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ABSTRACT
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Ryan Andrew Horricks
University of Guelph, 2017

Advisor:
Dr. J. S. Lumsden

Sessile scleractinian corals provide the three-dimensional structure of critically important coral
reefs around the globe. Their ability to regenerate damaged tissue is of crucial importance to the
long-term health and continued presence of the reef ecosystem as a whole. The major objectives
of this research were to 1) document the changes of the benthic community assemblages of study
sites at eight near-shore patch reefs in marine protected areas and unprotected regions on the
islands of Carriacou and Grenada over three years; 2) document the regeneration of tissue from
artificially-induced lesions in Montastraea cavernosa at both the gross and proteomic levels; and
3) to establish which proteins are expressed in apparently healthy M. cavernosa tissue (i.e. the
proteome). Using 4 x 30 m long photo quadrat surveys the benthic species assemblages at all
sites were significantly different between islands in both 2014 (p=0.008) and 2017 (p=0.003).
Marine protected area status did not have a significant effect on predicting benthic community
species assemblages (p>0.05) or the percent cover of either coral (p>0.05) or macroalgae
(p>0.05). Lesions created on 124 M. cavernosa colonies in the fall of 2014 regenerated at
significantly different rates between the two islands (p=0.023). There was no significant effect of
marine protected area status on lesion regeneration rate between islands or marine protected
areas (p>0.05). Identical lesions were created on 30 M. cavernosa colonies in 2015 and the

damaged tissues were re-sampled biweekly and stored for proteomic analysis. Soluble protein
was extracted from regenerating M. cavernosa tissue, labelled with tandem mass tags, and
analyzed using liquid chromatography-mass spectrometry. Twenty-four proteins associated with
regeneration and inflammation in other metazoans were identified to be significantly (p<0.05)
differentially abundant during regeneration of artificially damaged M. cavernosa polyps. One
hundred twenty-five proteins were significantly (p<0.05) differentially abundant between
colonies with delayed regeneration and those that regenerated tissue normally. A total of 1042
unique proteins were identified in the proteome of apparently healthy M. cavernosa tissue. This
research has documented, for the first time, some of the proteomic mechanisms for tissue
regeneration in a scleractinian coral.
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GENERAL INTRODUCTION
Scleractinian (hard/stony) corals provide the physical structure of coral reef ecosystems
around the world (Lesser, 2004). Corals provide nursery habitat, oxygen, physical barriers to
ocean currents, and have even provided the foundation for islands for over 200 million years
(Lesser, 2004). Scleractinian coral cover was reported to be as high as 50 % in some areas of the
Caribbean Sea (hereafter Caribbean) in the 1980s while current estimates of scleractinian coral
cover report regional declines to as low as approximately 11% cover (Gardner et al., 2003;
Wilkinson et al., 2013). There has been some temporal variation in both the rate of coral decline
and absolute coral cover within the six million km2 Caribbean (Gardner et al., 2003; Jackson et
al., 2014). Between regions in the Caribbean there have been no significant differences in the
rate of coral decline but there are significant differences in absolute coral cover (Gardner et al.,
2003; Jackson et al., 2014). This variability between areas has been influenced by local factors
such as high mortality due to specific diseases, large die-offs of the macroalgal-grazing herbivore
Diadema antillarum, decades-long heavy fishing pressure, high-tourism impacts, and hurricanes
(Gardner et al., 2003; Jackson et al., 2014). The rapid decline in Caribbean coral cover that
began in the 1970s appeared to have slowed by the mid-1990s although most regions have
continued to experience yearly declines in coral cover to this day (Gardner et al., 2003). While
some studies have shown increases in hard coral cover, the coral species that make up the coral
communities in many locations have shifted from reef-building to non-reef-building (Gardner et
al., 2003; Jackson et al., 2014).
As these reef-building animals are sessile in their adult life stage, they are subject to
physical destruction through sedimentation, storms, destructive fishing practices, predation, and
disease (Henry & Hart, 2005; Lesser, 2004). Complete healing of damaged tissue (regeneration)
1

plays an important role in the ability of these animals to survive. Corals that cannot regenerate
tissue efficiently are susceptible to invasion from both encrusting and boring organisms, which if
severe enough or sustained for a long enough period of time, can lead to the death of the colony.
As scleractinian corals provide the three-dimensional structure of the reef their ability to
regenerate tissue is a critical factor contributing to the long term health and resilience of the reef
ecosystem (Squires, 1958).
Montastraea cavernosa (Linnaeus, 1766) is one of the largest and most widely
distributed reef-building scleractinian corals in the Caribbean (Lasker, 1981). This hemispherical
boulder coral is typically found at depths of 3 – 15 m with polyps ranging on average from 4 – 9
mm diameter (Lasker, 1981; Squires, 1958). It occurs in a range of colours including green, red,
purple, brown, and orange determined by pigment cells and endosymbiotic zooxanthellae within
the gastrodermis (Lasker, 1981; Lesser et al., 2004). The orange morph of M. cavernosa may
have an additional endosymbiont, a nitrogen fixing cyanobacterium, that other colour morphs do
not appear to have (Lesser et al., 2004). This cyanobacterium works mutualistically with the
zooxanthellae within M. cavernosa to provide the zooxanthellae with the nitrogen required for
marine photosynthesis (Lesser et al., 2007). M. cavernosa demonstrates considerable physical
variation in the number and spacing of corallites (cuplike calcareous skeleton of a single coral
polyp), corallite density, the number of septa in a corallite, and coral polyp size between
colonies. These differences have been attributed to a combination of environmental influences
such as turbidity, light, depth, and possibly genetics (Amaral, 1994).
Marine protected areas (MPAs) have become increasingly common marine resource
conservation tools while at the same time providing a potential biodiversity reservoir (Gill et al.,
2017; Russ et al., 2004; Villamor & Becerro, 2012). Provided MPAs are effectively managed,
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they are capable of exhibiting higher diversity than unprotected areas at the species level; but
also very often at the functional level (Gill et al., 2017; Nystrom, 2006; Villamor & Becerro,
2012). Preserving many different functional groups can lead to better ecosystem resistance and
resilience to long-term change (Villamor & Becerro, 2012).
Despite the drastic reduction in scleractinian coral cover in the Caribbean, M. cavernosa
remains one of the more commonly observed corals, possibly because it has increased
regenerative capabilities relative to other scleractinian species. A comprehensive understanding
of this species’ regenerative capabilities, at the environmental, gross and proteomic levels, is
crucial in determining its continued presence on today’s coral reefs.
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INTRODUCTION
The ability to completely repair damaged tissue is known as regeneration and was first
identified in the 1700s in the freshwater cnidarian, Hydra (reference by Goss, 1992). The
capacity to repair damaged tissue is widespread, but varies greatly across metazoans. Certain
animals regenerate whole-body structures from small tissue fragments (e.g., Hydra spp.), while
others can replace portions of amputated limbs and appendages (e.g., salamander limbs and tail,
zebrafish fins) (Bely & Nyberg, 2010), or others organs (e.g., Homo sapiens liver) and all species
can regenerate damaged tissues to some degree (e.g., dermal tissue) (Bely & Nyberg, 2010).
The ability to regenerate damaged body parts and whole structures is critical to the
survival of sessile organisms (Henry & Hart, 2005). Scleractinian (hard/stony) corals are sessile
benthic invertebrates in the phylum Cnidaria that can regenerate appendages (tentacles) as well
as whole structures (coral polyps). Corals are colonial organisms whose functional unit is the
coral polyp. A single coral polyp can regenerate completely provided there is some tissue
remaining attached to the coral skeleton (Henry & Hart, 2005).
M. cavernosa is one of the largest and most widespread scleractinian corals in the
Caribbean. M. cavernosa is one of the few remaining framework-building corals in the
Caribbean that has endured despite the heavy environmental and anthropogenic negative impacts
that are imposed on coastal coral reefs. Destruction of coral reefs through dredging, coastal
pollution, climate change, destructive fishing practises, overfishing, careless SCUBA divers,
boat anchoring, ballast-derived pathogen transport, introduction of invasive species, and many
natural factors have culminated in coral reefs, particularly those in the Caribbean, left in dire
straights (Jackson et al., 2014).
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Marine protected areas (MPAs) are being created globally by coastal nations to preserve
the planet’s remaining marine biodiversity (Gill et al., 2017). These protected areas typically
restrict some or all uses of marine ecosystems to minimize the impact of human activity on
critical habitats. In addition to providing a potential reservoir for species biodiversity, MPAs
often exhibit higher diversity than unprotected areas at the functional level (Gill et al., 2017;
Russ et al., 2004; Villamor & Becerro, 2012). Functional diversity refers to what organisms and
groups of organisms do as opposed to species diversity which refers to the number of different
species present in an area (Petchey & Gaston, 2006). Preserving many different functional
groups can lead to better ecosystem resistance and resilience to long-term change (Villamor &
Becerro, 2012). Furthermore, properly functioning MPAs have cascading effects on non-target
species and often have a positive spillover on nearby unprotected areas. With the widespread
reduction in hard coral cover in the Caribbean over the past 40 years there have been increased
efforts from local governments and regional non-governmental organizations to increase the size
and number of MPAs in coral reef regions to preserve the remaining hard coral species and
diverse fish communities (Russ et al., 2004).
Coral colony lesion regeneration rates have been proposed as a means to assess the
condition of a reef (Fisher et al., 2007; Moses & Hallock, 2016) and this could be extrapolated to
a means of assessing MPAs. As physiological stress increases in an organism the abundance of
stress-related biomarkers increase as well (Allen & Moore, 2004). To the author’s knowledge
there are currently no studies at the protein level on the mechanisms by which scleractinian
corals regenerate damaged tissue, while several studies have investigated regeneration or
immunity at the transcriptomic level (reviewed in Slattery et al., 2012).
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The current model for coral regeneration is the cnidarian starlet sea anemone
(Nematostella vectensis), an easily cultured member of the same phylum, but one with enough
differences that it is likely not ideal for providing reliable information on corals. A model of
coral regeneration that uses a common reef-building species of Caribbean hard coral would have
wide application and relevance.
M. cavernosa’s large polyp size makes it ideal for the characterization of individual polyp
regeneration rates at the gross, histological, and proteomic levels. The recent publication of the
M. cavernosa transcriptome has allowed for the application of shotgun proteomics to a species
with no prior proteomic data available (Kitchen et al., 2015). The scope of this thesis is to
characterize tissue regeneration in M. cavernosa at the gross and proteomic levels and to
determine if there are any positive effects of MPA status, at present and potentially in the future,
on coral tissue regeneration.
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CHAPTER 1: REVIEW OF THE LITERATURE
1.1 SCLERACTINIAN CORAL BIOLOGY
Corals are marine invertebrates in the phylum Cnidaria, class Anthozoa. They occur as
individual polyps or in colonies comprised of multiple polyps connected by a contiguous dermal
tissue. Within the order Scleractinia there are Hexacorals with 6-fold radial symmetry who
deposit an aragonite (CaCO3) skeleton beneath the coral colony. These hermatypic corals are the
‘reef-builders’ of coral reefs and are the functional group that have maintained coral reef
ecosystems for approximately 200 millions years (Lesser, 2004; Loya, 1972; Vaughan & Wells,
1943).
Approximately 75 % of all hermatypic corals reproduce sexually through the production
and fertilization of both male and female gametes (Kojis & Quinn, 1981; Richmond & Hunter,
1990). Coral colonies that reproduce sexually are either hermaphroditic (sequential or
simultaneous) or gonochoric (separate male and female) (Kojis & Quinn, 1981; Richmond &
Hunter, 1990). Sexually reproducing coral colonies reproduce either via internal fertilization and
brooding (e.g., Porites divaricata) or via broadcast spawning (e.g., M. cavernosa). Broadcast
spawning species typically release gametes in to the water column during full moon phases when
tidal forces are strongest to ensure the greatest possible dispersion (Richmond & Hunter, 1990).
Once fertilized, free-swimming planular larvae exist in the water column for two to three months
before swimming towards favorable benthic habitats where they metamorphose in to coral
polyps (Barnes & Hughes, 1999; Graham et al., 2008; Harii et al., 2002).
Coral polyps are composed of two dermal layers (the surface and basal body walls) lined
by gastrodermis, which is in turn supported by mesenteries (Figure 1.1). Coral colonies are
aggregations of multiple polyps connected by a coenchyme, a mesogleal layer perforated by
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tubes (canaliculi), that allow for intra-colonial transport of nutrients. The fleshy coral polyps
reside within a calcareous cup-like structure known as a corallite. During the night, coral polyps
extend tentacles and fleshy polyp stalks in to the water column to feed on zooplankton, using the
cnidocytes on the ends of their tentacles to trap food particles. To supplement their nutrition,
hermatypic corals also contain photosynthetic dinoflagellates, zooxanthellae, within their
gastrodermis (Barnes & Hughes, 1999). This mutualistic relationship provides the zooxanthellae
with a protected environment and the compounds required for photosynthesis (Barnes & Hughes,
1999). As a by-product of photosynthesis, zooxanthellae produce oxygen and supply the coral
with glucose, glycerol, and amino acids (Barnes & Hughes, 1999). Under stressed conditions
hermatypic corals can expel or consume their zooxanthellae endosymbionts in a process known
as ‘bleaching’ (Hoegh-Guldberg et al., 2002).
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Figure 1.1: Longitudinal section of a coral polyp. Adapted from Galloway et al., 2005.

