ocean’ conditions, and attachments
are separated from the animal and matured in different seawater treatments. When sampled

overtime, plague attachment strength increased over time, nearly doubling in adhesion strength



(+94%) after 12 days in seawater at pH 8.0. However, holding plaques in low pH conditions
(<7.0) prevented this strengthening, causing the material to tear more frequently under tension.
These results point to the role of seawater pH as a ‘molecular trigger’ during the adhesive curing
process, necessitating that plaques have access to a basic pH after initial substrate adhesion is
achieved. Chapter 2 expands on this finding by investigating the influence of other seawater
parameters, such as seawater temperature, salinity, and dissolved oxygen concentration on the
plaque curing process. In contrast to pH, high temperature (30°C) and low salinity (1 PSU) had
no effect on adhesion strength, while incubation in hypoxia (0.9 mg L) for 12 days left plaques
with a mottled coloration. Oxygen deprived plaques were more likely to peel from substrates
before the thread could be loaded, leading to a 51% decrease in adhesion strength. Atomic force
microscopy (AFM) imaging of the plaque cuticle found that plaques cured in hypoxia had
regions of lower stiffness throughout, indicative of reductions in crosslinking between DOPA
residues of mussel foot proteins (Mfps). Given the demonstrated sensitivity of the plaque during
the adhesive’s cure window, Chapter 3 explores the implications observed interactions with the
seawater environment, given the dynamic conditions that mussels experience as inhabitants of
the nearshore. Five-day excursions in pH and dissolved oxygen measured at a local shellfish
farm were replicated in fluctuating laboratory experiments, wherein pH excursions (<5.0)
delayed plaque strengthening when applied early in the curing process, while hypoxia decreased
adhesion strength after the adhesive had fully matured (<2 mg L. In both cases, adhesion
strength was rescued after re-immersion in open-ocean seawater conditions. Altogether, these
results emphasize that mussel attachment strength is vulnerable to environmental modification,
but only if deleterious pH or oxygen conditions are maintained during critical periods of the

biomaterial’s lifespan.
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Chapter 1

Environmental post-processing increases the adhesion strength of mussel byssus

adhesive

Matthew N. George'? and Emily Carrington'-2

1 — University of Washington, Department of Biology, BOX 358100, Seattle, WA 98195

2 — Friday Harbor Laboratories, 620 University Rd., Friday Harbor, WA 98250

Keywords: protein cross-linking; underwater adhesion; mussel foot protein (Mfp); Mytilus

trossulus; 3,4-dihydroxyphenly-L-alanine (DOPA)



1.1. Abstract

Marine mussels (Mytilus trossulus) attach to a wide variety of surfaces underwater using a
protein adhesive that is cured by the surrounding seawater environment. In this study, the
influence of environmental post-processing on adhesion strength was investigated by aging
adhesive plaques in a range of seawater pH conditions. Plaques took 12 days to achieve full
strength at pH 8, nearly doubling in adhesion strength (+94%) and increasing the work required
to dislodge (+59%). Holding plaques in low pH conditions prevented strengthening, causing the
material to tear more frequently under tension. The timescale of strengthening is consistent with
the conversion of DOPA to DOPA-quinone, a pH dependent process that promotes cross-linking
between adhesive proteins. The precise arrangement of DOPA containing proteins away from the
adhesive-substrate interface emphasizes the role that structural organization can have on
function, an insight that could lead to the design of synthetic adhesives and metal-coordinating

hydrogels.



1.2. Introduction

The design of strong adhesives that persist on wet surfaces remains one of the most
difficult challenges for the adhesives industry today. Water molecules provide a multitude of
problems for adhesion, including competition for molecular interactions at the adhesive-substrate
interface, erosion through hydrolysis, and deformation by means of water absorption (Comyn
1981; Stewart et al. 2011). These complications are then multiplied in seawater environments,
where polar macromolecules, salts, and biological films compete for ionic interactions (Yu, Kan,
et al. 2013). In light of these challenges, one increasingly popular approach is to borrow
engineering concepts from biological systems that have evolved novel underwater attachment
strategies (Kamino 2008; Hagenau et al. 2014). One such system is the marine mussel (Mytilus
spp.), which routinely forms robust attachments in harsh ocean environments using
proteinaceous fibers (byssal threads) tipped with an adhesive plaque (Waite 1983). Adhesive
plaques are capable of binding to a wide variety of traditionally challenging materials (ie, glass,
plastics, wood, and Teflon®), while the mussel remains fully submerged (Waite 1987).

Mussels adhere to surfaces underwater through the secretion, deposition, and
complexation of polyphenolic proteins, known as mussel foot proteins (Mfps). Mfp-3 and -5 are
found at the adhesive-substrate interface (Waite & Qin 2001; Zhao et al. 2006) and contain a
high abundance of 3,4-dihydroxyphenly-L-alanine (DOPA) side chains, a post-translationally
modified amino acid that forms hydrogen bonds with surfaces (Papov et al. 1995; Anderson et al.
2010; Danner et al. 2012). Interestingly, DOPA is also indispensable in forming crosslinks
between like proteins within the plaque itself (Haemers et al. 2003; Wilker 2010a; Holten-
Andersen et al. 2011), a task that requires the incorporation of oxygen. For DOPA to play these

two contradictory roles, the sequencing, positioning, and chemical environment under which



mussel proteins are secreted, and form complexes, must be tightly controlled (Yu & Deming
1998).

Formation of an adhesive plaque begins when a mussel presses the distal depression, a
small indentation at the tip of the animal’s foot, against a surface. Glands along the depression
then sequentially secrete different Mfps into the cavity, where they interact with each other and
the surface (Tamarin & Keller 1972). In situ measurements from within the distal depression
during plague secretion suggest that Mfps are deposited under highly acidic (pH 2-4), ionically
sparse (0.15 mol L), and highly reduced redox conditions (Yu, Wei, Danner, Ashley, et al.
2011; Martinez Rodriguez et al. 2015; Miller et al. 2015; Nicklisch et al. 2016). In this
environment, many DOPA-rich Mfp secretions exist as coacervates (Wei et al. 2014); fluid-fluid
phase separations (similar to droplets of oil in water) that are metastable, forming micro-droplets
that preferentially form hydrogen bonds with surfaces (Zhao et al. 2016). After Mfp secretion is
complete, a mussel’s foot is removed and seawater rushes in, causing a drastic shift in the pH
(~8.1), ionic concentration (~0.7 M), and dissolved oxygen concentration (~8 mg L™?)
surrounding the plaque (Waite 2017). The result is a transition from a fluid to a porous solid over
the course of minutes.

The molecular mechanics of DOPA-mediated adhesion has garnered the majority of the
attention in this system, with several notable successes when it comes to incorporating DOPA
into mussel-inspired hydrogels (Lee et al. 2002; Lee et al. 2006) with pH dependent properties
(Barrett et al. 2013; Krogsgaard et al. 2013). Through the use of surface force analysis (SFA),
Mfp-3 and -5, the two Mfps with the highest molecular DOPA concentrations, display high
adhesion energies at a pH of 3.0 (Yu, Wei, Danner, Israelachvili, et al. 2011; Danner et al. 2012).

This effect is lost at a pH around 7.5, as DOPA side chains are converted to DOPA-quinone, a



process that instead facilitates protein-protein crosslinking (Holten-Andersen et al. 2011; Yu,
Wei, et al. 2013).

While an investigation of how DOPA adheres to surfaces has been fruitful, a focus solely
on the molecular mechanics of Mfps ignores how they interact to form a composite material
under tension. Adhesive plagues are made up of several Mfps with variable molecular
concentrations of DOPA (2-30%), arranged into a structural core and iron fortified coating
(Wilker 2010a; Wilker 2010b). Given the structural complexity of the plaque, it is perhaps not
surprising that adhesion strength calculations based solely on the adhesion energy of Mfp-5, the
Mfp with the most DOPA sidechains, underestimate plaque attachment strength by a factor of
10,000 (Desmond et al. 2015). One explanation for this discrepancy is that, while DOPA is
important for adhesion at the adhesive-substrate interface, elements of the local seawater
environment ‘cure’ the plaque, causing structural changes within the protein network that
increase adhesion strength (Waite & Broomell 2012). To test this hypothesis, the adhesion
strength and material stiffness of adhesive plaques were measured when aged under typical
seawater conditions. The effect of seawater pH on the curing process was then examined to
determine whether pH is an important factor governing adhesion strength after Mfps have
already bound to a surface. Our results show that environmental post-processing is an important
driver of the curing process of adhesive plaques, an exciting insight that could inform the design
of new DOPA-modified medical adhesives for use in body cavities with specific pH regimes, or

inspire the development of novel anti-fouling strategies for use in the maritime industry.
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1.3. Materials and Methods

Mytilus trossulus (Gould 1850) were collected during the winter months of December-
February, 2015-2016, from Penn Cove Shellfish, located off the coast of Whidbey Island,
Washington, USA (48°13'N 122°42'W). Mussels were kept in 50 liter aquaria with recirculating,
0.2 um filtered seawater (pH = 8.1, T = 10°C, Sal = 31 PSU) for up to two weeks, and were fed
Shellfish Diet 1800 (Reed Mariculture, Campbell, CA) up to 5% of wet tissue mass day™ at an
algal concentration of 2000 cells ml™2. At the time of collection, shell length was measured using
Vernier calipers to the nearest 0.1 cm. After use in experimental trials, mussels were sacrificed
and their gonads were separated from their somatic tissue by pulling back the gills and cutting
away the underlying tissue with a scalpel. The gonads and remaining somatic tissue were dried
separately at 60°C in aluminum weigh dishes until a constant dry weight was achieved (~3 days).
Reproductive and physiological condition for all individuals was determined after experimental
trials to control for tank and cohort level effects. Reproductive condition was determined using
gonad index (Gl), calculated as the dry gonad mass divided by the dry body (gonad plus somatic
tissue) mass (Carrington 2002). Physiological condition was measured as condition index (Cl),
defined as dry body mass divided by shell length® (Moeser et al. 2006). Body size and condition
metrics for mussels, grouped by experiment and treatment, are reported in supplementary tables

S1-54.

1.3.1. Thread Production
In order to direct the site of plaque deposition, mussels were arranged on sheets of mica

and fastened with a rubber band, orienting the mussel’s foot towards the substrate. Mica was
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chosen to limit the impact of surface roughness and for its characteristic atomic structure.
Mussels were allowed to attach over four hours, then byssal threads were cut away from the
animal at the proximal region’s interface with the shell. Threads from individuals that made less
than three attachments were not included in a treatment group. Mica sheets with plaque
attachments were stored dry at room temperature (~21°C, ~30-40% RH) for up to two weeks and

then moved into treatment conditions.

1.3.2. Experimental Manipulations

Mica sheets with more than three threads attached were incubated in one of six seawater
pH treatments (pHnags target = 1.0, 3.0, 5.0, 7.0, 8.0, 12.0) and allowed to age for either 0.17, 1,
3,5, 8, 12, or 20 days. Constant pH treatment levels of pH 3.0-8.0 were achieved by bubbling 3
liter containers of filtered seawater with a dynamically controlled mixture of air and CO> gas
(O’Donnell et al. 2013). Seawater pH was monitored in each container with a Durafet I11 pH
electrode (Martz et al. 2010; Honeywell, Fort Washington, PA; accuracy + 0.01), attached to a
UDAZ2182 analyzer that controlled a solenoid valve in line with a CO> gas canister. Treatments
were constantly bubbled with air to maintain a dissolved oxygen concentration above 8 mg L,
which was monitored with a Honeywell DirectLine DL5000 equilibrium probe (accuracy + 0.1).
Salinity was measured daily with a Honeywell DL4000 conductivity cell (accuracy + 1 PSU). pH
(NBS scale), dissolved oxygen (mg L), and temperature (°C) were logged every ten minutes.
Endpoint pH treatments of pH 1.0 and 12.0 were accomplished through the addition of either 1N
phosphoric acid or a mixture of 0.5M potassium hydroxide and 0.5M potassium carbonate.
Additions were accomplished using the pH stat system described above with the addition of drip

irrigators. These treatments were not intended to accurately mimic the carbonate chemistry
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regime found in nearshore environments, but rather served to bookend the response curve
generated through the manipulation of pCOx.

pH electrodes were calibrated using NBS standards before use in each treatment. Bottle
samples were collected at three time points throughout each 20-day treatment (1, 12, and 20
days) and poisoned with 0.02% saturated mercuric chloride (HgCl>) to halt all biological activity.
All samples that contained mercuric chloride were handled and disposed of in accordance with
NIOSH guidelines. For each bottle, total alkalinity (Ta) was measured in pmol kg using end-
point titration (DL15 titrator, Mettler Toledo, Schwerzenbach, Switzerland; accuracy + 50 pmol
kg™) following SOP 3b from Dickson et al. (2007). Treatment averages for pCO, (patm) and
total dissolved inorganic carbon (Tc) were calculated using CO2Calc (Van Heuven et al. 2011)
with the following constants: CO2: Mehrbach et al. (1973); KHSO4: Dickson (1990); and Boron:

Uppstrom (1974). Means (£ s.d.) for each treatment are listed in Table 1.1.

1.3.3. Mechanical Testing and Atomic Force Microscopy

Each individual adhesive plaque was pulled until failure according to the protocol
outlined in Bell & Gosline (1996). Plaques were pulled at a 90° angle relative to the substrate to
ensure uniformity across samples. It should be noted that this testing angle may not be
biologically relevant, given the variable positioning of a mussel’s foot during deposition
(Desmond et al. 2015). For each test, a hemostat was used to grip the distal region, 1 mm above
the attachment plaque, and attached to a 10 N digital force gauge (OMEGA, Stamford, CT;
accuracy + 0.01 N) mounted on a motor-driven testing frame. Extension rate was 10 mm min
and force (N) was recorded at 20 Hz. All threads were rehydrated (>5 mins) in their respective

seawater treatment prior to testing. Each plague was imaged before tensile testing using an
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AmScope MU1000 camera (Irvine, CA) attached to a dissection microscope. Plaque attachment
area (planform area) in mm? was measured using AmScopeX imaging software by tracing the
outline of each plaque. Adhesion strength (kPa) was recorded as the maximum force required to
remove a plaque from the substrate, normalized by the attachment area (Burkett et al. 2009).
Work of adhesion (N m™) was calculated as the area under the force-extension curve (Hamada et
al. 2017). The mean of 3-5 plaque pulls was reported for each mussel. The failure mode of each
plaque was scored visually as either an adhesive failure (plunger failure), a peeling failure
(failure propagated from one side of the plaque to the other), or tearing failure (part of the plaque
remained after failure) following the guidelines of Young & Crisp (1982).

Nanoscale surface characteristics of the cuticle of adhesive plaques were determined
using a Bruker (Billerica, MA) Dimension ICON atomic force microscope (AFM). A ScanAsyst-
Air probe with silicon-nitride tip was used to approach the surface of dry plague samples,
scanning 1 um? regions of the cuticle’s topography. Scans of the plaque surface were
haphazardly taken 1 mm away from the distal root, avoiding large topographical features on the
plaque’s surface and parts of the distal region that innervated the plaque architecture. A region
free of large topographical features was chosen from each 1 pm? scan for analysis, moving the
tip to that section and recording a 10 nm? adhesion image (see Figure S1.1 for explanation).
DMT modulus (GPa) was calculated within each scan as the slope of the force curve during tip-
sample separation (Young et al. 2011), with a resolution of 512 samples per line and calibrated
against a fused silica standard (Veeco, Plainview, NY). The over 260,000 measurements
obtained from each 10 nm? scan were averaged to get a representative stiffness of the cuticle at
that position. Three samples were taken per plaque, averaging the mean of three plaques from

each mussel.
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1.3.4. Air Exposure and Plaque Maturation

Previous work from our laboratory has shown that storing mature byssal threads in air
does not significantly alter a thread’s mechanical properties (Brazee & Carrington 2006). To
confirm that storage in air did not affect the maturation process in this study, the adhesion
strength (kPa) and appearance of freshly made plaques (F, 4 hours after deposition) were
compared to plaques subjected to three storage treatments. In the first treatment, plaques were
removed from seawater 4 hours after deposition, stored in air for two weeks, and rehydrated in
seawater before testing (FD). Freshly made plaques in the second treatment were cut away from
the animal, but remained submerged for 20 days in seawater without air exposure (S). The last
treatment stored freshly made plaques in air for two weeks, after which they were returned to

seawater and allowed to mature for 20 days (DS). Results are reported in Figure S1.2.

1.3.5. Statistical Analysis

All statistical analyses were performed in R (Version 3.4.1; http://www.r-project.org/)

with the RStudio IDE (Version 1.0.153; http://www.rstudio.com/). When appropriate, data

transformations to achieve linearity were performed using the Johnson Transformations package
(Edgar Santos Fernandez 2014). Linear mixed-effects models were constructed and subsequent
ANOVA analyses were performed using the nlme package (Pinheiro et al. 2017). Shell length
(cm), plaque area (mm?), Gl, Cl, and either adhesive age (days) or pH (NBS) were treated as
fixed effects, while each mussel was incorporated as a random effect. When appropriate,
interaction terms were added to test whether or not the combination of significant effects

explained trends.
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1.4. Results
1.4.1. Plaque Maturation Over Time

After deposition, adhesive plaques aged under standard seawater conditions (see Table
1.1) increased in adhesion strength and work of adhesion over time (p <0.001, Figure 1.1., Table
1.2). Strengthening was accompanied by a change in plaque color, from milky white after
deposition (4 hours) to dark tan after 20 days in seawater (Figure 1.1. c-f). Tukey HSD
comparisons of time points indicate peak strength was achieved at 8-12 days after deposition,
when plaques displayed adhesion strengths 94% greater than at the time of deposition and
required 59% more work to dislodge from the substrate. Freshly made plaques that were stored
dry for two weeks remained white in color (Figure S1.2c) and were not significantly stronger
than those tested 4 hours after deposition (p = 0.99, Figure S1.2a). When rehydrated in seawater
and allowed to mature to 20 days, plaques turned yellow (Figure S1.2d) and were significantly
different than plaques collected directly after deposition (p <0.001; Figure S1.2a). Plaques that
were collected 4 hours after deposition, dried for two weeks, and returned to seawater for 20
days, displayed adhesion strengths similar to 20 day old plaques that were never exposed to air
(p = 0.84; Figure S1.2a), turning yellow upon their return to seawater (Figure S1.2e).

Increases in adhesion strength were accompanied with characteristic shifts in how the
adhesive plaque failed during tensile testing. The most common mode of failure after deposition
was peeling (68%), shifting to loss of adhesion (plunger failure, 75%) as plaques reached 12
days old (Figure 1.3). Trends in adhesive strengthening and failure mode mirrored those seen in
the DMT modulus obtained through AFM scans of the plaque cuticle (p <0.001, Figure 1.4,

Table 1.2). DMT modulus also peaked 12 days after deposition, increasing by 125% when
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compared to plaques that were 4 hours old. Surface roughness did not change significantly (data

not shown), and no differences in surface topography were evident over time (Figure 1.4c,d).
Shell length, gonad index, condition index, and plaque area were consistent for mussels

across treatments and did not affect adhesion strength, work of adhesion, or material stiffness

(Experiment 1, Table 1.2; Table S1.1-S1.2).

1.4.2. Plaque Maturation as a Function of Seawater pH

The seawater pH that adhesive plaques were held in for 12 days after deposition had a
significant effect on their adhesion strength (p<0.001, Figure 1.2a, Table 1.2), work of adhesion
(p<0.001, Figure 1.2b, Table 1.2), and DMT modulus (p=0.004, Figure 1.4b, Table 1.2). At a pH
similar to conditions found within the distal depression (pH 1.0-3.0), attachment strength
remained below 100 kPa, work of adhesion below 200 N m™*, and DMT modulus below 0.5 GPa,
mimicking results found during the natural aging process at 4 hours (Figure 1.1). Under these
conditions, plaques became darker than those previously observed, becoming black at pH 1.0-3.0
(Figure 1.2c-d). Tearing failure was also more frequent at low pH (45% at pH 1.0; 4% at pH 8.0;
Figure 1.3b).

A rise in pH above 5.0 was matched with a steep increase in adhesion strength (+138% at
pH 8.0; Figure 1.2a), work of adhesion (+94% at pH 8.0; Figure 1.2a), and DMT modulus
(+87% at pH 8.0; Figure 1.4b). Plaques also achieved their characteristic tan color (Figure 1.2e-
h), and tearing failure drastically decreased in frequency (4% at pH 8), to be replaced by loss of
adhesion as the dominant failure mode (75%, Figure 1.3b). As was seen with age, no significant

differences were observed in surface roughness (data not shown) or topography as a function of
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maturation pH (Figure 1.4e,f). Plague strengthening plateaued at pH 8.0, after which increasing
pH did not increase attachment strength, work of adhesion, or DMT modulus.

Gonad index, condition index, and plaque area were consistent for mussels across
treatments and did not affect adhesion strength, work of adhesion, or material stiffness
(Experiment 2, Table 1.2; Table S1.3-S1.4). Shell length did affect work of adhesion (p = 0.04),

but an interaction between pH treatment and shell length was not significant (p = 0.97).

1.5. Discussion

This study showed that adhesive plaques undergo a curing process after deposition that
increases adhesion strength over time, with peak performance observed after 8-12 days. Plaque
curing is also sensitive to the local seawater environment, requiring the maintenance of a pH
above 7.0 after deposition, and was arrested when removed from seawater. The time course of
strengthening observed here is substantially longer than would be predicted from DOPA-
mediated interactions with the surface alone, occurring over the course of days rather than
minutes (Mian & Khan 2017). This result underscores that environmental post-processing was
not only important for initial DOPA-substrate interactions, but may lead to important structural
changes in the plaque away from the adhesive-substrate interface that drastically increase
adhesion strength. Given that there is growing evidence that nearshore environments are subject
to extreme fluctuations in seawater chemistry due to tidal and seasonal variability, the timescale
of strengthening observed could be an important overlooked factor that determines the
attachment strength of mussels in the intertidal zone, as well as those suspended on ropes in

mariculture operations.

18



Observed increases in plaque adhesion strength and work of adhesion are consistent with
increases in the cohesive strength of the plaque protein network over time. At a seawater pH of
8.0, covalent cross-linking occurs between Mfps containing DOPA rich side chains. Cross-
linking involves the incorporation of oxygen from the surrounding environment, and is further
mediated by the enzyme catechol oxidase, which also displays peak activity at a pH of 8.0
(Waite 1985; Haemers et al. 2002). Oxidation of DOPA leads to the formation of DOPA-
quinone, which forms covalent cross-links with DOPA, Histidine, Cysteine, and Lysine
(McDowell et al. 1999; Zhao & Waite 2006a; Miserez et al. 2010). The development of large
quantities of DOPA-quinone in mussel adhesive was evidenced in this study by plaques that
changed color as they aged, from a milky white to a dark-tan color over the course of 20 days, a
process that has been referred to as quinone tanning (Brown 1950).

While not explicitly investigated in this study, the rate at which cross-linking occurs may
be environmentally dependent. For example, Dolmer and Svane (1994) showed that when kept in
a high flow regime (19.4 cm s™) over a 24-hour period, Mytilus edulis produced stronger
attachments (whole animal) than when kept in still water (0 cm st). One possible interpretation of
their findings is that water flow increases the flux of oxygen to the plaque, suggesting our still-
water assays may have underestimated the timescale required for plaque maturation. Similarly,
increases in plaque di-DOPA cross-link densities from flow-exposed mussels (Mytilus edulis)
reinforce that the effect of flow is not merely due to mussels producing more threads in response
to increases in hydrodynamic loading, but rather changes the composition of the plaque
(McDowell et al. 1999). However, neither of these studies controlled for potential phenotypic
responses of mussels to flow, such as altered gene expression or morphological changes in

plaque size. The same can be said for pH; studies using whole animals from our laboratory
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(O’Donnell et al. 2013) and others (Zhao et al. 2017) have shown that ocean acidification can
decrease attachment strength in mussels and cause characteristic shifts in Mfp expression.

In this study, plaque area was consistent across treatment groups and all plaques were
separated from animals before being exposed to seawater treatments. This experimental design
allowed for the isolation of the effect of environmental post-processing on the material itself,
eliminating any physiological effects that could alter the composition or quality of the byssal
threads that were produced. This separation is an important distinction; the timescale over which
the curing process takes places could potentially expose newly made plaques to a wide variety of
seawater conditions in nearshore environments where pH and oxygen fluctuate due to tidal
cycling, respiration and photosynthesis, and upwelling (Booth et al. 2012; Frieder et al. 2012).
Nevertheless, interactions between mussel phenotype, the local seawater environment, and
attachment strength remains one of the areas in greatest need of study in this system, with the
exciting potential to inspire the synthesis of a wide array of materials with different mechanical
properties (Carrington et al. 2015).

While DOPA has widely been studied for its adhesive properties, DOPA-quinone
contributes significantly to overall adhesion strength by stabilizing the plaque’s architecture as a
porous solid. Molecular concentrations of DOPA are highest in Mfps located at the adhesive-
substrate interface (Mfp-3F, 20%; Mfp-3S, 10%, Mfp-5, 30%), but are also evident in Mfps that
never come in contact with the surface (Waite 2017). Mfp-2, the most abundant protein by
weight, contains 5% DOPA and may act as the structural backbone of the plaque (Inoue et al.
1995). Similarly, Mfp-4 contains 2% DOPA, is histidine rich, and is located at the load bearing
junction where the plaque connects to the distal region of the byssal thread (Zhao & Waite

2006b). The presence of DOPA in these proteins could point to the structural importance of
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cross-linking throughout the plaque, consistent with the failure mode results seen here. Peeling
failure was common in newly formed plaques, which were also white in color. DOPA-quinone
mediated cross-liking, while in a relatively low concentration within the plaque core, could
strengthen the protein network while retaining enough flexibility to dissipate energy across the
structure, allowing the plaque to act as a single unit during failure. This shift would explain the
high prevalence of adhesive failure that occurred after 8 days, as DOPA-quinone formation in
the core develops due to the relative oxygen limitation within the plaque.

High molecular DOPA concentrations occur in plaque proteins that are not located at the
adhesive-substrate interface, notably Mfp-1 (15% DOPA), which serves at the outer coating of
the plaque. In this case, environmental post-processing may also play an important role in
determining the overall mechanical properties of the plaque through DOPA-iron complexation.
Iron coordination is pH sensitive, with the formation of increasingly stable mono-, bis-, or tris-
(DOPA)Fe** complexes as pH goes from acidic to basic (Taylor et al. 1996; Xu 2013). In fact,
the dark appearance of plaques at pHs below 3.0 may be due to the reduction of Fe*" to Fe?* by
DOPA, leading to the precipitation of iron pyrites that are typically black in color (Fullenkamp et
al. 2014), although not investigated in this study. Observed increases in DMT modulus at the
plaque cuticle as a function of adhesive age and maturation pH could reflect this process, given
that no physical changes in plaque surface architecture were observed. While the relative
importance of the cuticle in the plaque’s overall structural integrity is not known, the reduction in
stiffness observed in low pH treatments could explain the increased frequency of tearing and
peeling failure observed during tensile testing. With reduced stiffness, localized regions of high
stress at the cuticle could cause cracks to form, leading to premature failure of the plaque before

energy can be dissipated over the protein network.
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Currently, mussel-inspired materials are synthesized through the addition of DOPA
functional groups to polymer backbones. This approach has led to success in the design of
polymer films that stick to inorganic and organic molecules (Waite 2008; Lee et al. 2011),
hydrogels with pH-sensitive storage moduli (Krogsgaard et al. 2013), and coatings with variable
surface chemistries (Lee et al. 2007). The results presented here show that, while DOPA-
mediated interactions with surfaces have received a lot of attention in this system, the cohesive
architecture of the protein network may be just as important. Mussel byssus plaques display
complex arrangement of DOPA containing proteins which balance the roles of adhesion and
cohesion to form a material that has adhesive properties, while drawing upon the surrounding
seawater chemistry to enhance structural integrity. Understanding how DOPA is arranged in
mussel adhesive, and what effect its arrangement has on the mechanical properties of the plaque
as a whole, could prove invaluable when designing adhesives with specific curing times for use

in wet environments and body cavities with specific pH regimes.
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1.11. Tables

Table 1.1. Seawater conditions (x s.d.) in each pH treatment during 20-day exposures. Seawater

was 0.2um filtered, UV sterilized, and kept in the dark to prevent bacterial and algal growth. pH

(NBS), temperature (°C), salinity (PSU), and dissolved oxygen (DO; mg L) where measured at

10 minute intervals. Total alkalinity (Ta) was measured through acid titration of poisoned bottle

samples taken at 1, 12, and 20 days. pCO: and total dissolved inorganic carbon (Tc) were

calculated from pH, salinity, temperature, and total alkalinity. The bold treatment was considered

‘standard seawater conditions’ because it most closely represented open ocean conditions.

Measured Calculated
pH  Durafet pH T (:C) Sal DO Ta pCO2 Tec
Target  (NBS) (PSU) (mgL?Y) (umol kg?) (patm) (umol kgt)
1 1.21+£0.24 101+£12 29+1 9.2+05 2065+55
3 3.09+0.15 98+14 28+2 93+0.3 207840 8.6E7 + 7.3E6 3.9E6 + 3.1E5
5 5.04+0.04 10.0+0.8 29+1 86+05 2092+18 5.9E5 + 2.6E4 2.9E4 + 1.3E3
7 7.01+002 95+0.7 29+2 88+04 2079+31 6119 + 283 2346 + 49
8 8.02+0.03 96+11 28+1 94+0.7 208922 569 + 11 2004 + 20
12 1198+0.15 10.3+05 28+1 95+05 2087 +34
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Table 1.2. ANOVA summary of linear mixed-effects models exploring the effect of multiple
factors (shell length, gonad index (Gl), condition index (Cl), and plaque planform area) on
adhesive plaque performance (adhesion strength, work of adhesion, and material stiffness) for
two experiments. In the first experiment, adhesive plaques were aged under standard seawater
conditions (see Table 1.1) and sampled through time. In the second experiment, plaques were
aged to maturity (12 days) in various pH treatments (pH = 1-12). Factors were treated as fixed
with the mussel included as a random factor and the degrees of freedom for the denominator are

reported. P-values less than 0.05 are marked with an asterisk.

Adhesion Strength ~ Work of Adhesion Material Stiffness
(kPa) (Nm%) (MPa)

Source d.f. F P-value d.f. F P-value df. F P-value

Experiment 1:
Adhesive Age 188 80.86 <0.001* 187 42.86 <0.001* 57 30.10 <0.001*
Shell length 188 0.01 094 187 0.12 073 57 014 0.71

Gl 188 0.10 0.75 187 0.21 0.65 57 036 055
Cl 188 164 020 187 234 013 57 001 091
Plaque area 187 0.04 085 57 051 0.48
Experiment 2:

pH 149 20.63 <0.001* 147 14.17 <0.001* 42 9.15 0.004*
Shell length 149 037 054 147 440 0.04* 42 062 0.44
Gl 149 063 043 147 013 0.72 42 350 0.07
Cl 149 0.12 073 147 218 0.14 42 0.03 0.87
Plaque area 147 111 029 42 285 0.10
pH x Shell 147 0.001 0.97
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1.12. Figures
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Figure 1.1. Strengthening characteristics of adhesive plaques after deposition on a surface (pH =
8.02+£0.03, T=9.6+1.1°C, Sal = 28 + 1 PSU). The force required to remove plaques from a
substrate normalized to the attachment area (a; adhesion strength, kPa) and the area under the
force-extension curve (b; work of adhesion, n m-1) increased as plaques aged (F1,188= 80.86, p
<0.001; F1,187 = 42.86, p<0.001). Yellowing of plaques, consistent with quinone tanning, was
also observed as plagues remained in seawater for longer periods of time (c-f; 1, 5, 12, and 20
days old respectively). Error bars represent 95% confidence intervals. Letters represent the result

of Tukey HSD comparisons between groups.
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Figure 1.2. Strengthening characteristics of adhesive plaques aged to maturity (12 days) under
different seawater pH conditions (pH = 1-12). The force required to remove plaques from a
substrate normalized to the attachment area (a; adhesion strength) and the area under the force-
extension curve (b; work of adhesion) increased with seawater pH (F1,149 = 20.63, p <0.001,;
F1147=14.17, p<0.001). Yellowing of plaques, consistent with quinone tanning, was observed in
pH conditions above 5 (c-h; pH 1, 3, 5, 7, 8, and 12, respectively). Error bars represent 95%

confidence intervals. Letters represent the result of Tukey HSD comparisons between groups.
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Figure 1.3. Frequency of each failure mode as adhesive plaques aged to maturity at standard
seawater conditions (a, pH =8.02 £ 0.03, T =9.6 £ 1.1°C, Sal = 28 + 1 PSU), and of mature
adhesive plaques aged 12 days in different pH conditions (b, pH = 1-12). Tearing (a) occurred
when the distal region of the thread dislodged from the adhesive or part of the adhesive remained
attached to the substrate. Peeling failure (d) occurred when a plaque failed asymmetrically, while

adhesive failure (e) was defined as the entire adhesive plaque failing as one unit.
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Figure 1.4. Material stiffness of the cuticle of adhesive plaques, measured as the mean DMT
modulus of 10 nm? atomic force microscopy scans (AFM). Plaque stiffening occurred as the
adhesive aged in standard seawater conditions (a, pH=8.1+0.2, T=9 + 2°C, Sal =28 + 1 PSU;
F157=30.10; p < 0.001) and was prevented by increasing seawater acidity (b, pH =1-12, T=9 %
2°C, Sal =28 + 1 PSU; F142 = 9.15, p = 0.004). Adhesion images of the cuticle outline the
porous nature of the material during maturation at pH 8 (c, 4 hours; d, 12 days) and when held in
acidic (e, pH 1) and basic (f, pH 12) environments during solidification for 12 days. Error bars
represent 95% confidence intervals. Letters represent the result of Tukey HSD comparisons

between groups.
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1.13. Supplemental Material

Table S1.1. Body size and condition metrics for mussels that produced adhesive plaques

included in tensometer measurements in experiment 1, investigating the effect of adhesive age on

adhesion strength (kPa) and the work of adhesion (N m™). Values are means * 1 s.d. Statistics

are the result of linear regressions of metrics across treatment groups.