The Caribbean great star coral, M. cavernosa (Linnaeus, 1766), is the one of the largest
and most widespread scleractinian corals in the Caribbean (Lasker, 1981). This species occurs in
the Caribbean, the Gulf of Mexico, Florida, the Bahamas, and Bermuda, and has been reported in
the eastern Atlantic as well (IUCN, 2012). It is a hemispherical boulder coral, typically found at
relatively shallow depths, with large polyps (Lasker, 1981; Squires, 1958). M. cavernosa is a
broadcast gonochoric colonial species with gametogenesis occurring on an approximately four
and eleven month cycle for males and females respectively (Acosta & Zea, 1997; Szmant, 1991).
M. cavernosa release their gametes via nocturnal broadcast spawning events approximately one
week after the full moon in the months of August or September (Scaps, 2010; Szmant, 1991).
Once the eggs are fertilized, the planular larvae experience high mortality before settling on
favorable benthic habitat and metamorphosing to begin the process of forming new coral
colonies. As for all coral colonies, M. cavernosa are highly susceptible to damage from a variety
of sources.

1.2 LESION REGENERATION IN SCLERACTINIA
Tissue regeneration rates vary across all species of hard coral (Table 1.1). The high variability to
complete and partial regeneration has been associated with extrinsic (environment-dependent)
and intrinsic (individually-dependent) factors as well as the interaction of these factors.
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Table 1.1: Summary of regeneration studies performed in scleractinian corals with quantified tissue regeneration rates (adapted and
updated from Henry & Hart, 2005).
Species

Wound Size

Daily Regeneration Rate

Reference

Acropora quelchi
Acropora aspera

not given
750 mm2

0-0.1 mm
75 mm2

Stephenson & Stephenson, 1933
Van de Water et al., 2015

Acropora cytherea
Acropora formosa
Acropora gemmifera
Acropora hebes

400 mm2
not given
not given
10 mm

5.4-5.6 mm2
0-0.2 mm
0-0.1 mm
0.4 mm

Hall, 1997
Stephenson & Stephenson, 1933
Stephenson & Stephenson, 1933
Isa, 1987

Acropora hyacinthus
Acropora muricata

400 mm2
104 ± 11 mm2

2.8-4.2 mm2
0.06-0.02 mm2

Hall, 1997
Denis et al., 2013

Acropora palifera

400 mm2

no regeneration

Hall, 1997

Acropora palmata

≥3000 mm

2

2
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Acropora palmata

100 mm

Acropora palmata

2

79 mm

2

3.6-3.7 mm
2

1.7 mm

Bak, 1983

16.0-25.0 mm
2

Lirman, 2000

2

Meesters & Bak, 1995

Acropora palmata
Acropora palmata
Acropora polymorpha

100 mm
fragment
not given

3.6-3.7 mm
0.1-0.5 mm
0.2-0.3 mm

Meesters et al., 1992
Rogers et al., 1982
Stephenson & Stephenson, 1933

Acropora robusta
Acropora sp. 1
Acropora sp. 2

400 mm2
not given
not given

5.4 mm2
0-0.1 mm
0-0.1 mm

Hall, 1997
Stephenson & Stephenson, 1933
Stephenson & Stephenson, 1933

Agaricia agaricites

100–500 mm2

0.3-0.5 mm2

Bak et al., 1998

Agaricia agaricites (forma purpurea)
Astrangia lajollaensis
Diploria clivosa
Diploria strigosa
Diploria strigosa
Favia favus
Favia favus

100–500 mm2
layer cleared
570 mm2
570 mm2
100 mm2
87–274 mm2
110–550 mm2

0.7-2.2 mm2
0–0.1 corallite
0.6–0.8 mm2
0.5–0.8 mm2
1.2–1.5 mm2
1.3–3.5 mm2
1.6–7.8 mm2

Bak & Steward Van-Es, 1980
Fadlallah, 1982
Guzman et al., 1994
Guzman et al., 1994
Meesters et al., 1992
Oren et al., 2001
Oren et al., 1997

Table 1.1 Continued: Summary of regeneration studies performed in scleractinian corals with quantified tissue regeneration rates
(adapted and updated from Henry & Hart, 2005).
Species

Wound Size
2

Daily Regeneration Rate
2

Reference

Goniastrea retiformis
Meandrina meandrites

400 mm
79 mm2

0.6–1.1 mm
1.3–3.4 mm2

Hall, 1997
Meesters & Bak, 1993

Montastraea annularis
Montastraea annularis
Montastraea annularis
Montastraea annularis

22.5 - 502 mm2
227 mm2
100 mm2
100–500 mm2

10-90 mm2
2.9–3.6 mm2
1.9 mm2
0.75–0.94 mm2

Croquer et al., 2002
Mascarelli & Bunkley-Williams, 1999
Meesters et al., 1992
Bak et al., 1997

Montastraea annularis
Montastraea annularis

7.5-30.2 mm2
170 mm2

0.0013 mm2
4.1 mm2

Fisher et al., 2007
Meesters et al., 1994

Montastraea annularis (bumpy morph)

160 mm2

15.4–18.7 mm2

Montastraea annularis (columnar morph)
Montastraea annularis (columnar morph)

2

83–406 mm
2

160 mm
2

2

3.7–11.2 mm

Van Veghel & Bak, 1994
Meesters et al., 1997

2

Van Veghel & Bak, 1994

2

0.7 mm
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Montastraea annularis (massive morph)

79 mm

1.6 mm

Meesters & Bak, 1993

Montastraea annularis (massive morph)
Montipora capitata
Oculina patagonica

160 mm2
5 mm2
200 mm2

10.5–13.9 mm2
0.5 mm2
2.8–4.4 mm2

Van Veghel & Bak, 1994
Work & Aeby, 2010
Fine et al., 2002

Orbicella annularis
Orbicella annularis
Pocillopora damicornis

31.4 mm2
37 ± 0.9 mm2
400 mm2

Not given
11.1 ± 0.88 mm2
3.7–4.0 mm2

Rodriguez-Martinez et al., 2016
Sabine et al., 2015
Hall, 1997

Porites astreoides

100–500 mm2

0.9–2.1 mm2

Bak & Steward Van-Es, 1980

Porites astreoides
Porites astreoides
Porites astreoides
Porites astreoides (brown morph)
Porites astreoides (green morph)
Porites astreoides (hemispherical morph)
Porites australiensis

2

570 mm
100 mm2
≤80 mm
13.7-220 mm2
15.1 mm2
79 mm2
400 mm2

2

0.3–0.8 mm
2.7–3.1 mm2
0.02–0.03 mm
1.5–5.7 mm2
1.7 mm2
5.4–9.0 mm2
1.7–2.5 mm2

Guzman et al., 1994
Meesters et al., 1992
Ruesink, 1997
Nagelkerken & Bak, 1998
Nagelkerken et al., 1999
Meesters & Bak, 1993
Hall, 1997

Table 1.1 Continued: Summary of regeneration studies performed in scleractinian corals with quantified tissue regeneration rates
(adapted and updated from Henry & Hart, 2005)
Species

Wound Size

Daily Regeneration Rate

Reference

Porites cylindrica
Porites lichen

Various
400 mm2

0.06-0.18 mm
0.6–0.9 mm2

Titlyanov et al., 2005
Hall, 1997

Porites lobata
Porites lutea
Porites lutea
Porites mayeri

15–1310 mm2
various
15–1310 mm2
400 mm2

0.4–4.1 mm2
0.06-0.18 mm
0.4–18.3 mm2
0–1.4 mm2

Van Woesik, 1998
Titlyanov et al., 2005
Van Woesik, 1998
Hall, 1997

Siderastrea siderea
Siderastrea siderea

570 mm2
100 mm2

0.1–0.7 mm2
0.6–1.2 mm2

Guzman et al., 1994
Meesters et al., 1992

Siderastrea siderea

≤80 mm

0.01 mm

Ruesink, 1997

Stephanocoenia michelinii (encrusting morph)

2

15.1 mm

2
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Stephanocoenia michelinii (massive morph)

16.1 mm

Stephanocoenia michelinii (massive morph)