Age Shell Length  Plaque Area Gonad  Condition Index
(days) (cm) (mm?) Index (x10° g cm®)

0.17 38 49+05 2.19+£0.72 0.11+0.02 40+0.6
1 36 48+0.6 2.06+0.76 0.12+0.03 3.8+£0.6
3 18 49+0.6 222+0.73 0.11+0.02 3.7+05
5 11 50£05 2.18+0.36 0.11+0.01 43+0.7
8 27 50+0.5 2.26+0.80 0.11+0.02 39+05
12 45 54+05 224+0.46 0.11+0.02 40+05
20 18 48+05 220+048 0.12+0.04 3.8+0.6

R? 0.03 0.003 0.005 0.005

pvalue  0.16 0.45 0.35 0.35

35



Table S1.2. Body size and condition metrics for mussels that produced adhesive plaques
included in AFM measurements in experiment 1, investigating the effect of adhesive age on
material stiffness (MPa). Values are means + 1 s.d. Statistics are the result of linear regressions

of metrics across treatment groups.

Age Shell Length ~ Plaque Area  Gonad  Condition Index
(days) (cm) (mm?) Index (x10° g cm®)

0.17 9 44+05 1.63+0.26 0.12+0.02 39+04
1 8 48+0.6 2.31+£0.70 0.12+0.04 3.7+£0.6
3 8 51+05 259+£0.79 0.11+0.02 35+0.5
5 7 5005 2.29+0.39 0.11+0.03 45+0.7
8 11 49+0.7 225+0.73 0.11+£0.02 3.8+0.5
12 10 55+£0.3 2.60+£0.54 0.11+0.03 39+0.5
20 10 48105 2.27+£0.58 0.11+0.02 39+0.6

R? 0.02 0.03 0.008 0.005

p value 0.24 0.21 0.49 0.59
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Table S1.3. Body size and condition metrics for mussels that produced adhesive plaques

included in tensometer measurements in experiment 2, investigating the effect of seawater pH on

adhesion strength (kPa) and the work of adhesion (N m™). Values are means * 1 s.d. Statistics

are the result of linear regressions of metrics across treatment groups.

H Shell Length Plaque Area  Gonad  Condition Index
P (cm) (mm?) Index (x10° g cm®)
1 11  49+04 264+040 0.11+0.02 3.8+0.8
3 18 44+07 212+0.71 0.12+0.04 3.9+£0.7
5 31 50+£06 218+0.40 0.11%0.02 40+0.7
7 20 46+07 211+054 0.12+0.03 42+0.8
8 45 54+05 224+046 0.11%0.02 40+£05
12 29 48+08 211+059 0.11+0.02 41+0.7
R? 0.01 0.02 0.002 0.007
pvalue 0.17 0.11 0.55 0.30
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Table S1.4. Body size and condition metrics for mussels that produced adhesive plaques

included in AFM measurements in experiment 2, investigating the effect of seawater pH on

material stiffness (MPa). Values are means + 1 s.d. Statistics are the result of linear regressions

of metrics across treatment groups.

H 0 Shell Length Plaque Area  Gonad  Condition Index
P (cm) (mm?) Index (x102 g cm™)
1 8 50+05 2.48+0.48 0.13+£0.02 40+£05
3 7 4504 236+£087 0.11+0.03 44+11
5 7 45+05 205+£0.79 0.13+0.01 42+0.6
7 7 46+06 198+0.69 0.13+0.02 3.7+0.6
8 10 48+02 216+0.48 0.11+0.02 39+0.9
12 9 49+04 199+047 0.11+0.01 3.8+£05
R? 0.006 0.06 0.04 0.04
pvalue  0.58 0.09 0.17 0.28
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Figure S1.1. Location of atomic force microscopy (AFM) measurements on the cuticle of each
plaque. Efforts were taken to avoid the innervating roots of the thread, opting for smooth patches
away from the thread-plaque junction (black box in panel a). Adhesion images provided in
Figure 1.4 are 1 um? scans of the plaque cuticle in order to display the local topography (b). 10
nm? scans (taken at the starred location in panel b) produced DMT modulus maps with a
resolution of 512 x 512 (c), that were then averaged to get a representative stiffness of the

cuticle.
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Figure S1.2. The effect of dry storage on plaque maturation and adhesion strength (kPa).
Mussels were allowed to attach to mica plates over the course of 4 hours, then adhesive plaques
were collected. A portion of the freshly secreted plaques were tested immediately (panel a, F; b),
while others were allowed to mature in seawater (T =8.02+0.03, T=9.6 +1.1°C, Sal =28+ 1
PSU) for 20 days (a, S; d). A second subset of freshly made plaques were stored in air (T =
~21°C; RH = 30-40%) for approximately two weeks, and either rehydrated and tested (a, FD; c),
or returned to seawater and aged for 20 days (a, DS; e). Plaques stored in seawater for 20 days
were significantly stronger than those that were 4 hours old (p<0.001) and stored in air for two
weeks (p<0.001), and were markedly more yellow in color (d). Plaques that were stored in air for
two weeks and then matured in seawater for 20 days were not significantly different in strength
from those that were never exposed to air (p=0.84) and were similar in color (e). Error bars
represent 95% confidence intervals. Letters represent the result of Tukey HSD comparisons

between treatments. Numbers within each bar are the sample size for each treatment.
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2.1. Abstract

Marine mussels (Mytilus spp.) attach to a wide variety of surfaces underwater using a
network of byssal threads, each tipped with a protein-based adhesive plaque that uses the
surrounding seawater environment as a curing agent. Plaques undergo extensive environmental
post-processing, requiring a basic seawater pH be maintained for up to 8 days in order for the
adhesive to strengthen completely. Given the sensitivity of plaques to local pH conditions long
after deposition, we investigated the effect of over aspects of the seawater environment that are
known to vary in nearshore habitats on plaque curing. The effect of seawater temperature,
salinity, and dissolved oxygen concentration were investigated using tensile testing, atomic force
microscopy, and amino acid compositional analysis. High temperature (30°C) and low salinity (1
PSU) had no effect on adhesion strength, while incubation in hypoxia (0.9 mg L) left plaques
with a mottled coloration, prematurely peeled from substrates before the thread could be loaded,
and led to a 51% decrease in adhesion strength. AFM imaging of the plaque cuticle found that
plaques cured in hypoxia had regions of lower stiffness throughout, indicative of reductions in
DOPA crosslinking between adhesive proteins. A better understanding of the mechanisms
underlying oxygen’s role in plaque curing could aid in the design of better medical adhesives for

use in body cavities, as well as help mussel growers predict the frequency of mussel fall-off.
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2.2. Introduction

Marine mussels (Mytilus spp.) have mastered the art of underwater adhesion, producing a
holdfast comprised of proteinaceous fibers known as byssal threads. Attaching to rocks in the
intertidal zone, byssal threads are capable of adhering to a wide variety of substrates with
different surface chemistries, hydrophobicities, and physical properties [1-3], all while
contending with the presence of water, salts, and organic films [3]. The mechanisms underlying
byssal thread adhesion have therefore inspired the synthesis of several anti-fouling coatings for
use in the maritime industry, novel polymers with applications in wet environments, and bio-
compatible medical adhesives for the repair of sensitive tissues within the human body [4-8].

Each byssal thread is part of a network, extending outwards radially from within the
shell, and making contact with a surface at an adhesive plaque [9]. The plaque is made up of
adhesive proteins (Mfps) that contain 3,4-dihydroxyphenly-L-alanine (DOPA) residues,
relatively rare post-translationally modified amino acids with adhesion properties [10,11].
Plaques are produced when a mussel extends its foot from the shell, pressing a small depression
at the distal end (distal depression) against a surface [12,13]. Once contact is made, the chemical
environment within the distal depression is adjusted, producing an acidic micro-environment (pH
1-3) [14] that is also heavily reduced and nearly free of ionic molecules [15-17]. After these
conditions are established, Mfps are secreted into the cavity as complex coacervates,
electrostatically neutral mixtures of polyelectrolytes that form fluid-fluid phase separations
[18,19]. Under these conditions, DOPA residues preferentially form interfacial interactions with
surfaces (hydrogen bonding, coordination, etc.), rather than interacting with one another [20,21].

Byssal thread formation takes approximately five minutes, after which the foot is

removed and the newly formed plaque is exposed to seawater. The chemistry of typical open-
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ocean seawater, with a pH of 8.1, oxygen saturation of ~100%, and ionic concentration of 0.7M,
is drastically different than the microenvironment that a mussel creates during Mfp secretion.
Contact with seawater causes the coacervate to collapse and form a bulk solid, oxidizing DOPA
residues to form DOPA-quinone through a process called quinone tanning [22]. This switch in
environment turns out to be an essential part of the adhesive formation process, as DOPA-
quinone preferentially forms covalent crosslinks between like proteins at a basic pH [2,23] while
also establishing increasingly stable (DOPA)Fe** complexes within the cuticle of the plaque
[24,25].

While the properties of seawater act as a molecular trigger to initiate a phase change
during plaque solidification, the local seawater environment continues to be important well after
the plaque is deposited. In seawater, plaque adhesion strength doubles over a 8-12 days,
changing from a milky white to dark tan color [26]. but this maturation process is arrested when
plaques are held at a pH below 5.0. Together, these findings show that environmental post-
processing is essential for the adhesive to form correctly and that plaque strengthening requires
access to favorable conditions for significantly longer than would be predicted from the cross-
linking rates of individual Mfps [27].

With such a long cure window, it is possible that plaques are sensitive plaques to other
aspects of the seawater environment that typically vary in nearshore environments. In addition to
fluctuations in pH, mussels regularly experience a broad range of seawater temperatures,
salinities, and dissolved oxygen concentrations, with daily or seasonal variability exceeding even
the most extreme values seen in the open-ocean [28-31]. Such extremes in these parameters have
the potential to impact plaque curing positively or negatively. For example, high temperatures

could accelerate the kinetics of DOPA-quinone cross-linking, speed up the curing process [32],

44



and/or break hydrogen bonds and cause protein unfolding and plaque weakening. Similarly, a
hyposaline environment could reduce Mfp stability due to a reduction in charge-balancing
counter-ions, causing the adhesive cuticle to weaken [33,34]. DOPA-quinone formation is
dependent on oxygen absorption from the surrounding seawater environment; [35] oxygen
limitation during the curing process could either slow down DOPA conversion or lead to a
reduction in cross-linking densities all together, reducing the cohesive strength of the plaque
[36]. Therefore, the aim of this study is to determine the sensitivity of adhesive plaque curing to
extreme seawater temperature, salinity, or dissolved oxygen concentration.

Freshly made byssal threads were incubated in seawater treatments (warm, hyposaline or
hypoxic) for 12 days and then pulled from the substrate with a tensile testing machine. In
addition to adhesion strength, the failure mode of each plaque was also recorded in order to
determine how molecular changes the material affected the mechanics of the structure under
tension. For the subset of these seawater parameters that were found to significantly affect
adhesion, changes in plaque structure and composition were characterized using atomic force
microscopy and amino acid analysis. To provide real-world context for these laboratory
treatments, seawater conditions (temperature, salinity, and dissolved oxygen concentration) were
measured continuously at a mussel farm in Washington State for over two years, in an effort to
quantify seasonal trends across depth. By identifying which aspects of the multivariate seawater
environment have post-processing effects on adhesive plaques, this study suggests a mechanism
by which environmental variability influences mussel attachment in nature, while also informing
the design of better medical adhesives that employ DOPA-mediated adhesion to persist in wet

and ionically complex environments in the human body [37].
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2.3. Materials and methods
2.3.1. Byssal thread experiments

Adult mussels (Mytilus trossulus, Gould 1850; ~4-6 cm shell length) were collected from
aquaculture lines at Penn Cove Shellfish’s mussel aquaculture operation located in Quilcene
Bay, Quilcene, Washington, USA (47°47°42.0” N, 122°51710.8” W) during the winter of 2016
(December-February). Mussel were kept in 50 L aquaria for up to two weeks, filled with 0.2 um
filtered seawater and fed Shellfish Diet 1800 (Reed Mariculture, Campbell, CA) up to 5% of wet
tissue mass day* at an algal concentration of 2000 cells mI™2. Upon collection the shell length
(20.1 cm) of each mussel was determined using a vernier caliper, while the reproductive
condition (Gonad Index), and physiological condition (Condition Index) were determined for a
subset of the collected population. Gonad index (GI) was calculated as the ratio of dried gonadal
to total tissue mass [38], while the condition index (CI) was calculated as the total dry tissue
mass divided by shell length® [39]. Gonadal tissue was dissected from somatic tissue and
subsequently dried at 60°C to a constant dry weight (~3 days). The remaining mussels were
haphazardly assigned to treatment groups and at the end of the experiment the GI and CI for each
mussel was determined.

Mussels were secured to mica plates with rubber bands and allowed to produce byssal
threads for up to four hours in typical open-ocean seawater conditions (pH ~ 8.1, T ~ 10°C, Sal ~
31 PSU, O, = ~8 mg L), after which threads were cut away from the animal in the proximal
region of the thread (at the shell margin). Only mussels that produced three or more attachments
were included in a treatment group. A subset of threads was tested immediately, serving as a 4

hour, ‘freshly made’ control. The remainder of mica plates with attached threads were placed in
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one of four treatments (Control, N2, 30°C, and DI water) and allowed to mature for 12 days,
removing a subset of plates at 3, 5, 8, and 12 days.

Seawater treatments were designed to mimic open-ocean conditions in all ways but one,
pushing either temperature, dissolved oxygen, or salinity to the most extreme values seen in
estuarine systems that are metabolically driven by the local biota [40]. A hypoxia treatment (O>
<2 mg L) was achieved through the injection of N2 gas into a 3 L container, using an aerator.
The dissolved oxygen concentration of seawater treatments was monitored in real-time with a
DirectLine DL5000 equilibrium probe (accuracy + 1%) attached to a UDA2182 analyzer
(Honeywell, Fort Washington, PA), which controlled the injection of N2 by dynamically opening
a solenoid valve in-line with a nitrogen gas cylinder. A high temperature treatment (30°C) was
achieved using a 500 Watt titanium aquarium heater and accompanying PI1D controller (Aquatop
Aquatic Supplies, Brea, CA). A low salinity treatment (<1 PSU) was achieved by placing
plaques in deionized water. Seawater pH and temperature were monitored in each treatment with
a Honeywell Durafet I11 pH electrode ([41]; accuracy + 0.01), while salinity was monitored with
a DL4000 conductivity cell (accuracy + 1 PSU). Treatment means (+ s.d.) for seawater pH (NBS

scale), temperature (°C), salinity (PSU), and dissolved oxygen (mg L) are reported in Table 2.1.