2

200 mm

2

Nagelkerken & Bak, 1998

2

Nagelkerken & Bak, 1998

2

Nagelkerken et al., 1999

0.7 mm
0.8 mm
6.0 mm

1.3 EXTRINSIC FACTORS AFFECTING REGENERATION IN
SCLERACTINIA
1.3.1 TEMPERATURE AND ENDOSYMBIONTS
Several studies have examined the effects of temperature on scleractinian regeneration
(Kramarsky-Winter & Loya, 2000; Lester & Bak, 1985; Meesters & Bak, 1993). These findings
indicate that, overall, corals in warmer waters can regenerate damaged tissue faster than those in
colder waters (Henry & Hart, 2005), although emerging evidence suggests that this assumption
may be oversimplified (van de Water et al., 2015). Slight increases in water temperature were
suggested to have induced an increase in the metabolic activity of corals, which in turn allowed
for faster tissue regeneration (Kramarsky-Winter & Loya, 2000). Studies to date that perform
coral transplant experiments cannot provide concrete evidence about the effect of temperature on
regeneration as there are too many confounding factors involved with moving corals that may
affect tissue regeneration (Nagelkerken et al., 2000). Clearly, temperature data requires further
investigation.
Significant increases in water temperature can stress corals and often results in the
expulsion of endosymbionts and consequent coral ‘bleaching’ (Henry & Hart, 2005). Naturally
and artificially bleached coral colonies regenerate damaged tissue at a reduced rate compared to
un-bleached corals (Fine et al., 2002; Mascarelli & Bunkley-Williams, 1999; Meesters & Bak,
1993; Meesters et al., 1997). Coral endosymbionts provide the colony with nutrients and
metabolic products used in the regeneration of tissue in addition to the production of mucus as
well as ciliary and nematocyst action; all of which are essential for proper tissue regeneration.
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1.3.2 SEDIMENTATION AND DISTURBANCE HISTORY
There is a metabolic cost required to remove sediment from coral surfaces via nematocyst action
(Meesters et al., 1992). Several studies have noted that certain coral species in high sediment
areas regenerate more slowly than their conspecifics in lower sediment areas (Croquer et al.,
2002; Meesters et al., 1992; Nagelkerken et al., 2000). For example, Acropora palmata
regenerated damaged tissue more slowly in high sediment areas (40 g dry weight m-2 d-1) than in
moderate sediment areas (27 g dry weight m-2 d-1); in contrast, tissue regeneration by Porites
astreoides and Siderastraea siderea was not significantly altered between the two areas
(Meesters et al., 1992). Differences in regeneration rates under varying sediment loads were
attributed to the ability of the coral species to remove sediment from their surface, either via
nematocyst action or mucus production (Meesters et al., 1992). Orbicella (formerly
Montastraea) annularis colonies in areas of moderate sedimentation (26.6 g dry weight m-2 d-1)
regenerated damaged tissue more slowly than colonies in areas of low sedimentation (16.0 g dry
weight m-2 d-1) (Croquer et al., 2002). As coastal regions around the world are increasingly
undergoing development it would be beneficial to determine the potential detrimental effects of
short-term sedimentation on coral tissue regeneration. Meesters et al. (1992) found significant
negative effects from short-term sedimentation associated with dredging on the regeneration of
O. annularis tissue during a very high sediment load (107 g dry weight m-2 d-1).
Naturally-occurring physical disturbances to coral reef communities can also have a
significant negative effect on the ability of corals to regenerate tissue (Henry & Hart, 2005). A
meta-analysis by Gardner et al. (2005) showed that hurricane damage has impacted Caribbean
reefs through the direct reduction of coral cover by approximately 17 % via wave action and
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sediment transport. This heavy damage can remain visible on a reef for up to one year after the
occurrence of the hurricane (Gardner et al., 2005).
Past disturbances, such as those caused by hurricanes, place a significant demand on the
total energy available to coral reefs. This leads to the settling of new recruits as the main source
of long-term reef resilience (Dollar & Tribble, 1993; Henry & Hart, 2005). Immediately after a
severe storm (short term), colony regeneration is most likely the largest contributor to reef
recovery, while during the months that follow a severe storm event (longer term), new recruits
are likely the source of reef recovery (Gilmour et al., 2013). The striking differences in
population structures between adult and juvenile corals suggest that mortality and regeneration
play a large role in shaping adult coral communities (Bak & Engel, 1979). It is possible that coral
colonies in a high-disturbance area would adapt to this type of environment over a long period of
time. Following Hurricane Andrew in 1992, rapid-regenerating, asexually propagated recruits of
A. palmata were favored by natural selection over slower-regenerating individuals (Fong &
Lirman, 1995).
The intermediate disturbance hypothesis (IDH) states that the high diversity of corals on
tropical reefs exist in a nonequilibrium state which will progress towards a low-diversity
equilibrium community unless it is disturbed further (Connel, 1978). Using this foundation,
Langmead and Sheppard (2004) generated a theoretical predictive model that used relative
competitive ability, growth rate, recruitment rate, and mortality probability to estimate the effect
of disturbance on percent coral cover of several different species on a hypothetical Caribbean
fore-reef slope. Based on M. cavernosa’s large size and typically slower regeneration rates, it
was assigned a mortality probability of 0.7 under frequently disturbed conditions (Langmead &
Sheppard, 2004). Under low-disturbance conditions M. cavernosa was estimated to emerge as
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the dominant species (Langmead & Sheppard, 2004). The low-disturbance condition that
allowed M. cavernosa to become the dominant species in the simulation was the culmination of a
dynamic succession process that began with Agaricia spp. as the dominant species, followed by
O. annularis during the middle phase, and finally, terminated with M. cavernosa. The simulated
diversity indices (H ′) were highest at intermediate disturbance levels, which agrees with the IDH
(Connel, 1978; Dollar & Tribble, 1993). When compared with real-world data, the model was
accurate for 7 of the 10 species that were studied, including M. cavernosa (Langmead &
Sheppard, 2004).
1.3.3 NUTRIENTS
Dustan et al. (2008) found that P. astreoides colonies existing near wastewater outfalls
regenerated damaged tissue significantly more slowly than their counterparts in unpolluted
waters. The authors found that these slower-regenerating colonies had higher levels of antibodies
for the stress markers mortalin and ubiquitin, which they proposed was caused by corals in an
altered nutritive state created by the treated wastewater (Dustan et al., 2008). High nitrate and
phosphate levels negatively impacted A. cervicornis growth rate under controlled laboratory
conditions (Renegar & Riegl, 2005), while elevated phosphate levels had a significant negative
effect on the regeneration of M. cavernosa and P. astreoides tissue, compared with controls
(Renegar, 2015). High nutrient levels have also been correlated with the increased abundance
and higher infection rate of some coral diseases, another extrinsic factor limiting coral
regeneration (Kuta & Richardson, 2002). Coastal coral reefs close to freshwater outputs (i.e.
rivers and streams) are subject to increased nutrient levels following heavy rains which may
further negatively affect tissue regeneration (Nimrod, 2013).
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1.4 INTRINSIC FACTORS AFFECTING REGENERATION IN
SCLERACTINIA
1.4.1 SIZE AND AGE
As coral colonies age, they deposit aragonite (CaCO3) in successive layers beneath the colony.
This process allows a colony to grow larger while at the same time providing it with a higher
probability of encountering potentially damaging free-moving agents in the water column.
Larger corals have a greater chance of recovering from tissue damage than smaller corals yet are
more susceptible to damage due to their larger size (Bak & Meesters, 1998; Henry & Hart, 2005;
Kramarsky-Winter & Loya, 2000; Meesters et al., 1996a; Meesters et al., 1996b). While larger
colonies are more susceptible to damage, they receive a proportionally smaller amount of
damage than their smaller counterparts (Bak & Meesters, 1998; Henry & Hart, 2005). Small,
juvenile corals comprised of a single polyp may be unable to regenerate damaged tissue if the
oral aperture is damaged too heavily (Chadwick & Loya, 1990).
Several authors have suggested that the amount of tissue that can be regenerated is
dependent on a localized response originating from tissue surrounding the lesion (Meesters et al.,
1997) yet others have noted a whole-colony response to damaged tissue (Oren et al., 1997). Oren
et al. (1997) found that the magnitude of resources sent to the site of lesion regeneration
increased with the size of the lesion. The authors also discovered that small lesions did not
require resources to be sent from distant parts of the colony and inferred that the resources
required for regeneration of smaller lesions originates from the polyps immediately surrounding
the lesion, supporting previous findings (Meesters et al., 1997; Oren et al., 1997). If the wholecolony response holds true it is possible that larger corals may have increased regenerative
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capabilities since they may be able to draw upon a more substantial reserve of resources (Henry
& Hart, 2005).
1.4.2 MORPHOLOGY
Colony morphology plays a large role in the ability of corals to regenerate damaged tissue (Hall
1997; Nagelkerken & Bak 1998; Van Veghel & Bak, 1994). There is a positive relationship
between morphological complexity and whole-colony response (Henry & Hart, 2005). Since
more morphologically complex colonies require more metabolic resources for general
maintenance, they may be able to regenerate damaged tissue rapidly (Fishelson, 1973).
Individual polyp size is also related to regeneration rates (Henry & Hart, 2005). Small-polyp
Acroporids regenerate damaged tissue more quickly than larger-polyp Faviids (Fishelson, 1973).
The method by which these two groups tend to repair damaged tissue differs as well (see 1.5
Celluar Aspects of Lesion Regeneration). Single-polyp corals regenerate damaged tissue more
slowly than colonial corals (Henry & Hart, 2005). While this is partially attributed to the
generally slower growth of solitary corals it is also related to the energy budgets of solitary
versus colonial animals (Chadwick & Loya, 1990).
Many species of coral exhibit multiple morphotypes existing in the same area (Meesters
et al., 1996b; Van Veghel & Bak, 1994). In recent years, the availability of genetic barcoding
tools has allowed researchers to delve further in to intra-colony genetics (Miller et al., 2011).
Now that several assembled genomes and transcriptomes have been established and made
available to the scientific community, current research should take advantage of these tools to
examine the effect that colony and/or regional genetics may play in regeneration (Dunlap et al.,
2013; Kitchen et al., 2015; Libro et al., 2013; Miller et al., 2011; Shinzato et al., 2014). Much
like the related O.annularis, M. cavernosa colonies can display different colours, which
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correspond to different endosymbionts within the gastrodermis although, to date no work has
examined the effect that these different endosymbionts may have on regeneration (Lasker, 1981;
Lesser et al., 2004). It is possible that different genetic lineages of M. cavernosa have evolved to
include specific endosymbionts, which is in accord with the emerging hologenome theory of
evolution where the genome of the host can act mutualistically with the genomes of the
associated symbiotic organisms to create a hologenome (Rosenberg et al., 2007). The
hologenome is hypothesized to adapt to change more quickly than the host genome alone due to
the diversity and fast growth rates of microorganisms (Rosenberg et al., 2007). Studies applying
and testing this theory may eventually provide insight to differing regenerative capabilities in
scleractinian corals (Denis et al., 2013).
1.4.3 RESOURCE ALLOCATION
Corals have limited energy budgets, which they must divide between the important life processes
of growth, reproduction, and regeneration (Meesters & Bak, 1993; Meesters et al., 1994;
Nagelkerken et al., 1999; Van Veghel & Bak, 1994). Regeneration often takes precedence over
other processes although if the lesion is too large or the coral has already committed resources to
another life history process (e.g., gametogenesis) then regeneration rates will be reduced or, in
the extreme, not occur (Kramarsky-Winter & Loya, 2000; Meesters et al., 1997). Energy budgets
must be maintained and the impacts of this can be seen in corals with neoplasms (Bak, 1983;
Nagelkerken et al., 1999). Due to the uncontrolled growth of neoplasms, which drained
resources from the coral, affected colonies were unable to regenerate damaged tissue as quickly
as those without tumors due to their reduced energy budget and the additional stress that
neoplasms placed on the colony (Bak, 1983).
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Corals must also balance their energy budget when they are wounded during
gametogenesis. O. annularis and Goniastrea spp. colonies with experimentally inflicted lesions
had a direct reduction in fecundity (Kojis & Quinn, 1981; Van Veghel & Bak, 1994), although, a
reduction in gametic output may have been an incidental finding caused by the creation of
lesions ten weeks ahead of reproduction in O. annularis as opposed to following gamete release
(Van Veghel & Bak, 1994). Alternatively, it is possible that some species are more flexible in
their trade-off options and do not favour regeneration over fecundity as rigidly as previously
thought (Graham & van Woesik, 2013). For example, in the solitary single-polyp Fungia
granulosa, reproductive effort appears to be prioritized over tissue regeneration (KramarskyWinter & Loya, 2000). Prioritizing either regeneration or gametogenesis as survival strategies
may also exist in an equilibrium for a given species and local environmental factors may
influence which strategy will be employed (Graham & van Woesik, 2013).
1.4.4 LESION TYPE AND WOUND CHARACTERISTICS
There are two classes of lesions that occur on scleractinian corals (Meesters et al., 1996a). Type I
lesions are surrounded by tissue, whereas type II lesions are only partially surrounded by tissue
(Meesters et al., 1996a). Type I lesions are representative of damage caused to corals by free
moving agents in the water (e.g., fish bites, sedimentation, SCUBA divers, and disease), while
type II lesions are representative of damage caused to colonies from the benthos (e.g., encrusting
organisms, benthic invertebrates, and boat anchors) (Meesters et al., 1996a). Since lesion
regeneration is proposed to be governed by the ratio of the lesion perimeter to the surface area of
the lesion, type I lesions are considered less harmful to the colony since they are always
surrounded completely by tissue (Meesters et al., 1996a; Meesters et al., 1997).
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The location of a lesion on a coral colony influences its ability to regenerate (reviewed by
Henry & Hart, 2005). Meesters et al. (1996a) found that lesions on the base of a colony (type II
lesions) healed comparatively quickly, whereas type I lesions required more time. They
characterized type I lesions as ‘less threatening’ to the overall colony health, and proposed that
the coral colony would likely prioritize healing of type II over type I lesions (Meesters et al.,
1996a). In addition, superficial lesions are reported to heal faster than deeper lesions because
there is a smaller volume of tissue that must be repaired and there is no skeletal damage (Hall,
1997). Most regeneration studies in coral have either compared superficial lesions to deeper
lesions (which include skeletal damage) or have examined one depth of lesion (Hall, 2001;
Meesters & Bak, 1993). Since lesion regeneration rates are highly dependent on the type, size,
and position of the lesion, any studies examining regeneration in a single species should attempt
to control as many environmental and experimental factors as possible (Hall, 1997).
1.4.5 EXPONENTIAL DECREASE IN LESION SIZE
Experimentally-inflicted lesions across all scleractinian species studied to date typically decrease
exponentially in size over time (Bak & Steward-Van Es, 1980; Fisher et al., 2007; Van Veghel &
Bak, 1994). There is an initial rapid decrease in lesion surface area that occurs within the first
two weeks following injury, after which regeneration rate decreases dramatically (Meesters et
al., 1997). In certain cases, especially at heavily stressed locations, the lesion size may even
increase (Fisher et al., 2007). A model has been proposed (Meesters et al., 1997) and modified
(Fisher et al., 2007) that takes the following form:
𝑦 = 𝑦𝑜 + [𝑎e(−𝑏×𝑑) ]
where y is the current size of the lesion, yo is the asymptote in the event that a lesion does not
completely heal, a is the surface area of tissue that has been regenerated, b is the slope of the
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curve, and d is the number of days post-lesion creation. Previous iterations of this predictive
model did not include an asymptote, however, a model including an asymptote accounted for
significantly more of the variation than a model without an asymptote (Fisher et al., 2007;
Meesters et al., 1994). Using a model with an asymptote also agrees with the theory that the
amount of tissue that can be regenerated is dependent upon the ratio of lesion perimeter to
surface area (Meesters et al., 1997). At the time of this review only values for O. annularis have
been determined experimentally (Meesters et al., 1994; Meesters et al., 1997), however, it is
worthwhile noting the morphological similarity of this coral species to M. cavernosa. The values
for the asymptote, slope, and surface area that can be regenerated depend strongly upon the
initial size of the lesion (Meesters et al., 1997).
The exponential decrease model with an asymptote suggests that the ability to regenerate
damaged tissue is limited in scleractinian corals (Meesters et al., 1997). Since most scleractinian
corals draw upon resources from surrounding polyps to regenerate tissue damage, the ratio of the
surface area of the lesion to the perimeter of tissue surrounding it dictates this limit (Meesters et
al., 1994; Meesters et al., 1997). Given that the ratio of perimeter to surface area appears to be
critical to scleractinian coral regeneration, complex lesions are less likely to heal completely
(Henry & Hart, 2005).
The theory suggesting that there is a limited capacity for coral regeneration is supported
the persistence of long-term damage on a coral reef (Meesters et al., 1997). M. cavernosa
colonies on Caribbean reefs often have a high prevalence of small type I lesions and large type II
lesions (Meesters et al., 1997, Horricks pers. obs.). The relative abundance of these lesions
increases logarithmically with the size of the colony; and type I lesions are observed more
commonly than type II lesions (Meesters et al., 1996a). These sections of exposed skeleton or
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wounded tissue can be an ideal site for infection or colonization by boring and/or encrusting
organisms (Meesters et al., 1994).

1.5 CELLULAR ASPECTS OF LESION REGENERATION
The sequence of regenerative events characteristic in the scleractinian coral P. cylindrica closely
matches that observed in vertebrates and arthropods, beginning with clot/plug formation,
followed by infiltration of immune cells/inflammation, cell proliferation, and
maturation/remodelling (Palmer et al., 2011).
Grossly, lesions that have exposed skeletal tissue will be covered by a layer of epithelial
tissue within hours of the occurrence of the lesion (Fisher et al., 2007; Meesters et al., 1994).
Corals with small polyps will quickly seal this lesion with dermal tissue while corals with larger
polyps will regenerate tissue from surrounding corallites (Fishelson, 1973). Regardless of how it
is formed, once a tissue layer has covered the lesion, new polyps will begin to form over it
(Fisher et al., 2007; Meesters et al., 1994). All lesions documented to date close from the
periphery (Table 1.1). Some species display a brief period of lesion enlargement where the tissue
immediately surrounding the lesion retracts from the wound site for a few days before the lesion
repair process is initiated (Bak & Steward-Van Es, 1980; Van Veghel & Bak, 1994). Maximal
lesion size post-lesion infliction generally occurs within seven days and the lesion will
commence healing grossly after this point (Van Veghel & Bak, 1994).
There are discrepancies between histological and gross observations when determining if
a lesion is healed (Work & Aeby, 2010). Histologically, some scleractinian corals appear to be
healed in as little as 12 days while grossly these same individuals do not appear healed until 40
days post-lesion creation (Work & Aeby, 2010). The difference between the two definitions of
‘healed’ is the return of the coral to its original colour. This is accomplished by zooxanthellae
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returning to their place within gastrodermis and the re-establishment of typical pigment cells
(Hayes & Bush, 1990). It is critical to define a ‘healed’ lesion at the onset of any coral
regeneration studies as failing to do so could result in confusion. For example, due to gross
observations, some authors (Van Veghel & Bak, 1994) suggest that the onset of the regenerative
process is delayed by a re-allocation of resources whereas those using histological observations
have noted an initiation of the regenerative process within days (Work & Aeby, 2010) or even
hours (Palmer et al., 2011).
A similar pattern to gross lesion healing is in regenerating coral tissues. Following the
creation of a lesion in vertebrates a blood clot is formed (Palmer et al., 2011; Renegar, 2015).
The analogous process in cnidarian invertebrates is the formation of a clot/plug comprised of
extracellular aggregates via the exocytosis of granular matter contained within surrounding cells
as well as a general aggregation of extracellular debris (Palmer et al., 2011). Degranulation of
invertebrate granular cells releases cytotoxic material such as phenoloxidase, melanin,
peroxidase, and lysozyme; all of which can kill foreign organisms and function collectively as an
initial broad spectrum immune response (Mydlarz & Palmer, 2011; Palmer et al., 2011).
As demonstrated in histological sections of P. cylindrical, six hours following the
creation of a lesion and the initial infiltration of immune compounds into the wound site, true
immune cells begin to appear (Palmer et al., 2011). These granular amoebocytes are phagocytic
immune cells in the blue mussel Mytilus edulis and a similar function is presumed in corals (Pipe
et al., 1994; Renegar, 2015). Palmer et al. (2011) noted dark blue dots of clumped material
within amoebocytes at 48 hours post-injury (during the maturation phase) using hematoxylin and
eosin (H&E) stain. The authors suggested that this aggregation of basophilic material may be the
remnant of apoptotic activity eliminating cells containing potentially harmful material in a
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controlled manner (Palmer et al., 2011). The presence of amoebocytes has not been observed in
all scleractinian corals, suggesting that there may be intra-specific variation (Renegar, 2015;
Work & Aeby, 2010).
As well as providing immune support to the clot, amoebocytes tend to arrange themselves
in an epithelial-like layer by spreading around the perimeter of the lesion (Palmer et al., 2011).
Following the inflammatory phase, these and epidermal cells begin the proliferation phase
(Palmer et al., 2011; Work & Aeby, 2010). Granular cells, hyaline cells, and fibroblasts are all
observed at the periphery of a regenerating lesion (Palmer et al., 2011). Hyaline cells containing
fibronectin are observed in Cnidaria (Young, 1974) as well as several other invertebrate groups
(Wootton & Pipe, 2003), and appear to function as fibroblasts (Palmer et al., 2011). Fibroblast
activity in scleractinians, as in mammals, carries out the same function, the reformation of the
extracellular matrix through excretion of collagen (Palmer et al., 2011). The proliferation phase
is characterized by a general thickening of the epithelium and continues until the wound is
completely healed and has regained its original colouration (Palmer et al., 2011; Work & Aeby,
2010).
The presence and function of several cellular groups and compounds in Scleractinia that
are also observed in other invertebrates as well as mammals suggests that wound healing is
largely conserved across Metazoans (Palmer et al., 2011). Under this assumption it follows that
other processes and compounds or their homologues/orthologues associated with wound healing
in Mammalia that have yet to be observed in Scleractinia might also exist.
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1.6 SUB-CELLULAR ASPECTS OF REGENERATION IN
SCLERACTINIA
As with wound healing in all other organisms, the mechanisms driving the regenerative process
in corals is complex. As currently understood in other taxa, wound healing requires the
interaction of cytokines, intracellular signaling pathways, transcriptiosn factors, and extracellular
matrix (ECM) proteins (Finnerty et al., 2008). Past work has examined the process in several
scleractinian species at the transcriptomic level (Karako-Lampert et al., 2014; van de Water et
al., 2015a; van De Water et al., 2015b) although none has examined M. cavernosa directly.
Furthermore, to date there have not been any studies on regeneration at the proteomic level of
any scleractinian coral. Consequently, the following information is based on the assumption that
cnidarians will regenerate tissue and heal wounds similarly on the transcriptomic and proteomic
levels. The estuarine anemone Nematostella spp. is a close relative of scleractinian corals and is
the current model for anthozoan regeneration (Darling et al., 2004; Technau & Steele, 2012).
Nematostella spp. use Hox genes to pattern the primary body axis during regeneration
and the Hox-like Anthox family of genes are an important group in anthozoan regeneration
(Burton & Finnerty, 2009). Anthox6 is expressed in the endoderm of the developing oral pole
during regeneration, approximately 48 hours post-amputation (Burton & Finnerty, 2009). The
Nv-fox gene has been identified as important for oral development and is expressed surrounding
the regenerating mouth (Burton & Finnerty, 2009; Martindale, 2004). Additionally, the Wnt
family of genes, with the exception of the Wnt9 subfamily, have been documented in
Nematostella spp. (Technau & Steele, 2012). These genes likely play an important role in
organizing the oral pole as they do in vertebrates (Technau & Steele, 2012). While the processes
of embryonic development and regeneration are similar it is important to note that regeneration
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does not occur exclusively by re-deploying embryonic developmental pathways but is a separate,
if similar, process (Burton & Finnerty, 2009).
Anthozoans use transforming growth factor betas (TGFβ) in axial patterning (Finnerty et
al., 2004; Reitzel et al., 2008). Members of the TGFβ superfamily found in vertebrates, such as
bone morphogenic protein 2/4 (BMP 2/4), have also been found in scleractinian corals (Zoccola
et al., 2009). BMP 2/4 are associated with increasing organic matrix production by calcioblastic
epithelial cells and have been detected using immunohistochemistry in the calicodermis of
scleractinian corals growing under normal laboratory conditions (Zoccola et al., 2009). BMP 2/4
may also play a role in skeletal regeneration. Downstream of the TGFβ signalling pathway,
anthozoans use SMAD proteins for the transduction of extracellular signals to the nucleus to
initiate gene transcription (Finnerty et al., 2008). Anthozoans also use integrin receptors to
mediate cell to cell adhesion and cellular signalling (Finnerty et al., 2008). Small leucine-rich
repeat proteins (SLRPs) are integral elements in organizing the ECM which are present in the
Nematostella spp. genome and presumed to be active during lesion regeneration (Finnerty et al.,
2008).
Wound healing and immunity are tightly linked processes. Many coral diseases, such as
black band disease, opportunistically use lesions on a coral colony as the primary infection site
(Richardson, 1998). Infected coral tissue will become necrotic unless an appropriate immune
response is actively mounted by the host. One component of the innate immune response of
corals to infections as well as physical damage is the production of copious amount of mucus
(Brown & Bythell, 2005). Mucus in corals serves a large number of functions (reviewed in
Jatkar, 2008) including antimicrobial defense (Brown & Bythell, 2005). Invertebrate immunity
can be divided in to three main processes: pathogen recognition, signaling pathways, and effector
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responses (Fuess et al., 2016). Pathogen recognition is carried out by pattern recognition
receptors (PRRs) which recognize and bind to potential microbial pathogens (Fuess et al., 2016).
Successful PRR binding triggers the immune response through signaling pathways, which leads
to the effector response (e.g., production of antimicrobial peptides).While there is experimental
evidence for some of these processes, to date few studies have documented these proteins in
response to wounding (Anderson et al., 2016; Kvennefors et al., 2008; Mydlarz & Palmer, 2011;
van De Water et al., 2015). The PPR millectin was isolated from A. millepora where it was
demonstrated to bind to both gram-positive and gram-negative bacterial isolates (Kvennefors et
al., 2008). Following pattern recognition, transcriptomic evidence has demonstrated the
activation of signalling pathways of several immune-related genes during tissue regeneration
(Fuess et al., 2016; van De Water et al., 2015a; van de Water et al., 2015b). Inhibitor assays
have been used to detect significant activity of three different phenoloxidases (POs) in M.
annularis, M. faveolata, M. cavernosa, Diploria strigosa, P. astreoides, S. siderea, and
Dichocoenia stokseii (Mydlarz & Palmer, 2011).
Heat shock proteins (HSPs) are often used as biomarkers for environmental and physical
stress (Jean et al., 2004). HSP 70 is expressed immediately adjacent to the wound in beheaded
arrow worms (Chaetognatha spp.) (Jean et al., 2004), as well as in the amputated sea star
Asterias rubens (Holm et al., 2008) and transcripts for HSP 70 and HSP 90 have been
documented in O. annularis tissue (Fuess et al., 2016). These proteins are likely expressed in the
same general wound area in M. cavernosa. Furthermore, several groups of protein fractions have
been identified in A. rubens coelomic fluid that demonstrated antimicrobial activity (Holm et al.,
2010). Genes coding for proteins that likely contribute to a simple immune-like response such as
green fluorescent like proteins (GFP-like) and POs have been identified in M. cavernosa
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(Kitchen et al., 2015). These proteins may play an immune-like role during the regeneration of
tissue. Both classes of proteins have been found in regions of cellular proliferation and growth in
several scleractinian species (D’Angelo et al., 2012).