2.3.2. Mechanical testing and atomic force microscopy

The adhesion strength of individual plaques was determined by gripping each byssal
thread in the distal region, 1 mm away from the adhesive plaque, and pulling perpendicular to the
substrate until failure using a tensometer [42]. Adhesion strength (kPa) was calculated as the
maximum of the force extension curve (N), normalized by the planform area of the attachment

plague measured in mm? [43]. The adhesion strength for 3-5 plaques were averaged and reported
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as a single value for each mussel. During mechanical testing, the failure mode of each plaque
was also visually scored as an adhesive, peeling, or tearing failure, as outlined by Young and
Crisp [44]. Adhesive failure occurred when a plaque disengaged from a surface uniformly at the
adhesive-substrate interface, while a peeling failure characteristically began at a single point
along the outer edge of the plaque, propagating to the rest of the structure. A tearing failure was
evident when a portion of the adhesive remained attached to the surface after the test had
completed.

The stiffness of the plaque cuticle was determined by following the protocol outlined by
George and Carrington (2018) [42]. Briefly, stiffness (DMT modulus) was measured using a
Dimension ICON atomic force microscope (AFM), fitted with a ScanAsyst-Air probe with a
silicon-nitride tip (Bruker, Billerica, MA). Prior to testing, plaques were rinsed with DI water
and allowed to dry for 5 minutes. Efforts were taken to probe smooth patches away from the
thread-plaque junction, avoiding the innervating roots of the thread. DMT modulus (GPa) was
calculated as the slope of the force curve during tip-sample separation [45]. To obtain a
representative stiffness of the cuticle, DMT modulus was averaged over a 10 nm? scan area, with
a sampling rate of 512 per line. DMT Modulus was calibrated against a fused silica standard
(Veeco, Plainview, NY). Multiple locations (3-5) were scanned for each plaque and then

averaged.

2.3.3. Biochemical characterization of adhesive plaques
In preparation for amino acid (AA) analysis, adhesive plaques were collected from three
different seawater treatments (4 hours and 12 days in open-ocean conditions; 12 days in nitrogen

infused seawater) and stored in nitrogen flushed microfuge tubes at -80°C for up to 4 weeks.
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Acid hydrolysis was then performed in vacuo at 110°C for 48 hours in 6M HCI, with 5% phenol
added to preserve DOPA residues. The hydrolysate of each plaque was flash evaporated against
DI water and methanol, dissolving the precipitate in 0.02 M HCI. 100 pl of the mixture was then
analyzed using an amino acid analyzer system based on ninhydrin-based chemistry (Hitachi L-
8900; Tokyo, Japan). A typical spectrum obtained from the analyzer with identified peaks is
presented in Figure 2.6a. The integral of each amino acid peak was divided by the integral of all
peaks to determine the relative molar concentration of each amino acid, normalizing against a

background of 0.02 M HCI and subtracting the ammonia peak.

2.3.4 Seawater monitoring

Environmental monitoring took place from March, 2015 to September, 2017 at Penn
Cove Shellfish’s mussel aquaculture operation located in Quilcene Bay, Quilcene, Washington,
USA (47°47°42.0” N, 122°51°10.8” W). Two YSI EXO2 water quality sondes (YSI #599502-
00; Yellow Springs, OH, USA) were suspended from ropes in the center of a mussel raft,
deployed at -1 and -7 meters below the surface. The mussel raft was approximately 15 x 18 m,
supported ~1500 lines with ~20 kg of mussels per line. Sensors were deployed in the center of
the raft, surrounded by mussel lines. Each sonde was equipped with an EXO pH smart sensor
(accuracy £ 0.1 pH units; YSI #599701), an EXO optical dissolved oxygen smart sensor
(accuracy £ 1%; YSI #599100-01), and an EXO conductivity and temperature smart sensor
(accuracy £ 0.5%; YSI #599870). Water temperature (°C), salinity (PSU), and dissolve oxygen
concentration (mg L) were reported hourly, transmitting data to a logger onshore using radio
telemetry. Electrodes were cleaned and calibrated monthly against NBS pH standards (Y SI

#3822), a 50,000 pS cm* conductivity standard (YSI #3169), and air-saturated DI water.
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2.3.5 Statistical Analyses

2.3.5.1. Laboratory Experiments

All statistical analyses were performed in R (Version 3.4.1; http://www.r-project.org/)

with the RStudio IDE (Version 1.0.153; http://www.rstudio.com/). When appropriate, datasets

were transformed using the Johnson Transformations package (Version 1.4) to achieve
normality. To control for any impact of mussel physiology on plague strength within treatments,
multiple linear regression models were used to investigate the effect of adhesive age (days), shell
length (cm), gonad index (GI), condition index (CI, x10 g cm®), and plaque planform area
(mm?) on adhesion strength (kPa). Across treatments, plaques sampled at 12 days were
compared using ANOVA, listing seawater treatment, shell length, Gl, CI, and plaque planform
area as factors. For significant effects, a Tukey HSD test was performed to compare treatment
groups. Adhesion strength is reported as the average of 3-5 plaque pulls per individual, while the
failure mode of each plaque was pooled as part of a treatment. The effect of treatment on plaque
failure mode was also evaluated using a Chi-Squared test, using the open-ocean control treatment

as the expected distribution at each time point.

2.3.5.2. Seawater Conditions Under a Mussel Raft

Field measurements of seawater temperature (°C), salinity (PSU), and dissolved oxygen
(mg L) were pooled across years into seasons (spring, summer, autumn, and winter), using the
spring equinox, summer solstice, autumn equinox, and winter solstice of each year as the onset
of each respective season. The time series for each parameter measured was transformed using
the normal quantile transformation to achieve normality [46], and subsequently analyzed using a

two-way ANOVA with depth and season as factors.
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To determine how frequently mussels were exposed to periods of high temperature,
hyposalinity, and hypoxia under a mussel raft, a threshold analysis was performed across all the
time points available, grouped by depth. High temperature was defined as >20°C, matching the
induction temperature required for the production of heat-shock transcription factor 1 (HSF-1)
for Mytilus trossulus living in subtidal conditions [47]. Salinities capable of causing
hypoosomotic stress in Mytilus galloprovincialis (<10 PSU) were considered hyposaline [48],
while hypoxia was defined by a dissolved oxygen concentration of <2 mg L™, representing
conditions that are usually lethal for pelagic invertebrates and fishes [49], but have been shown
to be tolerated by Mytilus edulis for up to 1000 hours [50,51] . The proportion of days that
experienced at least one instance of heat stress, hyposalinity, or hypoxia was determined using
the Quantmod package [52]. The mean, mode, and maximum excursion duration was also
determined using the length of time each parameter remained below the threshold before

returning.

2.4. Results
2.4.1. Plaques cured in open-ocean conditions

When held in typical open-ocean seawater conditions (control treatment; Table 2.1),
freshly deposited plaques (4 hours) strengthened over time (Figure 2.1a), increasing in adhesion
strength by 117% after 12 days (p<0.001; Table S2.2; Figure 2.1b). Strengthening was paired
with a change in physical appearance, with fresh plaques changing from translucent white to
yellow over time (Figure 2.1d,e). The length of time in seawater also influenced the mode of
plaque failure under tension. Peeling failure was initially the most common failure mode

observed (4 hours: 71%), but adhesive failure became more prevalent over time (12 days: 70%;
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p<0.001; Figure 2.2). Strengthening was also observed at the nanometer scale, with AFM
measurements of stiffness (DMT modulus) increasing 145% over 12 days (p<0.001; Figure
2.3e). This increase in strength and stiffness over time was accompanied by a decreased
concentration of DOPA (mol%) within the plaque, from 3.2% in freshly made plaques and only
0.8% in the plaques aged in seawater for 12 days (Table 2.2; Figure 2.4). Plagues aged in the
control treatment for 12 days were enriched in Glycine (18.1% to 19.6%) and Histidine (6.2% to
9.1%) relative to those that were freshly made, and also contained less Alanine (10.1% to 8.4%;
Table 2.2). None of the physiological metrics measured affected plaque strength in the control

treatment (Table S2.2).

2.4.2. Plaques cured under hypoxia

Plaques aged in hypoxic seawater conditions (0.9 + 0.6 mg L*; Table 2.1) for 12 days
failed to increase in strength over time (p=0.86; Table S2.2; Figure 2.1a), were 63% weaker than
the 12-day control treatment (p<0.001; Figure 2.1b), and failed significantly more frequently by
peeling (65%; p<0.001; Figure 2.2b). Physical differences were also evident, with plaques
displaying a mottled coloration of yellow and white spots (Figure 2.1f; Figure 2.3a). Closer
examination of the plaque cuticle using atomic force microscopy (AFM) demonstrated that the
yellow regions were smooth in texture (Figure 2.3b), with a stiffness similar to plaques aged in
open-ocean conditions for 12 days (p<0.001; Figure 2.3e). In contrast, the white regions were
significantly softer than the yellow (p<0.001; Figure 2.3f) and had a porous architecture at the
nanometer scale. Cracks in the cuticle were evident where a mottled coloration was observed
(Figure 2.3c), with a stiffness that was not statistically different than regions that were yellow in

color (p=0.053; Figure 2.3f). As with DMT modulus, the DOPA concentration of plaques aged
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under hypoxia for 12 days were significantly higher (2.6%) than those aged in the control
treatment for the same length of time (0.8%; Figure 2.4b). In contrast, the molar concentration of
Glycine (18.0%) and Histidine (6.0%) were not significantly different from the 4-hour old
control (18.1% and 6.2%), while Alanine (8.4%) was not significantly different than the 12-day
control (8.4%; Table 2.2). None of the physiological metrics measured affected plaque strength

in the hypoxia treatment (Table S2).

2.4.3. Plaques cured in high temperature and hyposalinity

The adhesion strength of plaques matured in high temperature (~30°C) and DI water (~1
PSU) were not significantly different from the 12-day control treatment (p=0.06 and p=0.50;
Table S2.3; Figure 2.1c). The failure mode of plaques aged in DI water was similar to the 12-day
control (p=0.21), while high temperature marginally increased the prevalence of peeling failure
(p=0.07; Figure 2.2b). Incubating plaques at 30°C marginally slowed adhesive strengthening,
with no significant difference observed at any time point when compared with the control
treatment (Figure 2.1a). Plaques aged in either treatment did not appear different in color
compared to the 12-day control, although high temperature caused uneven tanning in some cases
(Figure 2.1g). There was no treatment level effect of mussel size, plaque area, or reproductive
and physiological condition on adhesion strength. None of the physiological metrics measured

affected plaque strength in either treatment (Table S2.2).

2.4.4. Seawater conditions under a mussel aquaculture raft
Field measurements of seawater temperature varied seasonally and with depth (Figure

2.5; Table S2.4; p<0.001), with a summer maximum of 24.1°C at the surface (-1 m) and a low of

53



5.3°C in autumn at depth (-7 m; Figure S2.1). Higher mean temperatures were observed at the
surface during the spring and summer, while in the autumn and winter months the trend reversed,
with cooler surface temperatures at the surface than at depth (Figure 2.5; Figure S2.1). High
temperature excursions were only observed at the surface in the summer and spring, with 12% of
days displaying at least one temperature spike above 20°C (Table 2.3). The average length of
each high temperature excursion was 7.3 hours, with the longest excursion occurring over 18.1
days. Most commonly, excursions lasted for 2 hours. Although season and depth were both
significant factors driving temperature in this system, the interaction between the two was also
significant, indicating that the effect of one depends on the context of the other (p<0.001; Table
S2.4).

Salinity also varied seasonally (p<0.001) and with depth (p<0.001), with excursions as
low as 2.1 and 2.6 PSU occurring in autumn and winter at the surface (Table S2.4; Figure 2.5,
Figure S2.1). Low salinity excursions were limited to the surface, and were relatively rare, with
only 4% of the days where measurements were available displaying a salinity less than 10 PSU.
The average length of a salinity excursion was 2.9 hours, with the longest bout of hyposalinity
occurring in autumn and lasting 6.3 hours (Table 2.2). Salinity at depth (7 m) remained above 10
PSU year round (Figure S2.1; Table 2.3). As with temperature, the differences in salinity
between depths depended on season (depth x season interaction, Table S2.4) and were most
prominent in autumn and winter.

Variability in dissolved oxygen was observed in the spring and summer, with lower
concentrations observed at depth (Figure 2.5; Figure S2.1). In contrast, less variation was seen in
the autumn and winter, although the depth trend was maintained (Figure S2.1). As with

temperature and salinity, dissolved oxygen varied significantly with depth (p<0.001), and season
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(p<0.001), with a significant interaction between the two factors (p<0.001; Table S2.4). Hypoxic
excursions were routinely observed at both depths, with 3.7% of the days included in this study
experiencing a hypoxic event at the surface, compared to 14% at depth (Table 2.3). The average
length of an excursion was 3.3 hours for both depths, with the most common being 1 hour. The
longest excursions observed lasted for 10 hours at the surface and 12 hours at depth (Table 2.3).
The dissolved oxygen minima for each depth was 0.4 and 0.1 mg L™ for the surface and at depth,

respectively, with both conditions occurring during the summer (Figure S2.1, Figure 2.5).

2.5. Discussion

Of the three seawater parameters tested, dissolved oxygen was the only one that was
required for environmental post-processing. Plaques deprived of oxygen were 51% weaker that
those cured in open-ocean conditions for 12 days, and developed a mottled yellow coloration
with translucent regions commonly found along the perimeter. While DOPA-quinone formation
did occur under hypoxia, atomic force microscopy imaging of translucent patches pointed to
cracks in the plaque cuticle and localized regions of low stiffness, causing plaques to
prematurely peel from the substrate. These results show that, in addition to a basic pH,
environmental oxygen must be available during the curing process for the complex protein
structure of the plaque to form correctly, even long after the structure has transitioned from a
fluid to a bulk solid.

Mussel plaques represent a special case where both the adhesive and cohesive properties
of an adhesive are linked to a single functional group. DOPA-residues comprise between 2-30%
of the molecular structure of adhesive proteins (Mfps) within the plaque [53], with the highest

molecular concentrations of DOPA found in Mfps localized at the adhesive-substratum interface
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[21,54] and in the cuticle [24,25]. While DOPA residues are initially responsible for substrate-
level adhesion, the conversion of DOPA to DOPA-quinone after absorption can be just as
important for overall adhesion strength [55]. In this way, adhesion strength is optimized when a
balance is maintained between the adhesive and cohesive interactions within the plaque and the
material distributes load evenly, leading to an adhesive failure due to bonds breaking at the
adhesive-substrate interface [56,57].

Typically, temperature plays a pivotal role in modulating the balance between adhesive
and cohesive interactions within adhesives by altering the kinetics of molecular interactions [32].
However, plaques cured in seawater heated to 30°C, exceeding even the most extreme
temperatures seen in surface waters in this study, failed to alter either the curing rate or adhesion
strength of plaques after 12 days. This result is consistent with the crosslinking activity of DOPA
functionalized synthetic polypeptide mimics of mussel adhesive, which was consistently
achieved up to 60°C [56]. Similar results were seen with hyposalinity, which also failed to affect
plaque curing. This result may be due to ionic interactions in the plaque being limited mainly to
Fe3* in the cuticle [58,59], and Zn?" and Cu?* in the plaque-thread junction [60,61], which are
supplied by the mussel during protein secretion [62].

In contrast, when separated from the mussel after deposition and aged to maturity under
hypoxia, plaques displayed several indicators that cohesive interactions within the structure
either did not form, or formed improperly during the curing process. Plaques incubated in
hypoxia for 12 days lacked characteristic shifts in amino acid composition typical of biomaterials
that undergo schlerotization. For example, plaques aged in open-ocean conditions for 12 days
had a greater availability of covalent crosslinking partners for DOPA, such as Glycine and

Histidine, a trend that is similar to the quinone tanning that is found in jumbo squid beaks
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(Dosidicus gigas) [63]. Under hypoxia, the molar concentration of Glycine and DOPA residues
were more similar to freshly made plaques (4 h) than to the 12-day control, indicating a lack of
DOPA-quinone conversion.

Compositional similarities between plaques aged in hypoxia and those that were freshly
made help to explain why their failure dynamics were also so similar. Peeling failure was the
most common failure mode for both the 4 h control and hypoxia incubated plaques, while tearing
failure occurred more frequently under hypoxic conditions than in any other treatment. On
reason for this change could be a decrease in the integrity of the plaque structure when aged
without oxygen readily available. AFM scans of the plaque cuticles matured under hypoxia
identified numerous tears, through which the porous interior of the plague was visible. Stiffness
measurements of smooth, yellow regions near the plaque-thread junction were similar to those
reported for the cuticle of Mytilus galloprovincialis (~1.5 GPa), while the white, porous regions
had moduli consistent with the interior of the plague (~400 MPa) [64]. These results intuitively
make sense, as the cuticle of the plaque is made up of Mfp-1 (15% DOPA) and would have a
greater crosslinking density than the core, comprised of Mfp-2 (5% DOPA) [65,66]. A reduction
in the DOPA-quinone formation and the cohesive strength that comes with proper cuticle
formation explains why plaques frequently peeled off of substrates under hypoxia, as areas of
low stiffness acted as regions of concentrated stress while under tension.