1.7 CORAL PROTEOMICS
While there have been several studies conducted on a variety of coral species at the
transcriptomic and genomic levels there have been very few at the proteomic level (reviewed in
Slattery et al., 2012). To date, most of the proteomics research on corals has centered on the
biomineralization process, as this is of critical importance to the persistence of coral reefs in a
low-pH ocean (Drake et al., 2013; Rahman & Isa, 2005; Rahman & Oomori, 2009). In addition,
some investigations have explored the relationship between corals and zooxanthellae at the
proteomic level (Barneah et al., 2006; Barshis et al., 2010; deBoer et al., 2007; Peng et al.,
2008). While two of the major fundamental questions in coral (biomineralization and
zooxanthellae acquisition) have been investigated using proteomics, the fields of invertebrate
immunity and regeneration require additional research.
Traditional proteomic techniques such as sodium dodecyl sulfate polyacrylamide gel
electrophoresis (SDS-PAGE) and two-dimensional SDS-PAGE (2D-PAGE) have been used
successfully in corals (Debreuil et al., 2011; Peng et al., 2010; Peng et al., 2011; Rahman & Isa,
2005). These methods may not provide the high resolution required or be useful in shotgun
approaches that need to be used to answer the remaining proteomic questions. When
investigating the acquisition of symbionts in the soft coral Heteroxenia fuscescens, the authors
were surprised to find no significant differences between symbiotic and asymbiotic animals
(Barneah et al., 2006). The authors suggest that this may have been the result of protein
expression occurring below 2D-PAGE detection levels (Barneah et al., 2006). Using liquid
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chromatography-mass spectrometry (LC-MS) to investigate coral proteins is a viable
complimentary or alternative method to traditional approaches (Slattery et al., 2012). LC-MS has
been used following 2D-PAGE to identify protein expression in corals exposed to caffeine as
well as for the identification of novel GFPs (Wojdyla et al., 2011). The use of isobaric labels
such as isobaric tags for relative and absolute quantitation (iTRAQ) and tandem mass tags
(TMT) can further supplement LC-MS experiments by providing technical controls which allow
multiple samples to be run simultaneously (Thompson et al., 2003; Zieske, 2006). A TMT-based
approach has been used successfully in A. micropthalma to investigate the effects of light and
temperature on bleaching and further research in coral proteomics should make use of this type
of technique (Weston et al., 2015). While field-based studies in corals are more technically
challenging they are required to assess the variability in proteomic responses in an environmental
and physiologically meaningful way (Slattery et al., 2012).

1.8 MARINE PROTECTED AREAS
No-take marine protected areas (MPAs), where human extraction of natural resources is
forbidden are becoming increasingly common resource management tools, in addition to serving
as potential reservoirs of biodiversity (Russ et al., 2004; Villamor & Becerro, 2012). These areas
have been cited as one of the most important tools that can be used to help restore the loss of
marine biodiversity due to habitat destruction and overfishing (Russ et al., 2004). Most MPAs
focus on protecting one key species of interest, which in turn provides cascading benefits to other
species that exist within the same area. Protecting species other than the target can have profound
effects on maintaining functional diversity within a community (Nystrom, 2006; Villamor &
Becerro, 2012). Maximizing functional diversity, even accidentally, can positively benefit
community structure and dynamics. Most marine ecosystems are managed from a top-down
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perspective with the focus on piscivorous fish as the apex predators and driving force for large
ecological shifts through trophic cascades (Villamor & Becerro, 2012). For this reason, MPAs
sometimes exhibit higher diversity at both the species and functional levels (Villamor & Becerro,
2012). Managing functional groups can lead to better ecosystem resistance and resilience to
long-term change. MPAs often affect the community assemblages in nearby water in a positive
way through net emigration of motile species from within the MPA and the increased export of
recruits (Harmelin-Vivien et al., 2008; Russ et al., 2004). The potential for MPAs to provide
recruits carried by pelagic currents to sites potentially thousands of kilometers away has benefits
for both invertebrate and fish communities throughout a region (Harmelin-Vivien et al., 2008).
Increased herbivorous fish populations protected within the boundaries of an MPA are beneficial
to coral reefs through their grazing action on macroalgae (Mumby et al., 2007). Similarly, other
beneficial effects such as increased tissue regeneration rates might also be observed in corals in
protected areas given that scleractinian corals existing in more pristine MPA regions regenerated
more quickly than those in highly developed coastal regions within an MPA (Fisher et al., 2007).
MPAs have also proven to be effective at generating income for some of the small island
nations of the Caribbean (Russ et al., 2004). The animal diversity in MPAs makes them very
attractive as SCUBA and snorkeling destinations. The increased revenue to a nation’s gross
domestic product can help alleviate some of the pressure from commercial fishing. The major
downside to reef MPAs as tourist attractions is incidental damage to sessile invertebrates caused
by careless or inexperienced visitors (Rinkevich, 1995). Since corals have increased
susceptibility to disease after they have received structural damage, it is crucial to minimize and
mitigate any damage done to corals (Bruckner, 2012). Consequently, MPAs must be properly
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managed and the regulations enforced to ensure their effectiveness (Rinkevich, 1995; Russ et al.,
2004).
The tri-island nation of Grenada currently has three MPAs, with a fourth being planned.
The Molinère Beauséjour Marine Protected Area (MBMPA) was established in 2001 on the
western coast of Grenada following damage to local coral colonies caused by the storm surges of
several tropical storms/hurricanes (Gombos et al., 2011; S. Nimrod, pers. comm.). It includes
Flamingo, Dragon, and Molinère bays, and covers a total area of 0.6 km2. Approximately 0.4
km2 of the MBMPA is dominated by coral reefs, while the remaining area consists of sand
channels and seagrass beds (Grenada Ministry of Forestry and Fisheries, 2010). Since 2010 the
MBMPA has had a few wardens on staff to patrol the MPA and enforce regulations (Gombos et
al., 2011), but as of 2017 it is no longer being patrolled (S. Nimrod, pers. comm.). Despite the
seven-year period of enforcement the MBMPA has levels of coral cover and fish diversity
similar to unprotected areas in the region (Anderson et al., 2012; Anderson et al., 2014). Low
coral cover and high macroalgal cover, despite reasonably stable herbivorous fish populations,
may be the result of synergistic interactions between high nutrient levels originating from human
and agricultural activities on the catchment areas of several rivers which discharge close to the
MBMPA (Nimrod, 2013).
The Sandy Island Oyster Bed Marine Protected Area (SIOBMPA) was established in
2010. It covers 7.87 km2 of coral reefs, oyster beds, and mangrove forests along the southwest
coast of Carriacou (Gombos et al., 2011). It is currently under threat of over-fishing, as well as
mangrove clearing and dredging (Gombos et al., 2011). This is partially the result of ineffective
management and a lack of regulation enforcement (Gombos et al., 2011). These two recently
established MPAs, in their respective states of health and regulation enforcement could benefit
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from comparative studies on the scleractinian species within their boundaries that provide
nursery habitat for fish and generate income through eco-tourism (Anderson et al., 2012;
Anderson et al., 2014).

1.9 REEF CONDITION MEASURES
One of the components required to assess the efficacy of MPAs is the quantification of benthic
species percent cover, species diversity, and species richness. Many different methods of
estimating coral reef health/condition have been used over the years. Individual colony health
has been estimated using the quality of colour (Meesters & Bak, 1993); fluorescent response to
light stimulation has been used to estimate colony health (D’Angelo et al., 2008); the sizefrequency distribution of damage has been used to infer the response of coral communities to
environmental disturbance over long periods of time (Bak & Meesters, 1998); three-dimensional
estimates of colony condition have been used to assess individual condition (Fisher et al., 2007);
three-dimensional imaging has been used to accurately assess individual colony tissue damage
(Bythell et al., 2001); standardized visual surveys have been used to assess biodiversity on large
tracts of reef (Lang et al., 2010); and a modification of the point-line intercept method has been
applied to estimate biodiversity by percent cover in belt transects (Dumas et al., 2009).
These approaches suffer from a number of limitations. Colony colour provides
categorical data that are influenced strongly by experimenter bias (Meesters & Bak, 1993);
fluorescent response to light stimulation is extremely challenging in the field (D’Angelo et al.,
2008); population size-frequency distribution requires surveying thousands of coral heads (Bak
& Meesters, 1998); three-dimensional estimates have high variability between experimenters
(Fisher et al., 2007); three-dimensional image processing is both costly and time consuming
(Bythell et al., 2001); and visual surveys require large organized groups of individual researcher
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with potentially high variability in species identification ability (Lang et al., 2010). The high
variability in the quality of data generated from these different methods suggests that a costeffective, standardized method would be ideal for comparing datasets of benthic communities.
Dumas et al. (2009) suggested an effective and efficient method of estimating coral
community composition through the use of digital images. Researchers used four, 20 m long
photo transects with one image per m2 in reef areas of varying topography and complexity to
characterize coral reef habitats (Dumas et al., 2009). These images were analyzed using the
‘Coral Point Count with Excel extensions’ (CPCe) software package (Kohler & Gill, 2006).
Using as few as nine randomly generated points per image was sufficient to capture diversity in
the images with reliable precision (maximum deviation from reference values was approximately
1% cover) (Dumas et al., 2009). This method of benthic assessment is poor for obtaining
accurate diversity values for very rare species, which can be missed in an image if a randomly
generated point does not fall over them. Rare species can still be detected using point-count
methods, however, the likelihood that they will be omitted (the relative error) can be quite high
when using a small (9) number of randomly generated points. The relative error for less abundant
species can be reduced at the cost of increasing image processing time.
Area analysis using a program such as ImageJ (Abramoff et al., 2004) can be an
alternative to the point-count method, although it is often too time-consuming to be practical
(Dumas et al., 2009). Since the point-count method can provide information on species diversity
and abundance, as well as general community structure with high efficiency in shallow waters, it
should be strongly considered when assessing reef condition (Dumas et al., 2009). Additionally,
digital images create a record that can be re-assessed at a later time to confirm values or
incorporated into future studies.
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Since biodiversity is one of the most reliable indicators of ecological value of an area, it
can be used as a proxy for reef condition (Chapin et al., 2000). Several studies have suggested
that lesion regeneration could be used as an indicator of environmental stressors (Fisher et al.,
2007; Moses & Hallock, 2016) and possibly, community health, however, using lesion
regeneration alone it is impossible to distinguish between the effects of coral health and external
environmental factors on lesion regeneration (Fisher et al., 2007). Examining benthic
invertebrate communities can provide useful insights to the more complex levels of functionality
within an ecosystem and provide a reasonable estimate of community health/condition
assemblages (Ward et al., 1999).

36

1.10 RATIONALE
Given the importance of scleractinian corals to marine ecosystems it is crucial to gain further
insights to the regenerative abilities of these animals. M. cavernosa is the one of the largest and
most widespread reef-building corals in the Caribbean and its large polyp size make it ideal in
characterizing individual polyp regeneration rates at the gross and proteomic levels.
Additionally, even among the severely degraded reefs near Grenada, M. cavernosa is one of the
most commonly encountered scleractinian corals at moderate (< 20 m) depths. While many
previous studies on regeneration in Scleractinia have examined regeneration at the
environmental, gross, histological, and transcriptomic levels none has investigated the interplay
of all these levels. Additional studies exploring and linking the process of tissue regeneration at
the gross and proteomic levels would be extremely worth-while.

37

1.11 HYPOTHESES AND OBJECTIVES
From the evidence presented above, five distinct hypotheses were developed:
1) With the recent establishment and inconsistent enforcement of MPAs on Grenada and
Carriacou, MPA status will not have a significant effect on predicting benthic community species
assemblages and percent coral cover.
2) MPA status in Grenada will not have a significant effect on the regeneration of artificially
induced lesions created on M. cavernosa colonies.
3) M. cavernosa will show significant differential abundance of proteins that are similar to those
used by other metazoans while regenerating tissue.
4) There will be proteins associated with catabolism and disregulated homeostasis in M.
cavernosa colonies undergoing delayed regeneration compared to those that regenerate normally.
5) The recent availability of the M. cavernosa transcriptome combined with the use of sensitive
protein detection techniques, will allow the creation of a preliminary proteome of apparently
healthy M. cavernosa tissue that represents 5 % of that predicted by the transcriptome.