While the crosslinking behavior of specific Mfps are well understood [27,36,67,68], the
kinetics of cross-linking in a protein network as complex as the one in the plaque remains
unclear. In this study, plaques were incubated in containers with constant aeration in the
laboratory, without the addition of circulating pumps. It is therefore likely that curing window

presented here approximates still or gently flowing water conditions found underneath mussel
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rafts [69—71], rather than the turbulent, high flow conditions mussels may experience in the
intertidal zone [72,73]. The increased flux of oxygen to the plaque in turbulent habitats may
either speed up crosslinking or flush the local microenvironment, effectively rescuing adhesion
stalled by localized regions of oxygen depletion [35]. Oxygen availability could explain why the
tenacity of solitary mussels [74], and those located on the margins of mussel beds [75], are
typically stronger than those in aggregations, although additional work in needed in order to
separate this effect from any physiological response of mussels to flow or food availability
[76,77].

The observed decrease in plaque adhesion strength with hypoxia is particularly relevant
for mussels hanging from ropes in raft aquaculture, where robust adhesion is necessary for
survival. Seasonal comparisons of byssal thread mechanics have found that threads decay in as
little as two weeks in the summer [78], necessitating that mussels perpetually produce threads in
order to remain attached. Even if mussels interrupt byssus production in response to
disadvantageous conditions, closing their shells to reduce physiological stress [79,80], freshly
made threads must contend with local seawater conditions during an 8-12 day curing period for
quinone tanning to fully occur [42]. Given the sensitivity of the curing process to oxygen
availability, further work is needed to tease apart whether the curing process is delayed or
irrevocably altered. If delayed, tidal fluctuations in oxygen saturation could serve to rescue
adhesion. Alternatively, if the ultimate cohesive strength of the plaque is determined by the rate
of DOPA-quinone formation, then the curing process could have a window of time wherein
crosslinking needs to occur in order to serve its function as a load bearing structure.

Mussels have adapted an adhesion strategy that circumvents the challenges of adhesion

underwater, using the chemistry of their surroundings to their advantage. However, seawater
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conditions in nearshore environments often vary dramatically from the basic, oxygen saturated
conditions of the open-ocean that are conducive for adhesion [28,81-83]. For example, field
observations outlining the prevalence of hypoxia excursions where mussels were collected in this
study show that 14% of the days sampled experienced at least one hypoxic event (<2 mg LY),
with the longest event lasting for 12 hours. Given the susceptibility of plaque curing to oxygen
availability, experiments where the curing process is inundated by environmentally relevant
excursions in dissolved oxygen are needed in order to determine whether hypoxia irrevocably
damages the protein network or if adhesion strength can recover after favorable conditions

return.
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2.11. Tables

Table 2.1. Mean seawater conditions (£ s.d.) in each treatment during 12-day exposures. pH,

temperature (T), salinity (Sal), and dissolved oxygen (O2) where recorded at 10 minute intervals.

Treatment pH (NBS) T(C) Sal(PSU) O2(mgL?)

Control  8.01 +£0.03 9.7+14 29%1 8.5+05
N2 8.00 £ 0.03 98+10 28%2 09+0.6
30C 8.01+0.04 29.7+x05 29%1 8.7+04
DI 7.22+0.12 101+0.6 1+2 8.6%0.3
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Table 2.2. Mean amino acid (AA) composition (mol % + se) of adhesive plaques that were
freshly deposited (SW:4hrs), aged in seawater for 12 days (SW:12d), and matured in nitrogen
infused seawater for 12 days (N2:12d). The resulting p-values of ANOVA comparing the mol %
of each AA across treatments are reported below, with letters representing the output of Tukey

HSD comparisons (alpha=0.05).

AA  SW:hrs Sw:l2d N2:12d p-value

Asx 9.1+17% 98+1.8 10.7+2.0° <0.001**
Thr  33+0.6 32+0.6 3.6+0.7  0.249*
Ser 85+16® 92+17° 8015 0.027*
Glx 53+1.0 52+1.0 51+0.9  0.715*
Gly 181+17° 196+36* 18.0+3.3" 0.003*
Ala 10.1+18 84+16° 84+15° <0.001**
Cys 0 0 0

Val 33+06 36+0.7 35+0.6  0.587*
Met 0.8+02* 0.2+01° 0.2+01°> 0.002*

lle 16+03 15+03°> 21+04> 0.001*
Leu 4.8+0.9 46+0.8 49+09  0.294*
DOP

A 32+06* 08+02° 26+0.6%° <0.001**
Tyr  53+1.0° 63+12° 61+11° 0.016*
Phe 36+07% 43+08° 37+07° 0.045*
His 6.2+1.1* 91+17° 6.0+1.4% <0.001**
Lys 4.7+0.9*° 53+1.0° 54+10° 0.004*
Arg 63x1.1 6.5+1.2 6.7+1.2  0.239*
Pro 41+08® 37+07% 45+08° 0.031*

n=>5 n=>5 n=>5

Asx is Asp and/or Asn; Glx is Glu and/or GIn. DOPA is 3,4-
dihydroxyphenyl-L-alanine.
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Table 2.3. The frequency of extreme excursions in seawater temperature (°C), salinity (PSU),

and dissolved oxygen (mg L) at two depths (1 and 7 meters) beneath a mussel aquaculture raft

located in Quilcene Bay, Quilcene, Washington. Water conditions were monitored hourly from

March, 2015 through September, 2017. Sample size (n) reflects the exclusion of data

compromised by sensor fouling or communication error. The proportion of days that experienced

at least one instance of heat stress (>20°C), hyposalinity (<10 PSU), or hypoxia (<2 mg L) is as

n%. The mean, mode, and maximum excursion durations (hours) are also reported for each

condition, at each depth.

Excursion Duration (hours)

Condition  Depth (m) n n% mean  mode max
-1 656 12.2 7.3 2 18
T >20°C
-7 701 - - -
-1 506 4 2.9 2 6
Sal < 10 PSU
-7 528 - - -
0, <2 ma Lt -1 646 3.7 3.3 1 10
2 2mg 7 64l 14 33 1 12
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2.12. Figures
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Figure 2.1. Adhesion strength (mean + se; kPa) of adhesive plaques cured in different seawater
conditions. Plaques aged under open-ocean seawater conditions (pH=8.01 £ 0.03, T=9.7 +
1.4°C, Sal =29 + 1 PSU, O, = 8.5 + 0.5 mgL™) were compared to plaques cured under high
temperature (30°C; T = 29.7 £ 0.5°C), hyposaline (DI water; Sal = 1 + 2 PSU), and hypoxic
conditions (N treated; O, = 0.9 + 0.6 mg L™!). Hypoxia arrested plaque strengthening, while high
temperature and hyposalinity did not significantly affect adhesion strength at 12 days. Plaques
changed color from translucent white (d, 4 hours old) to golden yellow (e, 12 days old) in open
ocean conditions. Plaques aged in nitrogen treated seawater turned yellow around the thread-
plaque junction, with noticeable gaps in colorations around the perimeter (f), while those held in
the 30°C treatment turned yellow while retaining clear spots throughout (g). All full list of
treatment conditions is available in Table 2.1. Letters represent the result of Tukey HSD

comparisons.
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Figure 2.2. Failure mode frequency (%) of adhesive plaques aged to maturity (12 days) in different
seawater conditions. In open-ocean conditions, the dominant mode of failure was peeling at 4 hours,
and adhesive failure at 12 days (a, p < 0.001). Peeling was also the most prevalent failure mode in 12 day
old plaques aged in hypoxic conditions (b, N2), while those matured at high temperature (b, 30°C) and
low salinity (b, DI) were not significantly different from 12 day old controls (30°C, p = 0.07; DI, p = 0.21).
Stars represent the results of chi-squared tests comparing results to the 12-day control treatment (*** p

<0.001; ** p<0.01; * p<0.1).
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Figure 2.3. The effect of hypoxia on the cuticle of adhesive plaques. Plaques aged in nitrogen
treated seawater (opH = 8.00 + 0.03, T=9.8 + 1.0°C, Sal =28 + 2 PSU, 0, = 0.9+ 0.6 mg L ™)
displayed patchy cross-linking throughout, evident from disparate regions of yellow quinone
tanning (a). AFM adhesion images of the plaque surface at three different positions (b-d) show
that several regions lack a protective cuticle, exposing the porous inner core of the plaque to
seawater. Reduced DOPA cross-linking is supported by localized stiffness measurements across
the structure (f) when compared to surface measurements from plaques aged in typical seawater
conditions (e; pH =8.01+0.03, T=9.7+ 1.4°C, Sal =29 + 1 PSU, 0, =85+ 0.5 mg L}).

Letters above panels denote the results of Tukey HSD pairwise comparisons.
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Figure 2.4. Amino acid composition analysis of adhesive plaques aged in control and nitrogen
infused seawater treatments. Hydrolysate of individual plaques were run on an AA analyzer,
producing characteristic peaks corresponding to each amino acid that were then integrated to
determine molar concentration (a). The molecular concentration of DOPA (mean + se, n=5 each)
within the plaque was the greatest directly after plaques were deposited on surfaces (SW:4hrs)
and decreased significantly after submersion in seawater for 12 days (b; SW:12d; p<0.001), due
to the oxidation of DOPA to DOPA-quinone. Freshly made plaques aged in seawater infused
with nitrogen gas for 12 days (N2:12d) displayed DOPA concentrations that were not
significantly different than freshly made plaques (b; p=0.60). Letters represent the result of

Tukey HSD comparisons.
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Figure 2.5. Water conditions measured under an aquaculture raft floating in Quilcene Bay,
Washington, from April 2015 to September 2017. Temperature (°C, a), salinity (PSU, b), and
dissolved oxygen (mg L%, c) were reported hourly for two depths below the surface (1 meter,

black circles; 7 meters, gray circles).
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2.13. Supplemental Material

Table S2.1. Body size and condition metrics for mussels that produced adhesive plaques

included in tensometer measurements, grouped by treatment (mean * s.d).

Shell Length Plaque Area

Condition Index

Treatment n (cm) (mm?2) Gonad Index (x10% g cmd)
Control 78 49+0.6 210+053 0.11+0.03 3.8+0.9
N2 64 46+0.7 249+0.38 0.11£0.03 42+0.7
30°C 66 49+0.5 1.97+£0.54 0.11 +£0.04 35+0.9
DI 13 51+06 24+051 0.13+0.03 33+1.1
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Table S2.2. Multiple linear regression results investigating the effect of adhesive age (days),
mussel shell length (cm), gonad index (GI), condition index (Cl), and planform plaque area
(mm?) on plaque adhesion strength (kPa). Results are reported for three, 12-day long exposure
experiments where plaques were incubated in either control, high temperature (30°C), and
hypoxia conditions. Seawater conditions are reported in Table 2.2. Asterisks represent significant

results (alpha = 0.05).

Variable Estimate Std. Error tvalue p-value

Control (open-ocean)

(Intercept) 73.11 59.23 1.23 0.22
Adhesive age 6.85 1.17 585 <0.001*

Shell length -5.74 9.50 -0.60 0.55

Gl 207.68 168.51 1.23 0.22

Cl 6857.73 6406.47 1.07 0.29

Plague Area  -16.39 9.82 -1.67 0.10

Hypoxia (N2 treated)

(Intercept) 54.73 54.46 1.01 0.32

Adhesive age 0.27 1.57 0.17 0.86

Shell length 0.98 7.12 0.14 0.89

Gl -54.03 134.57 -0.40 0.69

Cl 3290.46 5859.91 0.56 0.58

Plaque Area -2.12 12.96 -0.16 0.87

High temperature (30°C)

(Intercept) 12.88 65.42 0.20 0.84
Adhesive age 5.28 1.64 3.21 0.002*
Shell length 0.90 12.21 0.07 0.94

Gl 51.53 144.70 0.36 0.72
Cl 7317.28 8069.70 0.91 0.37
Plaque Area 3.34 11.39 0.29 0.77
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Table S2.3. The effect of seawater treatment on plaque adhesion strength (kPa) after 12 days of
exposure was analyzed using ANOVA, with the gonad index (Gl), condition index (CI), shell
length (cm), and planform plaque area (mm?) for each mussel investigated as factors. Asterisks

represent significant results (alpha = 0.05).

Source d.f. SS F p-value
Treatment 4 43.38 15.75 <0.001*
Shell Length 1 1.02 1.48 0.23
Gl 1 2 2.91 0.09
Cl 1 0 0.002 0.96
Plaque Area 1 0.33 0.48 0.49
Residuals 90 61.96 0.69
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Table S2.4. ANOVA results comparing temperature (°C), salinity (PSU), and dissolved oxygen
(mg L) from March, 2015 to September, 2017 underneath a mussel raft in Quilcene bay. Data
were transformed using the normal quantile transformation, comparing the variance about the

mean across season (spring, summer, autumn, and winter) and depth (1 and 7 meters below the

surface).

Source df. SS F  p-value
Temperature
Season 3 204001 18014 <0.001*
Depth 1 19514 5458 <0.001*
Season x depth 3 39022 3637 <0.001*
Salinity
Season 3 2625 875 <0.001*
Depth 1 2250 2250 <0.001*
Season x depth 3 1812 604 <0.001*

Dissolved Oxygen

Season 3 3533 1368 <0.001*
Depth 739 858 <0.001*
Season x depth 1017 394 <0.001*

w
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Figure S2.1. Seasonal variation in water conditions under a floating aquaculture raft in Quilcene
Bay, WA, March 2015 — September 2017. Boxplots represent the mean, SD, and min and max
for hourly measurements of temperature (°C, a), salinity (PSU, b), and dissolved oxygen (mg L™,

c) at two depths below the surface (1 meter, gray boxes; 7 meters, white boxes).
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3.1. Abstract

Mussel mariculture relies on a mussel’s ability to attach and grow on culture lines through the
production of byssal threads, proteinaceous fibers that adhere to surfaces underwater using a
powerful biological adhesive (adhesive plaque). After formation, the plaque uses the surrounding
seawater as a molecular trigger to facilitate solidification and adhesive curing, a process that
requires a pH above 7.0 and a high concentration of dissolved oxygen in order to progress.
However, water quality monitoring outlined in this study from within mussel aggregations on
culture lines from a mussel farm in Washington State demonstrate that mussels regularly
experience acidic (pH < 5) and hypoxic excursions (O2 < 2 mg L) in the summer, near the
seafloor. When exposed to fluctuations of this magnitude in laboratory experiments, pH
excursions delayed plaque strengthening when applied early in the curing process, while hypoxia
decreased adhesion strength after the adhesive had fully matured. In both cases, adhesion
strength was rescued after re-immersion in open-ocean seawater conditions. The susceptibility of
the plaque to environmental conditions during and after curing could explain why fall-off events
occur at mussel farms, and could help to inform management strategies that promote the

recovery of attachment strength during times of the year when fall-off is common.
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3.2. Introduction

Bivalve mariculture is a rapidly growing industry, with worldwide harvests exceeding a
value of 27 Million USD in 2016 (FAO 2017). As part of this global trend, suspended raft
culture of marine mussels is becoming increasingly popular, in large part as a result of farming
practices that are efficient, sustainable, and require limited investment after seed cultivation
(Shumway et al. 2003, Lindahl et al. 2005, Whitmarsh et al. 2006, Troell et al. 2009, Lozano et
al. 2010). However, mussel growers must contend with one particularly troublesome aspect of
farming near coastlines that fisheries off-shore do not. Unlike the open-ocean, nearshore
environments can experience large oscillations in seawater chemistry as a result of riverine
inputs (Rysgaard et al. 2012), industrial pollution (van Dam et al. 2011, Forstner and Wittmann
2012), coastal upwelling (Wang et al. 2015), and agricultural runoff (Shaw et al. 2010), all of
which can directly influence the growth and survival of marine organisms (Doney et al. 2011,
Vernberg and Vernberg 2013, Bakun et al. 2015). Given these challenges, the identification of
environmental parameters that impact mussel settlement, growth, and attachment will be of
paramount importance for growers going forward, especially as global ocean conditions continue
to change due to human activities (Levin et al. 2009, Doney et al. 2009).

During the production process, shellfish growers commonly leverage the underwater
attachment strategies of marine bivalves, enabling them to adhere to manmade structures that
promote rapid production and efficient harvest. In the case of marine mussels, attachment is
made possible by a network of proteinaceous fibers called byssal threads, each of which is tipped
with a powerful biological adhesive. Byssal threads are an important feature of a mussel’s
functional morphology, preventing dislodgement through the absorption of wave energy (Bell

and Gosline 1996), while anchoring each thread to the substrate with an adhesive plaque
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(Tamarin et al. 1976). In fact, the mussel’s ability to adhere underwater has captured the interest
of the synthetic adhesive industry (Kamino 2008, Lee et al. 2011); several adhesive proteins in
the plaque have been identified, many of which have a high abundance of 3,4-dihydroxyphenly-
L-alanine (DOPA) residues that are capable of forming interfacial interactions (i.e. hydrogen
bonding, hydrophobic, coordination, etc.) with both hydrophobic and hydrophilic surfaces
(Waite 1983, Waite and Qin 2001, Anderson et al. 2010, Danner et al. 2012).

In suspended raft culture, post-larval mussels are applied to hanging culture lines made
from braided plastics or natural fibers (Brenner and Buck 2010). Once mussels are attached,
culture lines are hung en masse from rafts that float off-shore, protecting mussels from predators
on the seafloor and allowing them to feed freely on microalgae in the water column. Under this
method, mussels must remain attached to culture lines anywhere between 12-18 months before
reaching a marketable size (>6 cm, lan Jefferds personal communication). In order to remain
attached, mussel must continually make new byssal threads throughout this period as older
threads decay and fall away (Moeser and Carrington 2006). In this way, mussel attachment
strength plays an integral role in the survival of the organism throughout its lifecycle, while also
ultimately determining farm yield at the end of a growing season.

Mussels manufacture byssal threads by secreting protein precursors into a specialized
groove that runs along the length of their foot, with each fiber imbedded in an adhesive plague
that is deposited on a surface. Plaque production begins when a small depression at the tip of the
foot (the distal depression) is pressed against a surface and the resulting cavity is filled with
adhesive proteins (mussel foot proteins, hereafter referred to as Mfps). During protein secretion,
mussels control the chemistry within the distal depression, maintaining a highly acidic (Martinez

Rodriguez et al. 2015), anoxic (Nicklisch et al. 2016), and ionically sparse (Yu et al. 2011, Miller
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et al. 2015) environment. Under these conditions DOPA residues on Mfps preferentially interact
with the surface rather than with each other (Anderson et al. 2010, Danner et al. 2012), while
protein side chain oxidation is also minimized (Xu et al. 2012, Miller et al. 2015). After
approximately five minutes, the foot is removed and seawater infiltrates the cavity, drastically
changing the conditions around the adhesive (pH~8.0, 02~8 mg L, and salinity ~31 PSU).
Through this process, seawater acts as a molecular trigger, ‘curing’ the newly formed adhesive.
The result is a transition from a fluidic state during protein secretion, to a porous solid over the
course of a few seconds (Hwang et al. 2010, Lim et al. 2010, Wei et al. 2014).

Seawater is responsible for the initial phase change that forms the adhesive plaque, with
recent work demonstrating that the curing process continues long after solidification (George and
Carrington 2018). When held in open-open conditions (pH ~8.0, O, ~8.5 mg L) the adhesion
strength of plaques doubles over the course of 8 days, with plaques shifting from translucent
white to dark tan in color. In contrast, holding plaques in low pH (<5.0) and hypoxic (<2 mg L)
seawater conditions effectively stopped strengthening all together, causing the adhesive to peel
from the substrate before the material could be fully loaded during tensile testing. High
temperature (30°C) and hyposalinity (1 PSU), however, did not affect adhesive strengthening
(George et al. unpublished, George and Carrington 2018). These results show that plaques
require continued access to basic pH conditions and a high availability of dissolved oxygen long
after protein deposition. Under these conditions, covalent cross-links between Mfps are formed
as DOPA residues are oxidized to DOPA-quinone (McDowell et al. 1999, Haemers et al. 2003,
Xu et al. 2012), a process that is mediated by the pH-sensitive enzyme catechol oxidase (Waite

1985).
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While incorporating seawater into the curing process may have negated one of the
greatest challenges of underwater adhesion (Comyn 1981), the instability of seawater conditions
in nearshore environments may ultimately pose a problem for mussel attachment (Waite and
Broomell 2012, Carrington et al. 2015). In estuaries, large diel fluctuations in seawater pH and
dissolved oxygen saturation can be metabolically driven by the local biology, with ranges as
large as 2 pH units and over 100% swings in oxygen saturation reported at sites throughout the
United States (Baumann and Smith 2017). To make matters worse, these ranges almost surely
underestimate the variability seen in mussel mariculture, as the largescale addition of biomass on
culture lines has been found to drastically change the biogeochemistry of the local environment
(Christensen et al. 2003, Lozano et al. 2010). In addition, the high stocking density of mussels on
culture lines could lead to localized regions of hypoxia and acidification within mussel
aggregations; a likely consequence of observed flow reductions of up to 70% underneath
mariculture rafts (Grant and Bacher 2001, Strohmeier et al. 2005). Given that mussels can’t
protect threads from environmental conditions of this kind after they are made, the sensitivity of
the curing process to environmental fluctuations after adhesive formation may influence the
timing and magnitude of mussel fall-off.

The microenvironment mussels experience on rope lines during suspended raft culture
has the potential to dramatically affect attachment strength, by either (1) preventing plaque
curing, (2) damaging mature threads, or (3) decreasing thread production. However, the
magnitude and duration of pH and dissolved oxygen excursions within mussel aggregations
remains unknown. In this study, water quality measurements were taken underneath a suspended
culture raft deployed within Puget Sound, in an effort to quantify the spatial (depth) and temporal

(season) variation in water conditions that mussels experience throughout the year. Additionally,

85



microscale modifications to seawater pH and dissolved oxygen at the site of plague adhesion
were measured by imbedding sensors directly in mussel aggregations. The effect of temporal
dynamics on adhesive curing was then investigated in the laboratory, replicating extreme
excursions in pH and oxygen either early or late in the curing process. Here we are able to show
that extreme excursions in pH and dissolved oxygen that are capable of decreasing thread
production and interrupting plaque curing occur underneath rafts and are amplified in mussel

aggregations, a result that could contribute to holdfast weakening.

3.3. Materials and Methods
3.3.1. Seawater monitoring
3.3.1.1. Seawater conditions under a mussel aquaculture raft

Water conditions were monitored underneath a mussel raft over the course of three years
(April 1, 2015 — March 3, 2018) at Penn Cove Shellfish’s mussel aquaculture operation in
Quilcene Bay, Quilcene, Washington, USA (47°47°48.0” N, 122°5116.6” W). The mussel raft
chosen was closest to the inlet and was approximately 15 x 18 m in size, supported ~1500 mussel
lines, with a typical yield of ~20 kg mussels per line (Dominic Pangelinan, personal
communication). Water quality sondes (YSI EXO2 #599502-00; Yellow Springs, OH, USA),
hereafter referred to as ‘raft sensors’, were suspended from ropes in the center the raft, deployed
at 1 and 7 meters below the surface (Figure 3.1).

Each sonde was equipped with an EXO pH sensor (accuracy + 0.1 pH units; YSI
#599701), optical dissolved oxygen sensor (accuracy + 1%; YSI #599100-01), conductivity and
temperature sensor (accuracy * 0.5%; YSI #599870), and an EXO total algae PE sensor

(precision: 0-100 pg L*; YSI # 599103-01). Water temperature (°C), salinity (PSU), dissolved
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oxygen concentration (mg L), and chlorophyll concentration (ug L) were recorded as the
average of 10-minute samples, taken every hour, and transmitted to a database using a radio
transmitter. Sensors were calibrated monthly against NBS pH standards (YSI #3822), a 50,000
uS cm™ conductivity standard (YSI #3169), and air-saturated DI water. Total algae sensors were
calibrated against a 0.625 mg L™ Rhodamine FWT red dye solution (Kingscote Chemicals,
Miamisburg, OH, USA; #106023).

The effect of seasonality and depth on each measured seawater parameter was
investigated using a two-way ANOVA. Seasons were defined by the spring equinox, summer
solstice, autumn equinox, and winter solstice of each year. Each parameter was rank transformed
to achieve normality with the normal quantile transformation (Ryan and Ulrich 2017). The
Pearson’s correlation test was employed to determine the degree to which seawater parameters

co-varied. All statistical analyses were performed in R (Version 3.4.1; http://www.r-project.org/)

with the RStudio IDE (Version 1.0.153; http://www.rstudio.com/).

3.3.1.2 Seawater conditions in mussel aggregations

The pH and oxygen conditions mussels experience within aggregations was measured
during different seasons as follows. Nylon mesh bags filled with mussels (~5 kg total weight)
were hung from rope lines and positioned adjacent to the 1m and 7m sondes (Figure 3.1). An
‘aggregation sensor’ was place in the center of each bag, comprising a Durafet III pH electrode
(Honeywell, Fort Washington, PA, USA,; accuracy = 0.01; Martz et al. 2010) and a Honeywell
DirectLine DL5000 equilibrium probe (accuracy + 0.1 mg L) and recorded 10 minutes of
measurements every hour. Measurements of pH (NBS) and oxygen concentration (mg L) were

monitored using a Honeywell UDA2182 analyzer, powered by a 12-volt AGM battery
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(Universal Power Group, Coppell, TX, USA; #UB12900), and logged using 4-20 mA data
loggers (Lascar Electronics, Erie, PA, USA; #EL-USB-4). Aggregation sensors and sondes were
calibrated at the same time and were temporally synced to record at the top of every hour. Bags
were deployed four times during both the summer (June-September) and winter (December-
March) of 2015-2016, for up to three weeks at a time, cleaning sensors between deployments to

limit any effects of fouling.

3.3.2. Laboratory experiments

Adult mussels (Mytilus trossulus, Gould 1850) used in laboratory experiments were
collected from the top of aquaculture rope lines from November, 2015 to February, 2016 and
kept in 50 L aquaria, filled with 0.2 um filtered, UV-sterilized seawater. Mussels were kept in
aquaria for no longer than three weeks at a time, and were fed Shellfish Diet 1800 (Reed
Mariculture, Campbell, CA) up to 5% of their wet tissue mass day, dispensed at a concentration
of 2000 algal cells ml™%. After collection, the shell length (+0.1 cm) of each mussel was
determined using Vernier calipers, while the reproductive condition (Gonad Index, Gl), and
physiological condition (Condition Index, CI) were determined for a subset of the population.
Gonadal tissue was excised from each animal by prying apart the valves of the shell, peeling
back the gill flaps, and removing the underlying tissue with a scalpel. The remaining somatic
tissue was then removed and dried separately from the gonads at 60°C until a constant dry weight
was achieved (~3 days). GI was calculated as the ratio of dried gonadal tissue to total tissue mass
for each individual following the protocol of Carrington (2002), and was calculated as the total
dry tissue mass, normalized to the shell length cubed (Moeser and Carrington 2006). This

procedure was repeated for each mussel after its inclusion in an experiment, comparing the Gl
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and CI to mussels that were sacrificed immediately upon collection in order to control for the
effects of cohort, treatment, and captivity.

Byssal threads were collected in the laboratory by securing mussels to mica plates with
rubber bands, orienting the valve opening towards the substrate and allowing them to attach
under seawater conditions that mimicked those found in the open-ocean (pH ~ 8, O~ 8.5 mg L,
Sal ~ 30 PSU, T ~ 9°C). After four hours, threads were separated from each animal at the shell
margin by cutting the proximal region of each thread, preserving the attachment plaque’s
connection with each plate. Plates with attached threads were then incubated in seawater
treatments, with only mussels that made three or more attachments included in a treatment group.
After incubation, plates were removed from seawater, dried, and stored for up to two weeks
before mechanical testing was performed. Storage in air for up to two weeks arrests the curing
process, which can then be resumed upon resubmission in seawater, effectively preventing
adhesive plaque curing during storage without adversely affecting adhesion strength (George and
Carrington 2018).

For each experiment described below, linear mixed-effects models and ANOVA were
used to identify any effect of mussel condition on either thread production or plaque adhesion
strength (nlme package; Pinheiro et al. 2017), transforming data to achieve linearity when
necessary (Johnson Transformations package; Fernandez 2014). A combination factors such as
shell length (cm), plaque planform area (mm?), Gl, CI; and adhesive age (days) were included as
fixed effects, while each mussel was incorporated as a random effect. For each significant effect,
a one-way ANOVA and Tukey HSD test was performed to determine differences between

treatment groups.
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3.3.3. The effect of seawater excursions on adhesive plaque curing

To determine whether pH and oxygen excursions can directly affect the plaque curing
process, plaques were aged in fluctuating seawater treatments for up to 20 days after being
separated from the mussels that made them. Mica plates with freshly made (~4hrs after
deposition) attached threads were haphazardly assigned to one of five experimental treatments,
controlled using the pH and oxygen-stat system described above. Threads aged in the first two
experiments experienced constant oxygen (~8 mg L), temperature (~9°C), and salinity
conditions (~29), while also being subjected to an excursion in seawater pH (pH~5.0) after either
1 (Exp. 1) or 8 (Exp. 2) days. The second two experiments mimicked the conditions of the first,
except that seawater pH was maintained at ~8.0 throughout and threads were exposed to hypoxia
excursions (O2< 2 mg L) either at 1 (Exp. 3) or 8 (Exp. 4) days into the experiment. pH and
oxygen excursions were maintained for 5 days, after which conditions returned to a baseline that
represented open-ocean conditions (pH ~8.0, O2~8.5, T ~9°C, Sal ~29 PSU). A subset of plates
was removed within each experiment after either 3, 5, 8, 12, or 20 days and stored dry for up to
two weeks before mechanical testing was performed. A control treatment wherein open-ocean

conditions were maintained for 20 days was also performed with the same sampling regime.

3.3.4. Byssal thread production during seawater excursions

The behavioral response of mussels to reductions in pH and oxygen dissolved was
investigated by placing mussels secured to mica plates in one of five pH treatments (pH target =
5.0, 6.0, 7.0, 7.5, or 8.0) or one of two dissolved oxygen treatments (O target =< 2.0 or > 8.0
mg L) for seven days. pH treatments were maintained using a pH-stat system similar to the one

described in O’Donnell et al. (2013). Briefly, seawater pH (NBS) and temperature (°C) were
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measured with a Honeywell Durafet 111 pH electrode and monitored with a Honeywell UDA2182
analyzer that controlled the operation of a solenoid valve. The solenoid value regulated the flow
of CO: into the aerator of each tank. Using a PID loop, the analyzer tailored a CO»:air mixture by
controlling the proportional operation of the valve, using pH as the response variable. Dissolved
oxygen treatments were accomplished in a similar way by equipping the analyzer with a
Honeywell DL5000 equilibrium oxygen probe (accuracy £ 0.1) and replacing the CO; cylinder
with N2 gas. The salinity (PSU) in each treatment was monitored with a Honeywell DL4000
conductivity cell (accuracy = 1 PSU), which was also monitored by the analyzer. pH, oxygen,
temperature, and salinity were logged every 10 minutes using a 4-20 mA data logger. Any pre-
existing byssal threads were removed from each mussel, by cutting threads in the proximal
region at the shell margin, prior to being placed in a treatment. Once in a treatment, a subset of
mussels (~20) were removed at 1, 3, 5, and 7 days, counting the number of new threads each
mussel produced before determining the Cl and GI for each animal. Linear mixed-effects models
were constructed to investigate the effect of pH, dissolved oxygen, shell length, GlI, and CI on

thread production.

3.3.5. Mechanical testing

Plaque attachment strength was determined by gripping the distal region of each byssal
thread and pulling perpendicular (90°) to the substrate until failure, following the protocol of
George and Carrington (2018). This testing angle was chosen for its reproducibility; it should
be noted that the contact angle of the thread with the plaque varies and threads are rarely brought
into tension fully perpendicular to the substrate (Desmond et al. 2015). Plaques were rehydrated

in their respective seawater treatments prior to mechanical testing for more than 5 minutes. The
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distal region was gripped with a hemostat ~1 mm above the plaque-thread junction, and force
was recorded using a 10 N digital force gauge (OMEGA, Stamford, CT, USA, accuracy + 0.01
N) attached to a motor-driven testing frame. Threads were pulled at an extension of 10 mm min"
! recording force (N) and extension (mm) at 20 Hz. The adhesion strength (kPa) of each plaque
was determined by normalizing the maximum force required to dislodge each plaque by the
attachment planform area (mm?), measured by tracing the outline of each plaque from above
using a dissection scope with accompanying AmScope MU1000 camera (Irvine, CA, USA) and
AmScope X imaging software (Burkett et al. 2009). The mean adhesion strength of 3-5 plaques
is reported for each mussel.