The major objectives of this research were:
1) To establish permanent benthic monitoring sites on the islands of Carriacou in a manner that
would allow for accurate statistical comparisons to those previously established in Grenada
(Chapter 2);
2) To use 4 x 30 m long photo quadrat transects at four different near-shore sites in each of
Carriacou and Grenada to document benthic community species assemblages and percent cover
once every three years (Chapter 2);
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3) To create standardized lesions on M. cavernosa colonies and document their regeneration
grossly using digital photography (Chapters 3 and 4);
4) To quantify the differential abundance of protein during M. cavernosa tissue regeneration
using Tandem Mass Tags (TMT) (Chapters 3 and 4);
5) To quantify the differential abundance of protein between commonly observed colour morphs
of M. cavernosa using TMT (Chapter 4); and finally,
6) To use whole-polyp protein extracts to determine the proteome of apparently healthy M.
cavernosa (Chapter 4).
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CHAPTER 2: BENTHIC MONITORING IN MARINE
PROTECTED AREAS IN GRENADIAN COASTAL WATERS
2.1 ABSTRACT
Coral reefs are in a crisis around the globe due in part to a massive decrease in percent coral in
many regions, and in particular, the Caribbean. Marine protected areas have been created in an
attempt to preserve the remaining coral biodiversity and act as a reservoir for marine species.
Benthic photo surveys were conducted at eight sites in the nearshore waters of Grenada and
Carriacou in 2014 and 2017 to assess coral reef habitat. Two sites were located within the
boundaries of a marine protected area and two sites were outside of a marine protected area on
the leeward side of each island. Previously established 30.0 m long transects were surveyed with
an underwater camera using a 0.5 m x 0.5 m quadrat each year along the same transects.
Eighteen points were distributed in a stratified random manner over each quadrat image and
Coral Point Count with Excel extensions was used to annotate the images. Hard corals were
identified to the species level while sponges, zoanthids, and gorgonians were identified to the
genus level. Algae was classified as macroalgae, turf, or coralline, and remaining non-living
benthic cover was classified as such. There were significant differences in benthic community
assemblages between islands, selected sites, and between years (p=0.001). There was no
significant effect of marine protected area status on benthic community assemblages (p>0.05).
The significant changes in benthic communities between years (p=0.001) combined with the
high variability between sites and specific species assemblages suggests that these areas are
under stress and that the marine protected areas are not functioning as intended.
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2.2 INTRODUCTION
The island nation of Grenada is one of only nine countries globally described as highly
vulnerable to coral reef degradation due to its high dependence on coral reefs, high threat
exposure, and low adaptive capacity (Burke et al., 2012). In response, Grenada, and many other
coastal nations around the world, have established marine protected areas (MPAs) to mitigate the
damage done to marine environments, preserve the remaining species in these areas, and serve as
a source for new recruits to be added to various marine populations (Aronson & Precht, 2001).
MPAs are marine regions that restrict the extraction of resources to varying degrees. They are
increasingly common resource management tools that provide a potential reservoir of
biodiversity (Villamor & Becerro, 2012). MPAs are recognized as a key tool that can be used to
resist the loss of marine biodiversity due to habitat destruction and overfishing (Russ et al.,
2004). Many MPAs focus on protecting one species of interest but also provide cascading
benefits to other species that exist within the same area (Harmelin-Vivien et al., 2008; van der
Meer et al., 2015). Most marine ecosystems are managed from a top-down perspective with the
focus on fish as the apex predators and driving force of large ecological shifts through trophic
cascades (Villamor & Becerro, 2012). For this reason, MPAs sometimes exhibit higher diversity
at the species level (number of distinct species); but also very often at the functional level (roles
and ecological services provided by different groups of organisms) (Petchey & Gaston, 2006).
This can lead to better ecosystem resistance and resilience to long-term change (Villamor &
Becerro, 2012). In addition to protecting species directly within a MPA, these areas often affect
the community assemblages in nearby water in a positive way through net emigration of motile
species and larvae from within the MPA (Harmelin-Vivien et al., 2008; Russ et al., 2004).
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The Grenadian government created legislation for the Molinère-Beauséjour MPA in 2001
although no formal management plans were established until 2010 (Grenada Ministry of Forestry
and Fisheries, 2010). From 2008 to 2012 there have been annual benthic monitoring surveys
conducted at select sites both within and outside the boundaries of the MPA which have been
used to assess the effectiveness of the MPA (Anderson et al., 2012; Anderson et al., 2014).
The nearby island of Carriacou, also part of the nation of Grenada, had its own MPA
established in 2010 and has had sporadic benthic surveys conducted in 2005 and 2014 (The
Nature Conservancy, 2016). These surveys provide a sparse initial baseline but there is enormous
value in establishing permanent monitoring sites as had been done in Grenada to allow for
accurate statistical comparison as well as long-term monitoring. This study provides the first
dataset for Carriacou that uses the same methodology in multiple years and allows for accurate
comparisons to Grenada.

2.3 MATERIALS AND METHODS
2.3.1 STUDY SITES: Four previously established study sites were selected to complement a
previously published dataset from Grenada (Anderson et al., 2012; Anderson et al., 2014) and
four visually similar sites were also established on the nearby island of Carriacou (Table 2.1,
Appendix 1). The sites on Carriacou were chosen to mirror those in Grenada in that they were
approximately equivalent distances from shore, found at similar depths, had benthic community
assemblages that appeared similar during initial visual assessments, and were all used by the
recreational dive industry. Each site was marked with 1.0 m rebar stakes that were driven into
dead coral colonies at the ends of 30.0 m long transects running across patch reefs in the
nearshore waters of Carriacou. Each site in Grenada and Carriacou had four transects running
parallel to each other spaced 5.0 m apart. At each island, two of the sites were within the
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boundaries of a MPA and two sites were outside (Table 2.1). All transects ranged in depth from
9.4 m to 12.2 m. Sites on Carriacou were established in the last week of August 2014 with the
authorization of the Grenada Ministry of Forestry, Fisheries and Agriculture and St. George’s
University under permit number IACUC 14001.
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Table 2.1: Benthic survey site names, locations, MPA status, and GPS Coordinates.
Island
Grenada
Grenada
Grenada
Grenada
Carriacou
Carriacou
Carriacou
Carriacou

Site Name
Dragon Bay
Flamingo Bay
Quarter Wreck
Northern Exposure
Sandy Island
Whirlpool
Jackadam
Seaview

MPA
Y
Y
N
N
Y
Y
N
N

GPS Coordinates
12° 5ʹ 6.00″ N 61° 45ʹ 45.36″ W
12° 5ʹ 30.36″ N 61° 45ʹ 30.60″ W
12° 1ʹ 40.98″ N 61° 47ʹ 0.84″ W
12° 2ʹ 22.14″ N 61° 46ʹ 4.74″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 26ʹ 44.13″ N 61° 29ʹ 59.70″ W
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2.3.2 BENTHIC COMMUNITY ASSESSMENT: Images were captured in both 2014 and
2017, every 0.5 m, along each transect using a Nikon D7100 camera with a Sigma 8 – 16 mm
wide angle lens in an Ikelite housing at a distance approximately 0.5 m above the benthos.
Images were imported to CPCe (CPCe “Coral Point Count with Excel extensions”; Kohler &
Gill, 2006) for image analysis. Based on the finding of Dumas et al. (2009) a species
accumulation curve was generated for the dataset from one full site (Appendix 2). The data were
fit to a Shepard plot with a non-metric fit of 0.97 and a linear fit of 0.841 (Appendix 3). Eighteen
points per image distributed in a stratified random pattern (3 x 3 grid with 2 points distributed
randomly per cell) was deemed sufficient to adequately represent major benthic groups (Figure
2.1).
Individual points were identified to the species level for hard coral and to the genus level
for gorgonians. Algae were identified to the categorical class of macroalgae, turf, or coralline.
Remaining benthic cover types were identified as sponges, zoanthids, or non-living (sand,
pavement, rubble, and dead coral). Percent cover of major benthic groups were arcsine square
root transformed to satisfy the assumption of normality required for ANOVA. A nested ANOVA
using sites nested within MPA status nested within Island were used to test for differences in
arcsine percent cover of coral, macroalgae, gorgonian, sponge, and non-living cover separately
within each year, i.e. arc.cover~Year*(Site/MPA/Island). Two-way ANOVA was used to test for
differences in the same benthic cover groups between years. Significant differences between
groups were further investigated using a Welch’s t-test with a Bonferroni correction where
appropriate.
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Figure 2.1: Sample quadrat image input to CPCe with 18 points distributed in a stratified
random pattern uisng a 3 x 3 grid with 2 points distributed randomly per cell within the quadrat.
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Hard coral species abundance matrices were generated using the images processed in
CPCe. Abundance data were square root transformed to remove potential bias due to very rare or
very abundant species and Bray-Curtis dissimilarity matrices were generated for each year.
Differences in Bray-Curtis dissimilarities between sites were assessed using ANOSIM within a
year. A two-way PERMANOVA with site and year as factors was used to test for differences
between the same sites over time. General linear mixed models were used to test for differences
in species composition of the scleractinian coral community between islands and years.
The R-package ‘vegan’ (Oksanen et al., 2015) was used to generate non-metric
multidimensional scaling (NMDS) plots. All statistical analyses were conducted in R Version
3.4.0 (R Core Team, 2017). Following standard statistical testing procedures all results with
p<0.05 were considered statistically significant.

2.4 RESULTS
2.4.1 BENTHIC COMMUNITY ASSESSMENT: At the individual site level, most sites
showed a minor non-significant decrease in mean coral cover between years, except for a
significant (p=0.029) decrease at Jackadam (19.14 % ± 3.51 to 12.38 % ± 3.29), which drove the
significant decrease in coral cover between years (Figure 2.2, 2.3, 2.4). Mean coral cover in 2014
was 21.08 % ± 6.21 (average ± SE) for all study sites and decreased significantly (p=0.017) to a
mean of 17.45 % ± 5.67 in 2017. Within each year, mean percent coral cover was not
significantly different between islands, or between MPA sites and non-MPA sites within a given
island. Significant differences were detected between individual sites within a year when
grouped by MPA status but the only sites that were shown to be significantly different using a
post-hoc test with Bonferroni correction were Seaview and Jackadam in 2017.
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MPA

MPA
Non-MPA
Carriacou

Non-MPA

MPA

MPA

Non-MPA
Grenada

Non-MPA

Figure 2.2: Mean (± SD) of percent coral cover at study sites in Carriacou and Grenada in 2014 and 2017. (*) denotes a significant
difference (p<0.05) at a single site between years while letters denote a significant difference (p<0.05) between sites in a given year.

Figure 2.3: Sample transect quadrat at Jackadam in 2014 with living Porites divaricata colonies
readily visible..
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Figure 2.4: Identical transect quadrat at Jackadam in 2017 showing broken and dead Porites
divaricata colonies.
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There was a significant decrease in mean macroalgal cover in all sites from 2014 to 2017
(36.56 % ± 14.90 to 27.88 % ± 13.91, p=0.019). This change was driven by a significant
(p=0.045) decrease in macroalgal cover in Carriacou (41.62 % ± 16.33 to 29.44 % ± 16.00).
Mean macroalgal cover was 28.91 % ± 11.837 and did not change significantly in Grenada
between 2014 and 2017. Mean percent macroalgal cover on Carriacou was not significantly
different than on Grenada in either year, however, on Carriacou there was a significant (p=0.045)
decrease (41.62 % ± 16.34 to 29.44 % ± 16.01) for all sites (Figure 2.5).
Mean percent macroalgal cover was not significantly different between MPA and nonMPA sites in Carriacou in 2014 or 2017 following a post-hoc test with Bonferroni correction.
Mean percent macroalgal cover was not significantly different for sites predicted by MPA status
in 2014 in Grenada, however, MPA sites (36.19 % ± 4.86) had significantly higher (p<0.001)
macroalgal cover than unprotected sites (16.44 % ± 7.06) in 2017. Mean percent macroalgal
cover was not significantly different for sites depending on MPA status in 2014 in Carriacou,
however, MPA sites (38.04 % ± 9.61) had significantly higher (p=0.029) macroalgal cover than
unprotected sites (20.84 % ± 16.95) in 2017 (Figure 2.5). Following post-hoc testing with
Bonferroni corrections there were no significant differences between years for Sandy Island or
Whirlpool on Carriacou and mean macroalgal cover was not significantly different within either
year. Mean percent macroalgal cover was significantly higher (p<0.001) at Jackadam than at
Seaview for both 2014 and 2017. Additionally, there was a significant decrease (p<0.001) in
mean percent macroalgal cover at both Jackadam and Seaview over the years.
In Grenada, Dragon Bay had significantly higher (p<0.001) percent macroalgal cover
than Flamingo Bay in 2014, however, there were no significant differences between these sites in
2017. The lack of significant difference between these two sites in 2017 was driven by a
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significant increase in percent macroalgal cover at Flamingo Bay (p=0.001) while the percent
macroalgal cover did not change significantly at Dragon Bay. There were no significant
differences in mean percent macroalgal cover between Quarter Wreck and Northern exposure for
either year, however, there was a significant decrease in mean percent macroalgal cover for both
sites between years (p<0.01) (Figure 2.5).
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Non-MPA

MPA

MPA

Non-MPA
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Figure 2.5: Mean (± SD) of percent macroalgal cover at study sites in Carriacou and Grenada in 2014 and 2017. (*) denotes a
significant difference (p<0.05) at a single site between years while letters denote significant differences (p<0.05) between sites within
MPA grouping in a given year.

Mean gorgonian cover for all sites was 3.82 % ± 6.47 and did not change significantly
between years (Figure 2.6). There were significant differences in mean gorgonian cover between
islands (p=0.001) as well as for MPA versus non-MPA sites on both islands, however, these
differences were driven by Flamingo Bay and Sandy Island having significantly higher (p<0.01)
cover than all other sites on their respective islands. Mean gorgonian cover was 18.12 % ± 8.6 at
Flamingo Bay versus 1.92 % ± 1.09 on Grenada and 4.18 % ± 4.5 at Sandy Island versus 0.85 %
± 0.78 (Figure 2.6).

54

c
d

a

c

55

a

MPA

b

d

b

MPA
Non-MPA
Non-MPA
MPA
MPA
Non-MPA
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Grenada
Figure 2.6: Mean (± SD) of percent gorgonian cover at study sites in Carriacou and Grenada in 2014 and 2017. Letters denote
significant differences (p<0.05) between sites within MPA grouping in a given year.

Mean sponge cover for all sites was 2.67 % ± 3.66 and did not change significantly
between years, nor were there significant differences between islands. There were however,
significant differences between MPA and non-MPA sites on both Carriacou (p=0.001) and
Grenada (p=0.002) (Figure 2.7). On Carriacou, Seaview had significantly higher (p<0.001)
mean sponge cover than Jackadam, while there were no significant differences between
Whirlpool and Sandy Island (p>0.05) (Figure 2.7). On Grenada, Flamingo Bay had significantly
higher sponge cover than Dragon Bay (p<0.001) and Northern Exposure had significantly higher
sponge cover than Quarter Wreck (p=0.001). Of all sites, only Seaview saw a significant
reduction (p<0.001) in sponge cover between years (Figure 2.7).
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MPA
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Grenada
Figure 2.7: Mean (± SD) of percent sponge cover at study sites in Carriacou and Grenada in 2014 and 2017. (*) denotes a significant
difference (p<0.05) at a single site between years while letters denote significant differences (p<0.05) between sites within MPA
grouping in a given year.

Mean cover of non-living substrate for all sites did not change significantly between
years or between islands within a year. Unprotected sites in Grenada had significantly higher
(p<0.05) non-living substrate (23.23 % ± 7.27, p=0.006) than sites within the boundaries of the
MPA (16.02 % ± 7.06) while there were no significant differences in non-living cover for
protected versus unprotected sites in Carriacou (Figure 2.8).
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Figure 2.8: Mean (± SD) of percent non-living cover at study sites in Carriacou and Grenada in 2014 and 2017. (+) denotes a
significant difference (p<0.05) between sites within marine protected area grouping in a given year.

ANOSIM showed that site and island had a significant effect on predicting similarity of
benthic species assemblages while MPA status did not have a significant effect (Table 2.2, 2.3).
The high dissimilarity (R) values obtained suggest that, for most sites, the majority of the
variation in Bray-Curtis dissimilarity can be explained by site grouping (Table 2.2, 2.3). Island
had a significant effect in predicting community dissimilarity in both 2014 (R2=0.10, p=0.008)
and 2017 (R2=0.124, p=0.003) while MPA status did not in either 2014 (R2=0.050, p=0.15) or
2017 (R2=0.059, p=0.08). Between-years analysis using PERMANOVA showed a significant
effect of time only (R2=0.303, p=0.001). All sites were significantly different (p<0.05) from the
previous year when assessed using ANOSIM (Table 2.4).
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Table 2.2. Similarty of species assemblages in 2014 at study sites with p-value in parentheses. Sites with values closer to 0 have
similar species assemblages whereas sites with values closer to 1 have very different species assemblages. All results are based on 200
permutations.
2014
Sandy Island

Whirlpool

Seaview

Jackadam

Dragon Bay

Flamingo Bay

Whirlpool
Seaview

0.604(0.030)*
0.917(0.035)*

0.979(0.020)*

Jackadam

0.260(0.030)*

0.352(0.070)

1.00(0.025)*

0.521(0.040)*

0.813(0.030)*

1.00(0.020)*

0.854(0.030)*

0.033(0.055)

0.667(0.030)*

1.000(0.045)*

0.542(0.035)*

0.958(0.025)*

0.573(0.045)*

0.396(0.047)*

1.00(0.025)*

0.448(0.040)*

0.771(0.045)*

0.967(0.030)*

1.000(0.030)*

0.646(0.035)*

0.791(0.025)*

0.5417(0.070)

Dragon
Bay
Flamingo
Bay
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Quarter
Wreck
Northern
Exposure

0.552(0.025)* 0.854(0.025)*
* denotes significant differences at α=0.05

Quarter
Wreck

0.625(0.040)*

Table 2.3. Similarty of species assemblages in 2017 at study sites with p-value in parentheses. Sites with values closer to 0 have
similar species assemblages whereas sites with values closer to 1 have very different species assemblages. All results are based on 200
permutations.
2017
Sandy Island

Whirlpool

Seaview

Jackadam

Dragon Bay

Flamingo Bay

Whirlpool
Seaview

0.552(0.070)
1.00(0.025)*

0.740(0.045)*

Jackadam

0.406(0.020)*

0.302(0.065)

0.854(0.035)*

0.962(0.030)*

0.448(0.060)

0.771(0.025)*

0.552(0.035)*

0.490(0.085)

0.240(0.119)

0.990(0.040)*

0.333(0.085)*

0.080(0.025)*

0.875(0.030)*

0.583(0.030)*

1.00(0.025)*

0.375(0.030)*

0.719(0.035)*

0.719(0.035)*

0.906(0.025)* 0.813(0.035)*
* denotes significant differences at α=0.05

1.00(0.030)*

0.8542(0.030)*

0.948(0.054)

0.750(0.035)*

Dragon
Bay
Flamingo
Bay
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Quarter
Wreck
Northern
Exposure

Quarter Wreck

0.8646(0.025)*

Table 2.4. Similarty of species assemblages at study sites between 2014 and 2017 with p-value
in parentheses. Sites with values closer to 0 have similar species assemblages whereas sites with
values closer to 1 have very different species assemblages. All results are based on 200
permutations.
Site
Sandy Island
Whirlpool
Seaview
Jackadam
Dragon Bay
Flamingo Bay
Quarter Wreck
Northern Exposure
* denotes significant differences at α=0.05

R
0.656
0.927
1.00
0.937
0.958
1.00
0.990
0.990
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p-value
0.035*
0.035*
0.300*
0.025*
0.035*
0.020*
0.030*
0.025*

Non-metric multidimensional scaling (NMDS) plots were produced using square root
transformed Bray-Curtis dissimilarity matrices (Appendix 4a, 4b). Procrustes rotation was used
to visualize these changes (Figure 2.9) and showed significant differences between the two
ordinations (p=0.001). Of note to both the NMDS plots (Appendix 4) and the Procrustes rotation
(Figure 2.9) is the lack of clustering of sites by MPA status. The study sites on both islands
mostly grouped together as transects per individual site (Figure 2.9) yet there was no obvious
grouping by either MPA status or island. Sites on Grenada tended to be grouped together more
closely than the sites on Carriacou (Figure 2.9).
A total of 25 unique hard coral species were identified in the photo quadrats using the
stratified random method (Table 2.5, 2.6, 2.7). Of these, the most commonly encountered species
in Carriacou in both 2014 and 2017 were Porites astreoides, P. divaricata and Orbicella
annularis (Table 2.5, 2.6, 2.7). In Grenada, the hard coral species assemblage was dominated by
Madracis mirabilis, P. astreoides, and O. annularis in 2014 (Table 2.7) and M. mirabilis, P.
astreoides, and P. divaricata in 2017. The proportions of O. annularis, P. porites, and P.
divaricata in the hard coral species assemblage changed significantly between years and islands
using a general linear mixed model (Table 2.7). M. cavernosa was present on both islands in
both the MPA and sites outside the MPA (data not shown). The proportion of M. cavernosa did
not change significantly between years or islands (Table 2.5, 2.6, 2.7).
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Figure 2.9: Non-metric multidimensional scaling plot of four transects per site with destination following Procrustes rotation.
Coloured symbols are for sites in a marine protected area.

Table 2.5. Mean (± SD) proportion of hard coral species by island in 2014.
Taxon
Carriacou SD
Grenada SD
p-value
Agaricia agaricites
0.037
0.003 0.014
0.002 0.000*
Agaricia lamarcki
0.000
0.000 0.000
0.000 0.915
Colpophyllia natans
0.005
0.001 0.000
0.000 0.006*
Dendrogyra cylindrus
0.003
0.001 0.003
0.001 0.719
Diploria clivosa
0.000
0.000 0.000
0.000 0.915
Diploria labyrinthiformis 0.013
0.002 0.004
0.001 0.001*
Diploria strigosa
0.081
0.005 0.035
0.003 0.000*
Eusmilia fastigiata
0.000
0.000 0.002
0.001 0.093
Madracis decactis
0.000
0.000 0.000
0.000 0.915
Madracis mirabilis
0.100
0.005 0.250
0.007 0.000*
Meandrina meandrites
0.015
0.002 0.007
0.001 0.003*
Millipora alcicornis
0.033
0.003 0.014
0.002 0.000*
Millipora complanata
0.018
0.002 0.003
0.001 0.000*
Millipora squarrosa
0.000
0.000 0.000
0.000 0.915
Montastraea cavernosa
0.039
0.004 0.036
0.003 0.528
Oculina diffusa
0.000
0.000 0.000
0.000 0.915
Orbicella annularis
0.147
0.006 0.169
0.006 0.015*
Orbicella faveolata
0.003
0.001 0.005
0.001 0.210
Orbicella franksi
0.000
0.000 0.000
0.000 0.915
Porites astreoides
0.221
0.008 0.212
0.007 0.386
Porites divaricata
0.029
0.003 0.056
0.004 0.000*
Porites porites
0.174
0.007 0.118
0.005 0.000*
Siderastrea siderea
0.077
0.005 0.072
0.004 0.505
Solenastrea bournoni
0.000
0.000 0.000
0.000 0.915
Stephanocoenia michelinii 0.006
0.001 0.000
0.000 0.004*
* Indicates significant difference between islands at α=0.05.
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Table 2.6. Mean (± SD) proportion of hard coral species by island in 2017.
Taxon
Carriacou SD
Grenada SD
p-value
Agaricia agaricites
0.046
0.004 0.016
0.002 0.000*
Agaricia lamarcki
0.003
0.001 0.001
0.000 0.043*
Colpophyllia natans
0.092
0.005 0.039
0.004 0.000
Dendrogyra cylindrus
0.001
0.001 0.001
0.001 0.923
Diploria clivosa
0.000
0.000 0.000
0.000 0.955
Diploria labyrinthiformis 0.021
0.003 0.005
0.001 0.000*
Diploria strigosa
0.006
0.001 0.001
0.001 0.005*
Eusmilia fastigiata
0.001
0.001 0.001
0.001 0.911
Madracis decactis
0.019
0.003 0.015
0.002 0.277
Madracis mirabilis
0.102
0.006 0.253
0.008 0.000*
Meandrina meandrites
0.017
0.002 0.005
0.001 0.000*
Millipora alcicornis
0.040
0.004 0.013
0.002 0.000*
Millipora complanata
0.000
0.000 0.000
0.000 0.955
Millipora squarrosa
0.003
0.001 0.001
0.001 0.318
Montastraea cavernosa
0.032
0.003 0.026
0.003 0.192
Oculina diffusa
0.001
0.001 0.000
0.000 0.308
Orbicella annularis
0.122
0.006 0.094
0.005 0.001*
Orbicella faveolata
0.000
0.000 0.000
0.000 0.955
Orbicella franksi
0.020
0.003 0.074
0.005 0.000*
Porites astreoides
0.199
0.008 0.211
0.007 0.275
Porites divaricata
0.178
0.007 0.163
0.007 0.133
Porites porites
0.000
0.000 0.005
0.001 0.013*
Siderastrea siderea
0.089
0.005 0.070
0.005 0.008*
Solenastrea bournoni
0.007
0.002 0.004
0.001 0.192
Stephanocoenia michelinii 0.000
0.000 0.000
0.000 0.955
* Indicates significance between islands at α=0.05.
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Table 2.7: Mean (± SD) proportion of hard coral species in Carriacou (CAR) and Grenada (GND) in 2014 and 2017
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Taxon
CAR 2014
SD 2014 GND 2014
Agaricia agaricites
0.037
0.003
0.014
Agaricia lamarcki
0.000
0.000
0.000
Colpophyllia natans
0.005
0.001
0.000
Dendrogyra cylindrus
0.003
0.001
0.003
Diploria clivosa
0.000
0.000
0.000
Diploria labyrinthiformis
0.013
0.002
0.004
Diploria strigosa
0.081
0.005
0.035
Eusmilia fastigiata
0.000
0.000
0.002
Madracis decactis
0.000
0.000
0.000
Madracis mirabilis
0.100
0.005
0.250
Meandrina meandrites
0.015
0.002
0.007
Millipora alcicornis
0.033
0.003
0.014
Millipora complanata
0.018
0.002
0.003
Millipora squarrosa
0.000
0.000
0.000
Montastraea cavernosa
0.039
0.004
0.036
Oculina diffusa
0.000
0.000
0.000
*Orbicella annularis
0.147
0.006
0.169
Orbicella faveolata
0.003
0.001
0.005
Orbicella franksi
0.000
0.000
0.000
Porites astreoides
0.221
0.008
0.212
*Porites divaricata
0.029
0.003
0.056
*Porites porites
0.174
0.007
0.118
Siderastrea siderea
0.077
0.005
0.072
Solenastrea bournoni
0.000
0.000
0.000
Stephanocoenia michelinii
0.006
0.001
0.000
* denotes significance between years and islands at α=0.05