In an effort to link observed differences in plaque adhesion with the failure mechanics of
the adhesive, the failure mode of each plaque was also scored visually during mechanical testing
following Young & Crisp (1982) and George & Carrington (2018). Briefly, plaques were binned
within three failure types: adhesive, peeling, or tearing. In the case of adhesive failure, plaques
detached from the substrate in a single, swift, plunger like motion. Peeling failure was
characterized by a detachment beginning at one location along the perimeter of the plaque,
propagating from one side of the structure to the other. Tearing failure was evident when a
portion of the plaque remained attached to the substrate after the test was completed, or the
thread became dislodged from the attachment plaque at the thread-plaque junction. The failure
mode of plaques at each time point were pooled and compared with an open-ocean control

treatment (expected values) using a Chi-Squared test.
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3.4. Results

3.4.1. Seawater conditions under a mussel aquaculture raft
Raft sensor measurements of seawater temperature, salinity, dissolved oxygen

concentration, pH, and chlorophyll concentration varied as a result of the interaction between
seasonality and depth (p<0.001; Table S3.2; Figure 3.2). Over the three years measured, seawater
temperature was typically higher at the surface (1 m) in the spring and summer than at depth (7
m), with the trend reversing in the autumn and winter (Table S3.1; Figure 3.2a). Salinity
excursions (<10 PSU) were observed exclusively at the surface, and were isolated to the autumn
and winter months (Table S3.1; Figure 3.2b). The dissolved oxygen concentration and seawater
pH remained higher at the surface, regardless of season (Table S3.1; Figure 3.2c), with the same
trend observed with seawater pH (Figure 3.2d). Chlorophyll concentration varied widely
between seasons and years, with spikes frequently observed in the autumn and winter at the
surface (Figure 3.2e). Out of the five parameters measured, seawater pH and dissolved oxygen
concentration were most strongly correlated (1 m: slope =5.13, R =0.68; 7 m: slope =9.31,R =
0.82; Figure 3.3a), with excursions commonly co-occurring in the summer and spring at both
depths (Figure 3.3b,c).

A summary of the mean, standard deviation, minimum, and maximum seawater
conditions, grouped by season and depth, are reported in Table S3.1 in the supplemental
material. ANOVA results comparing seasons and depth for each parameter measured are

reported in Table S3.2.
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3.4.2. pH and oxygen excursions in mussel aggregations

pH and dissolved oxygen measurements from within mussel aggregations were tightly
correlated with raft sensor recordings between mussel lines during the winter months, at both the
surface (pH: slope = 1.15; R = 0.77; O2: slope = 0.88; R = 0.94; Figure 3.4a) and at depth (pH:
slope = 0.90; R = 0.64; Oz: slope = 0.85; R = 0.92; Figure 3.4c). The same was true for pH
during the summer at the surface (slope = 0.80; R = 0.82), but not at depth (slope =1.71; R =
0.52) where measurements from within aggregations often fell well below values recorded by
raft sensors hanging less than a meter away (Figure 3.4b). Excursions in dissolved oxygen
concentration commonly accompanied pH excursions within aggregations (slope = 1.6, R = 0.46,
p <0.001), particularly in the summer at depth (slope = 0.52, R = 0.65, p <0.001; Figure 3.4d).
Excursions at depth in the summer, when defined as a pH<7.0 and dissolved oxygen
concentration less than 5 mg L™, were usually short lived, with 42% of all excursions lasting for
less than 2 hours, while the longest was maintained for 5.2 days. During these excursions,
aggregation sensors readings were, on average, 1.49 pH units and 1.98 mg L™ below readings
recorded by raft sensors. An example of an excursion that took place during July of 2015 is

presented in panels e and f of Figure 3.4.

3.4.3. Adhesive plague curing during seawater excursions

Plaque adhesion strength increased over time, more than doubling in strength after 8 days
in the control condition (+117%; Figure 3.5). When pH was held below 5.0 during days 1-6 of
the curing process, plaque strengthening was delayed, leading to weaker attachments at 5 (-64%;
p=0.004) and 8 days after deposition (-56%; p=0.02; Figure 3.5a). During this period, plaques

also peeled more frequently from the substrate during tensile tests, failing before the thread could
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be loaded (5 days: p<0.001; 8 days: p=0.03; Figure 3.5e). However, at day 6 when conditions
returned to the baseline, plaques resumed strengthening, and were not significantly weaker than
the control at day 12 (-8%; p=0.53). In contrast, a low pH excursion (pH<5) after 8 days did not
significantly affect adhesion strength when compared with the control (-19%; p=0.28; Figure
3.5h).

Plaques exposed to hypoxia during the beginning of the curing window (day 1-5) showed
no sign of delayed strengthening (Figure 3.5¢). However, when plaques were exposed to hypoxia
after the curing process was complete (day 8-13), plaques were significantly weaker than the
control treatment (-74%; p=0.003; Figure 3.5d). Plaque adhesion strength then recovered after
oxygen returned to baseline levels and plaques were tested at 20 days (-17%; p=0.37; Figure
3.5d). While weakened, the proportion of plaques that failed by peeling from the substrate
drastically increased to 61% of those tested, leading to a significantly different failure
distribution than the control (p<0.001; Figure 3.5h).

Across all plaque curing experiments, mussel size (shell length), reproductive condition
(GI), physiological condition (CI), and plaque attachment area (mm?) was consistent across
treatments and time points (Table S3.3) and did not influence plaque adhesion strength (Table
S3.4). Plaque adhesion strength increased as a function of plaque age in all experiments

(p<0.001). A summary of seawater conditions for each treatment is presented in Table 3.1.

3.4.4. Byssal thread production during seawater excursions
Seawater pH (p<0.001) and dissolved oxygen concentration (p<0.001) had a significant
effect on the rate and number of byssal threads produced after seven days (Figure 3.6a,b; Table

S3.6). Mussels held at a pH less than 7.0 and dissolved oxygen concentration less than 2 mg L™
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neglected to produce threads for up to 3 days and manufactured an average of less than 10 per
individual thereafter. A summary of seawater conditions for each treatment is presented in Table
3.2. Mussel shell length, gonad index, and condition index were consistent across treatments

(Table S3.5) and did not negatively affect thread production (Table S3.6).

3.5. Discussion

The temperature, salinity, pH, and dissolved oxygen conditions measured underneath a
mussel raft in this study varied drastically from typical open-ocean conditions, with mussels
frequently experiencing pH and oxygen excursions within aggregations that form on culture
lines. Excursions, defined as any period of time that seawater pH dropped below 7.0 or dissolved
oxygen decreased to less than 5.0 mg L™, typically only lasted for a few hours, while the longest
was sustained for over 5 days. When exposed to these excursions, the maturation state of the
plaque determined whether adhesion strength was negatively affected. An acidic excursion (pH
5.0) early in the curing process (day 1-6) caused a delay in plaque strengthening, while sustained
hypoxic conditions (~1 mg L) after the curing window had passed (day 8-13), was sufficient to
cause plaque weakening. However, any negative affect of acidification or hypoxia was
reversible, given that the material was allowed time to recover under favorable conditions. These
results stress that, while environmental variability in the nearshore can affect the adhesion
mechanism that mussels use to attach to surfaces, the timing and duration of these harmful
conditions may modulate their ultimate impact on mussel attachment.

Hypoxic and acidic conditions have been shown previously to arrest the curing process of
byssus plaques, causing the material to peel from surfaces at lower forces than when fully

matured (George et al. unpublished, George and Carrington 2018). Both a basic pH and high
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oxygen availability are needed for the conversion of DOPA residues to DOPA-quinone
(Haemers et al. 2002, 2003), a post-translationally modified amino acid that is responsible for the
formation of covalent cross-links between Mfps in the adhesive (McDowell et al. 1999, Zhao and
Waite 2006, Miserez et al. 2010). While the cross-linking behavior of specific Mfps is well
understood (Fant et al. 2000, 2002), the cross-linking kinetics of the entire network of Mfps
present within the plaque is not, particularly in the context of variability in the surrounding
seawater environment (Waite and Broomell 2012). In light of the fact that plaques are constantly
inundated with unfavorable conditions during the curing process, it remains unclear from the
molecular mechanics of Mfp cross-linking whether plaque strengthening is irrevocably damaged
by environmental conditions or just delayed, two possibilities that could have very different
outcomes for a mussel that depends on strong attachment for survival.

To test these two hypotheses, plaques in this study were exposed to hypoxic and acidic
excursions during either early in the curing process (day 1-5) or after they were fully mature (day
8-13). Matching the worst case scenario from our field surveys, plaques were exposed to
excursions for 5 days, after which conditions returned to that of the open-ocean and plaques
continued to age until they were 20 days old. Early exposure to acidic conditions (pH=5) during
plaque curing effectively delayed strengthening, causing the material to be weaker at 5 and 8
days, while exposure following the curing period did not cause significant weakening. The
opposite was true for hypoxia (02 < 2 mg L), with plaque curing proceeding normally when
exposure occurred during the curing window, but then decreasing in adhesion strength when
deprived of oxygen after maturation. However, in both of the cases where plaque weakening was

observed, adhesion strength increased when affected plaques were allowed to continue curing in
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open-ocean conditions, effectively recovering from any negative impact of the local seawater
environment.

The dynamic response of the plaque to pH and oxygen excursions in this study confirm
that, while basic pH and dissolved oxygen are required for plaque strengthening, the curing
process can start and stop based on the presence or absence of these conditions. Additionally,
there was no evidence that plaques were permanently damaged by unfavorable conditions;
mature plaques weakened by hypoxia in this study were able to recover when incubated in
sufficiently high oxygen concentrations for 8 days. Placed in the context of DOPA-quinone
cross-linking, these results mimic those found in the distal region of the thread, a material that is
known for reforming sacrificial His-metal coordinate cross-links after they are broken during the
extension of the thread (Harrington and Waite 2007, Harrington et al. 2009). While the role of
metal-coordination within the protein network of the plague remains to be explored, the plaque
cuticle (Mfp-1) is known to form increasingly stable mono-, bis-, and tris-(DOPA)Fe3*
complexes as pH increases above a pH of 5.5, increasing the cohesive strength of the structure
(Taylor et al. 1996, Xu 2013, Yang et al. 2016).

Over three years of measurements from underneath a mussel raft indicate that the vertical
position in the water column can influence the type of environmental variation that mussels
experience. For mussels at the surface, the temperature (5.3-24.1°C) and salinity (2.1-33.0 PSU)
of seawater flowing through culture lines were the most variable, while mussels living just 6 m
deeper experienced a broader range of pH (7.14-8.58) and dissolved oxygen concentrations (0.1-
18.5 mg L). However, a positive correlation of pH and dissolved oxygen was universal, leading
to the co-occurrence of hypoxia and acidification at both depths, particularly during the summer

months. The timing of these events implies that, rather than being driven by the upwelling of
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oxygen depleted waters from off-shore that typically occur in the winter months (Peterson et al.
1988), the net effect of biological processes (respiration, photosynthesis, etc.) could be
responsible for moderating the carbonate chemistry in this nearshore habitat (Feely et al. 2010,
Baumann and Smith 2017). This is highly likely within mussel aquaculture rafts due to the large
biomass of mussels that support dense epifaunal communities, often comprising hundreds of
other species (Tenore and Gonzalez 1976).

While the seawater between culture lines represented a significant departure from
conditions found in the open-ocean, even the most extreme values of pH and oxygen observed
within these spaces were overshadowed by the mean conditions within mussel aggregations. At
depth during the summer, seawater pH routinely fell 2-4 units below values recorded by raft
sensors placed less than one meter away, while dissolved oxygen decreased by 2-6 mg L. These
kinds of excursions typically lasted only a few hours, with the longest lasting just over five days,
exposing threads to both pH and oxygen conditions that have been deemed to be harmful to the
curing process (George et al. unpublished, George and Carrington 2018). While not directly
measured in this study, one possible explanation that could account for such a dramatic decrease
in pH and oxygen is the formation of a thick diffusive boundary layers (DBL) around
aggregations. Given a sufficient flow reduction through culture lines, a DBL would limit the
diffusion of CO, away from the organisms, effectively trapping conditions along the rope line.
As a point of reference, increases in DBL thickness have been shown to decrease oxygen
availability surrounding corals (Shashar et al. 1993), decreasing the respiration rate and primary
production of reefs (Patterson et al. 1991), while the efflux of O, away from seagrasses has been
found to be reliant on the hydrodynamic thinning of the DBL (Larkum et al. 1989, Koch 1994),

ultimately leading to an increase in photosynthetic rate (Mass et al. 2010).
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While a promising explanation for hourly pH and oxygen excursions, increased thickness
of the DBL surrounding aggregations is unlikely to result in the persistent hypoxia and
acidification observed in this study. Within mussel aggregations, excursions in pH (<7.0) and
oxygen (<5.0) were maintained for more than 5 days in the summer at depth, necessitating a flow
reduction over a timescale that is not typically seen underneath aquaculture rafts (Blanco et al.
1996, Grant and Bacher 2001, Aguiar et al. 2017) or in tidally driven nearshore systems (Cahalan
et al. 1989, Leonard et al. 1998). Alternatively, the fact that pH and oxygen excursions of this
magnitude almost exclusively occurred at 7 meters during the late summer could be explained by
an accelerated accumulation of particulate organic matter (POM), driven by an increase in
primary productivity (Wieters et al. 2003). When feeding on phytoplankton blooms near the
surface (Winter et al. 1975), mussel feces and pseudofeces can also accumulate on the seafloor,
forming a layer of ‘mussel mud’ that can be several meters thick at the end of a growing season
(Davies et al. 1980, Chamberlain et al. 2001). Without adequate flow to remove sediments, high
summer seawater temperatures at depth can accelerate the decomposition of mussel mud,
promoting the growth of bacterial communities (Dahlback and Gunnarsson 1981), and eventually
leading to hypoxic and acidic conditions (Pearson and Rosenberg 1978). Further investigations
in the bacterial community structure and flow environment present within mussel aggregations
are needed to identify whether the environmental variation observed in this study is the result of
geophysical or biological forces.

Regardless of their cause, when exposed to excursions in seawater pH and dissolved
oxygen directly, mussels refrained from making threads as conditions got progressively worse.
Thread production stopped for the first three days of exposure at a pH of 6.0, with almost no

mussels producing threads at pH 5.0 over the entire 7-day exposure. A similar result was seen
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under hypoxia, with mussels refraining from making threads for the first day, and producing
minimal threads thereafter. Likely a behavioral response to stressful physiological conditions
(Gudimov 2006), intertidal mussels routinely remain closed for extended periods of time during
low tide in order to lower predation risk and water loss (Lent 1968). In subtidal habitats, mussels
close the valves of their shell when the chemical conditions of the ocean are physiologically
harmful (Gleason et al. 2017), perhaps as an attempt wait out stressful conditions before
reopening. However, there is evidence that this strategy may not be effective long term, as the
functionality of the abductor muscle actually diminishing after high temperature stress (Dowd
and Somero 2013), decreasing a mussel’s ability to resist damage from further excursions. Either
way, mussels cannot protect byssal threads from unfavorable conditions after they are made, or
predict when conditions will be bad in order to protect them from exposure. As a result, threads
that are made under favorable pH and oxygen conditions are vulnerable to excursions while they
proceed through their cure window (1-8 days after deposition).

Although seawater pH and dissolved oxygen had a significant effect on plague adhesion
strength and thread production in this study, additional work is needed in order to link
environmental conditions to the fall-off events that are commonly seen in mussel mariculture.
Higher resolution measurements of pH and oxygen conditions in mussel aggregations are needed
in order to show that conditions truly remain unfavorable for plaque adhesion for days at a time
without occasional increases back to baseline conditions. Given the ability of the plaque to
recover and continue strengthening after the curing process is arrested, even intermittent changes
in flow through rafts could serve to rescue mussel attachment by increasing the flux of oxygen to
the byssus. This process may occur naturally, as mussel in high densities often undergo processes

such as self-thinning where competition-driven mortality causes mussels to fall-off of when
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conditions are too stagnant, increasing the space between individuals (Fréchette and Lefaivre
1995, Lachance-Bernard et al. 2010). Although not yet shown experimentally, evidence for the
relationship between oxygen flux and attachment strength can be seen in mussel beds where
animals at the perimeter have a higher attachment strength than those in the interior (Witman and
Suchanek 1984) and when comparing the superior strength of solitary mussels to those in
aggregations (Bell and Gosline 1997).

This study demonstrates that the pH and dissolved oxygen variability that mussels
currently experience on culture lines can (1) prevent plaque curing, (2) weaken mature plaques,
and (3) decrease thread production. In light of this finding, the challenge for shellfish growers
going forward is to adopt farming practices that ensure mussels attach under favorable seawater
conditions, particularly as the frequency and magnitude of excursions in seawater temperature
(Roemmich et al. 2015, Wijffels et al. 2016), pH (Woosley et al. 2016), and dissolved oxygen
(Stramma et al. 2010, Gobler and Baumann 2016) continue to increase. The results presented
here suggest that growers can promote adequate strengthening and adhesion recovery by
ensuring an adequate flux of dissolved oxygen to the site of adhesion, either through regular

thinning of culture lines, increasing line spacing, or by reducing stocking densities.
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3.11. Tables

Table 3.1. Seawater conditions (mean + SD) during laboratory experiments wherein freshly
made plaques cured in fluctuating pH and dissolved oxygen treatments. During each experiment,
a baseline was set for both pH and oxygen approximating conditions found in the open ocean
(control). For pH excursion experiments, pH (NBS) was reduced through the addition of CO»,
either 1 day after plaque deposition (Exp. 1), or 8 days (Exp. 2). For oxygen excursion
experiments, dissolved oxygen (O2) was reduced through the addition of N, either 1 (Exp. 3) or
8 days (Exp. 4) after deposition. In both cases, excursions lasted 5 days, after which variables
returned to the stated baseline. Salinity (Sal) and seawater temperature (T) remained stable

across all treatments.

Excursion

-1 °
Exp. (day) pH (NBS) O2(mg L™) Sal (PSU) T (°C)
start end baseline  excursion | baseline excursion

Control 8.03+0.04 8.54 +0.25 29+1 | 88+04
Exp.1| 1 6 |8.01+0.09 496+0.03| 8.33+0.19 28+2 | 9.1+0.3
Exp.2| 8 13 [ 8.04+0.06 494 +0.06| 8.36 +0.22 29+1 | 91+04
Exp.3| 1 6 | 7.98+0.04 8.31+0.37 1.13+0.32| 28+2 | 88+0.3
Exp.4| 8 13 | 7.98 +0.06 8.28+0.26 159+063| 29+2 | 9.2+04
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Table 3.2. Seawater conditions (mean + SD) during laboratory experiments that investigated the
effect of pH and oxygen excursions on thread production. Mussels were placed in each treatment

condition for seven days, recording seawater pH, dissolved oxygen (O.), temperature (T), and

salinity (Sal) at 10 minute intervals.

Exp. target pH (NBS) O2(mgL?) T (C) Sal(PSU)

80 815+0.06 844+088 89+14 302

75 748%+0.09 848+122 88+09 29+2

pH 70 6.83+0.06 883+081 92+11 28%1
6.0 6.01+£0.02 870050 93+06 292

50 5.03+0.03 891+073 91+04 28%1

0 >80 810+0.04 887+045 88+0.7 28%1
? <20 806+005 093+18 93+09 28+1
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3.12. Figures
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Figure 3.1. Simplified diagram of a mussel aquaculture raft with hanging rope lines (a),
describing the position of hanging bags (‘aggregation sensors’, left) and YSI water quality
sondes (‘raft sensors’, right). Rope lines were approximately 0.3 meters apart. Hanging bags
were filled with mussels (~5 kg), with a pH and oxygen sensor embedded in the center of each
bag. Aggregation and raft sensors recorded conditions every hour at two depths (1 and 7 meters
below the surface). Mussel density on rope lines varied seasonally, with noticeable differences

observed between spring (b) and late autumn (c), presumably due to fall-off events.
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Figure 3.2. Seawater conditions underneath a mussel aquaculture raft in Quilcene bay, Quilcene,
WA, from March, 2015 through March, 2018. Seawater temperature (a, °C), salinity (b, PSU),
dissolved oxygen concentration (¢, mg L), pH (d, NBS scale), and chlorophyll concentration (e,
ug L), were measured at two depths (1 and 7 meters) below the surface hanging two raft

sensors between mussel lines. A summary of conditions by season is presented in Table S3.1.
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7 meters), were measured from March, 2015 through March, 2018. The pairwise Pearson’s

correlation test was used to generate a matrix of correlation coefficients for all parameters

measured (a, alpha = 0.001). Dissolved oxygen (mg L) was positively correlated with pH at 1

(b; slope =5.13, R = 0.68) and 7 meters (c; slope = 9.31, R = 0.87). Datasets were color coded

by season (spring = orange; summer = red; autumn = teal; winter = blue). A summary of all

conditions measured, grouped by season is presented in Table S3.1.
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Figure 3.4. A comparison of seawater conditions (pH, dissolved oxygen concentration) found in

mussel aggregation sensors and raft sensors. Measurements were taken during the summer and

winter months of 2015, at two depths below the surface (1m, black; 7m, gray circles). Seawater

pH (NBS) within mussel aggregations was tightly correlated with raft sensor measurements in

the winter at both depths (a,c). In the summer, low pH and oxygen excursions were recorded at

depth (b,d). A typical pH/oxygen excursion (7m; summer) that resulted in a mismatch between

mussel aggregation and raft sensors is depicted in panels e and f.
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Figure 3.5. The effect of low pH and hypoxia excursions on adhesive plaque curing. The top
panels represent schematic representations of the laboratory seawater treatments that freshly
made plagques were exposed to after being deposited by a mussel. The adhesion strength (kPa) of
plaques (a-d), along with the frequency of each failure mode (e-f; tearing, peeling, or adhesive
failure) are reported underneath the schematic of each treatment. A control treatment wherein pH
and oxygen remained at a baseline (pH = ~8.0, O, = ~8.5 mg L) for 20 days is included in
panels a-d, represented in gray. Error bars represent the standard error about the mean for each
time point. Asterisks indicate either a significantly different (alpha = 0.05) adhesion strength
between treatments and the control (a-d), or a significantly different failure mode distribution at
a given time point (e-h), as determined by a chi squared test using the open ocean control as the

expected values.
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Figure 3.6. Byssal thread production during pH (a; pH targets = 8.0, 7.5, 7.0, 6.0, 5.0) and

oxygen (b; O2 targets = >8.0, <2.0 mg L-1) excursions. Mussels were sampled after 1, 3, 5, or 7

days, counting the number of threads produced by each individual and averaging (£ se) by

treatment. At pH 5, 6, and a dissolved oxygen concentration of <2 mg L-1, the majority of

mussels remained closed for the first three days of exposure.
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3.13. Supplementary Material

Table S3.1. Water conditions (temperature, salinity, dissolved oxygen, pH, and chlorophyll

concentration, measured hourly) recorded by raft sensors in Quilcene Bay, from April 2015 to

March 2018. Reported values are aggregated season means = S.D, recorded at 1 and 7 meters

below the surface. The minimum and maximum values observed for each seawater parameter, at

a given depth and season, are listed in parentheses.

Season Depth n T («C) n Sal (PSU) n O2(mgLY) n pH (NBS) n Chl(ugL?
132426 257421 11.0+2.1 8.15 + 0.21 9+16
Im 4897 g 1.007) 4731 (137:300) ¥ (31189 B (726873) 1 (0342
Spring
110412 278417 8.5+2.9 7.89+0.29 7+18
mo 4895 8186) 094 (203362) % (04185 88 (715858 BB (0.435)
18.0+23 26.6+ 3.3 83+4.1 8.08 + 0.18 6+ 10
Im 4355 117041) 1240 (135:330) *833 (03191) 3% (735.867) L (032
Summer
132416 29.4+16 77+34 7.77+0.28 10+18
m 4435 1037193) 334 (o51354) M3 (0181) M (714856 07 (0-239)
109425 26.9+ 5.4 92+1.2 7.80+0.14 27 +56
Im 2641 6157y %2 01314y 3783 (50426) 378 (732828 78 (0.133)
Autumn
11.4+43 20.7+25 72417 7.66+0.15 2+6
m 4049 73150) 0% (21903345) 0% (26113 40 (732807) 49 (0-237)
79410 238+ 4.1 101+18 7.85+0.19 6+ 10
Im 3514 53101) 6% (063300 B (5aa75 BM (743858 BB (o215
Winter
94425 28.4+2.4 82+19 7.77+0.19 3+18
mo212 69412y Y87 (2123337) 212 (45145 22 (7408380 291 (0:86)
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Table S3.2. ANOVA results comparing raft sensor measurements of temperature (°C), salinity
(PSU), and dissolved oxygen (mg L), seawater pH (NBS), and chlorophyll concentration (g L-
1 from April, 2015 to March, 2018. Data were transformed using the normal quantile
transformation, comparing the variance about the mean across season (spring, summer, autumn,

and winter) and depth (1 and 7 meters below the surface).

Source df. SS F p-value
Temperature
Season 3 112617 33378 <0.001*
Depth 1 31128 9226 <0.004*
Season x depth 3 68282 6746 <0.001*
Salinity
Season 3 3585 1377 <0.001*
Depth 1 1293 1490 <0.001*
Season x depth 3 1664 639 <0.001*
Dissolved Oxygen
Season 3 4469 1749 <0.001*
Depth 1 1639 1924 <0.001*
Season x depth 3 1249 489 <0.001*
pH
Season 3 4825 2130 <0.001*
Depth 1 2208 2924 <0.001*
Season x depth 3 5113 2257 <0.001*
Chlorophyll
Season 3 232 85 <0.001*
Depth 1 769 849 <0.001*
Season x depth 3 1232 453 <0.001*
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Table S3.3. Body size and condition metrics for mussels that produced adhesive plaques
included in tensometer tests. Results are presented for five laboratory experiments, within which
plaques were incubated in open-ocean conditions (control), fluctuating seawater pH (Exp. 1 and

2) and dissolved oxygen (Exp. 3 and 4) conditions, sampled over the course of 20 days.

Age Shell Length  Plaque Area Gonad Index Condition Index
(days) (cm) (mm?) (x10% g cm3)
Control

0.17 18 4605 1.99 £ 0.65 0.11+0.02 41+05

3 11 49+0.6 2.17+£0.88 0.11+0.02 35+04
5 9 49+0.3 2.14+0.37 0.11+0.01 41+04
8 10 50+£05 2.16 £0.32 0.11+0.03 40+0.9
12 12 52+06 2.35+0.43 0.12 +0.02 40+05
20 10 48+05 2.07£0.44 0.11+0.02 3.9+06
Experiment 1
3 12 50+0.3 2.15+0.37 0.11+0.03 3.8+0.8
5 12 44+04 2.30+£1.07 0.10+£0.03 41+10
8 11 45+0.2 2.27+042 0.08 +0.03 43+05
12 12 46+0.3 2.33+0.37 0.10 £ 0.04 41+0.8
20 13 48+04 2.19+0.44 0.12+0.03 42+05
Experiment 2
3 15 44+04 2.19+0.37 0.09 +0.03 3.8+13
5 15 45+04 241 +0.50 0.10+0.04 39112
8 16 43+0.7 2.05+0.62 0.11+0.03 3.4+08
12 12 45+05 2.29+0.68 0.10+£0.02 35+14
20 14 46+04 2.14+0.40 0.11 +0.04 34+12
Experiment 3
3 11 49+0.6 1.90 £0.43 0.11+0.02 35+04
5 9 49+0.3 2.14+0.37 0.11+0.01 41+04
8 11 50+05 2.38+0.34 0.11+0.03 41+09
12 10 49+0.6 2.48 £0.45 0.11+0.03 35+14
20 10 49+05 2.41+0.32 0.11 +£0.04 42+1.2
Experiment 4
3 11 46+0.7 2.23+0.32 0.14+0.20 48+0.8
5 10 48+04 2.17+0.35 0.11+0.03 46+18
8 10 46+05 2.30+£0.60 0.11+0.03 44+10
12 9 45+0.6 2.67 £0.38 0.12+0.03 40+1.0
20 10 48+04 2.33+0.43 0.11+0.03 48+15
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Table S3.4. ANOVA results of linear mixed-effects models investigating the effect of mussel
physiology on adhesive plaque adhesion strength (kPa), including adhesive age (days), mussel
shell length (cm), gonad index (GI), condition index (CI, x107 g cm™), and plaque planform area
(mm?) as factors, grouped within each mussel as a random effect. Results are presented for four
laboratory experiments, within which plaques were incubated in fluctuating pH (Exp. 1 and 2)
and dissolved oxygen (Exp. 3 and 4) conditions. Asterisks represent significant results (alpha =

0.05).

Source DFnum DFden F P-value

Control

Adhesive Age 1 64 20.50 <0.001*
Shell length 1 64 0.08 0.78
Gl 1 64 0.19 0.67
Cl 1 64 0.41 0.53
Plaque area 1 64 2.24 0.14
Experiment 1

Adhesive Age 1 72 25.25 <0.001*
Shell length 1 72 0.44 0.51
Gl 1 72 211 0.15
Cl 1 72 0.36 0.55
Plaque area 1 72 0.06 0.81
Experiment 2

Adhesive Age 1 84 42.09 <0.001*
Shell length 1 84 0.29 0.59
Gl 1 84 0.32 0.58
Cl 1 84 0.89 0.35
Plaque area 1 84 0.86 0.36
Experiment 3

Adhesive Age 1 62 13.83  0.004*
Shell length 1 62 0.14 0.71
Gl 1 62 0.002 0.97
Cl 1 62 0.28 0.60
Plaque area 1 62 291 0.09
Experiment 4

Adhesive Age 1 62 27.39 <0.001*
Shell length 1 62 0.12 0.73
Gl 1 62 0.37 0.54
Cl 1 62 0.003 0.96
Plaque area 1 62 0.42 0.52

122



Table S3.5. Body size and condition metrics for mussels that were included in thread production

assays, grouped by treatment and collection time point (mean + s.d).

Shell Length  Gonad  Condition Index

Trt Target Time n (cm) Index (x103 g cm3)

1 14 4.7+0.3 0.11+0.03 42+0.8

8.0 3 14 5.0+04 0.12+0.03 42+04

' 5 36 5.0%0.6 0.11+0.03 41+04

7 22 5.1+05 0.11 +0.03 3.9+05

1 22 53%0.6 0.11+0.03 39%0.5

75 3 20 52+04 0.10+0.03 3.9+0.6

' 5 20 5.1%+0.5 0.12+0.03 39+0.7

7 21 49+0.4 0.10 +0.03 3.7+0.6

1 18 55%0.5 0.13+0.04 41+0.6

pH 70 3 20 51+09 0.09 +0.03 3.9+0.7
' 5 20 49+04 0.11+0.04 3.7+0.8

7 19 4.7+0.6 0.11 +0.03 41+0.7

1 14 5.7%+0.6 0.09 £ 0.04 32%+12

6.0 3 15 52+06 0.06 +0.04 43+13

' 5 12 54+0.6 0.09 £ 0.04 40+14

7 20 49+0.6 0.08 +0.03 41+0.7

1 20 5.0+0.6 0.07 +0.03 50+1.0

50 3 13 53%0.6 0.09 £0.05 43+19

' 5 22 49+04 0.08 +0.04 3.7+0.38

7 19 5.1+04 0.08 + 0.04 3.8+0.6

1 15 45%+0.5 0.12+0.03 3.8+0.38

> 8.0 3 17 48+0.6 0.11+0.04 40+0.6
' 5 16 48+04 0.12+0.03 3.6+0.7

0s 7 18 4.6 +0.7 0.1+0.03 3.8+0.4
1 11 48+0.6 0.11 +0.03 3.9+06

<20 3 21 5.0%0.7 0.09 £ 0.04 41+13
' 5 21 52+09 0.07 +0.04 40+11

7 14 46+05 0.09 £ 0.02 3.6%0.5
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Table S3.6. ANOVA results of linear mixed-effects models investigating the effect of pH or
oxygen treatment, gonad index (Gl), condition index (CI), and shell length (cm) on the number
of threads produced after seven day excursions, using each mussel as a random effect. Asterisks

represent significant results (alpha = 0.05).

Source DFnum DFden F P-value

pH Experiment

pH 1 96 154.5 <0.001*
Shell length 1 96 0.23 0.64
Gl 1 96 164 0.20
Cl 1 96 061 044
Oxygen Experiment

Dissolved oxygen 1 27 70.1 <0.001*
Shell length 1 27 0.11 0.74
Gl 1 27 093 034
Cl 1 27 1.77  0.20
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