SD 2014 CAR 2017
0.002
0.046
0.000
0.003
0.000
0.092
0.001
0.001
0.000
0.000
0.001
0.021
0.003
0.006
0.001
0.001
0.000
0.019
0.007
0.102
0.001
0.017
0.002
0.040
0.001
0.000
0.000
0.003
0.003
0.032
0.000
0.001
0.006
0.122
0.001
0.000
0.000
0.020
0.007
0.199
0.004
0.178
0.005
0.000
0.004
0.089
0.000
0.007
0.000
0.000

SD 2017 GND 2017
0.004
0.016
0.001
0.001
0.005
0.039
0.001
0.001
0.000
0.000
0.003
0.005
0.001
0.001
0.001
0.001
0.003
0.015
0.006
0.253
0.002
0.005
0.004
0.013
0.000
0.000
0.001
0.001
0.003
0.026
0.001
0.000
0.006
0.094
0.000
0.000
0.003
0.074
0.008
0.211
0.007
0.163
0.000
0.005
0.005
0.070
0.002
0.004
0.000
0.000

SD 2017
0.002
0.000
0.004
0.001
0.000
0.001
0.001
0.001
0.002
0.008
0.001
0.002
0.000
0.001
0.003
0.000
0.005
0.000
0.005
0.007
0.007
0.001
0.005
0.001
0.000

2.5 DISCUSSION
MPAs are being created across the globe with increasing frequency due to the benefits
they provide to the local ecosystem through the preservation of biodiversity, functional groups,
and protection benefits to non-target species (Harmelin-Vivien et al., 2008; Nystrom, 2006;
Villamor & Becerro, 2012). The island nation of Grenada has recently established a MPA on two
of its three islands. The purpose of this study was to provide the initial and follow-up
assessments of the benthic communities at sites both inside and outside the boundaries of the
MPA in Carriacou that would allow for accurate statistical comparison to similar sites in
Grenada. This study also established the new transect sites in Carriacou that form the basis for
the subsequent research in this thesis.
The percent coral cover values obtained in the present study for Grenada are slightly
higher than those reported in recently published literature for the same study sites (Anderson et
al., 2012; Anderson et al., 2014), which may reflect the positive benefits of enforcing the MPA’s
rules. Low coral cover has been attributed to both the density of inhabitants and visitors to an
island (Jackson et al., 2014). Carriacou is much smaller than Grenada, receives many fewer
visitors than Grenada and does not currently have a cruise ship port. Despite this, there were no
significant differences in coral cover between the islands (Figure 2.2). Unfortunately, there is a
lack of historical data for Carriacou and the only published data is from more than 40 years prior
(Goodwin et al., 1976), hence the need for the present study. Consequently, no reliable
conclusions could be drawn by comparing those data to the present precent coral cover findings.
The MPA in Carriacou was established in 2010 (Gombos et al., 2011), however, the
major issue that this and many other newly developed MPAs face is a lack of enforcement (Gill
et al., 2017). Fishing activity with seine nets and spear guns were observed on an almost daily
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basis throughout the study. The lack of enforcement combined with these fishing methods likely
has an effect on coral and macroalgal percent cover. Conversely, the MPA in Grenada has been
patrolled regularly since 2010 and the rules of the park are both followed and enforced (S.
Nimrod, pers. comm.). Despite this, the MPA in Grenada also has high macroalgae cover which
may be partially attributed to nutrient runoff from nearby fresh water sources (Nimrod, 2013),
although the present study did not detect particularly high levels of nutrients in 2014 (data not
shown). The percent cover values for macroalgae obtained during the present study (31.50 % ±
11.70) were lower than those published by Anderson et al. (2012; 2014) for Grenada, which may
again suggest that the MPA in Grenada is having the desired effect. There were no significant
differences between MPA and non-MPA sites in Grenada in the present study as seen in
Anderson et al. (2012; 2014).
The percent cover values for gorgonians are consistent with other publications from the
area with the exception of Flamingo Bay (Figure 2.6). The values obtained in the present study
for sponge cover are also slightly higher than those reported by Anderson et al. (2012, 2014).
The percent cover values of non-living substrate reported in the present study are
consistent with other published studies from the region (Anderson et al., 2012; Anderson et al.,
2014). Since the percent cover values reported in the present study for the majority of the benthic
classes of organisms are consistent with those from Anderson et al. (2012, 2014) it is likely that
the few differences are due to variability caused by the random generation of points in CPCe.
Other studies in the region have investigated the differences between the MPA and nonprotected sites and have not reported their findings to the site level but have averaged the values
for all sites within a MPA (Anderson et al., 2012; Anderson et al., 2014). It is possible that the
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values that others have reported using the MPA distinction masked the site effect observed in the
present study.
The prior species density data for Carriacou shows similar species assemblages
(Goodwin et al., 1976) with the notable exception of Acropora palmata which are not present in
any of the transects conducted in the present study. The lack of A. palmata and A. cervicornis is
attributed to their decline across the region since the 1980s. With the exception of a small coral
nursery project at Whirlpool, the authors saw only three A. palmata colonies at the sites in
Carriacou and one in Grenada. A. palmata and A. cervicornis are present at both islands although
at such low densities that the transects do not have any colonies in them. The particular hard
coral assemblages (Table 2.5, 2.6, 2.7) combined with the relatively high percent cover of
macroalgae and relatively low percent cover of hard coral suggests that these reefs are stressed
(Jackson et al., 2014). These coral communities have shifted away from framework-building
species such as M. annularis to non reef-building species such as Porites spp. (Table 2.7). The
changes in the scleractinian coral community may be indicative of a change in the overall coral
community (Darling et al., 2013). While many of the framework-building species make up a
significantly smaller proportion of the scleractinian coral community the lack of significant
change in M. cavernosa between years (p>0.05) suggest that this species’ abundance is stable
under the current environmental conditions, at least during the last three years. Using a predictive
model under low-disturbance conditions after a simulated 272 years following a decline in the O.
annuaris population, M. cavernosa emerged as the dominant coral species (Langmead &
Sheppard, 2004). The stability of the M. cavernosa population suggests that this is not yet the
case but future surveillance should continue to monitor this important reef-building species.
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One of the primarily limitations of using a stratified random points approach is that very
rare or cryptic species are often difficult to detect (Zhang et al., 2014). Certain species of
juvenile coral, such as M. decatis, are clearly visible in the photographs yet did not contribute to
the species identified in this study. For this reason, species assemblage curves were generated
and used to determine an ideal number of points (Anderson et al., 2012; Anderson et al., 2014;
Dumas et al., 2009). While there are advantages to using a combination of photo quadrat and
point-line intercept methods for determining benthic cover only the photo quadrat method was
used in this study. This was done to maximize data collection efficiency. Reporting percent coral
cover alone can be misleading when assessing the status of coral reef communitites (Darling et
al., 2013). Furthermore, when looking at the results of Anderson et al. (2012; 2014) both photo
quadrat and point-line intercept methods showed the same general trends. While the standard
deviation obtained here for a given year’s percent cover values of coral and macroalgae are large,
considering that these values are consistent between years shows the large variability between
and within sites and suggests the need to either increase the number of sites or transects at a
given site to obtain more reliable data.
The statistical significance of the Procrustes test (Figure 2.7), as well as the significantly
different proportions of 12 of the species that represent each island’s hard coral communities
(Table 2.5), demonstrate the stark differences between the islands of Grenada and Carriacou.
Since both islands clearly have distinct benthic communities, it will be important for managers to
consider the unique needs of each island rather than try and apply the same solutions to both. The
significant changes in hard coral community between years (Figure 2.7, 2.8, 2.9, Table 2.5)
suggests that these surveyed sites exist in a dynamic environment. Continued monitoring of these
sites is extremely important if the Grenadian government wants to make informed policy
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decisions in protecting one of their most valuable resources. To this end, three-dimensional (3D)
models created from a separate set of benthic photo surveys of all sites in 2017 were generated
(data not shown). These surveys covered the entirety of each of the transect surveys as well as
the space between transects. These same sites can now be re-visited yearly and re-surveyed with
minimal effort in order to determine how they change (Burns et al., 2015; Burns et al., 2016).
These types of 3D surveys can provide additional information on structural complexity, benthic
topography, and rugosity that traditional photo transect surveys cannot (Burns et al., 2015;
Ferrari et al., 2016; Figueira et al., 2015). Habitat structural complexity is important in
determining marine benthic communities and may provide MPA managers with additional
information (Ferrari et al., 2016).
The overall lack of significant differences between the MPA and non-MPA sites on each
island in this and other studies (Anderson et al., 2012; 2014) demonstrate the lack of efficacy to
date of the MPAs in both Grenada and Carriacou towards improving the health of the benthic
communities. While the MPA in Grenada has had more consistent enforcement than the MPA in
Carriacou (S. Nimrod, pers. comm.), neither MPA is achieving the desired effects. In order for
MPAs to be effective they require adequate staff and financial resources (Gill et al., 2017). It is
possible that the current management strategies used in these MPAs have yet to show an effect,
are not being actively enforced, are inadequate, or some combination of these in addition to
regional stressors (reviewed in Aswani et al., 2015). For a nation that relies heavily on tourism as
a large portion of its GDP it is in the best interest of Grenada and its citizens to maintain these
MPAs and ensure that they are functioning properly.

73

2.6 ACKNOWLEDGEMENTS
We would like to extend our thanks to the Grenada Ministry of Forestry, Fisheries and
Agriculture, St. George’s University, the Ontario Veterinary College, WINDREF, Tom Eurell,
Hugh Ferguson, Cal MacPherson, Stephen Nimrod, Drew Noble, Deefer Diving Carriacou and
Eco Dive Grenada for their assistance with data collection and support of this research.

74

CHAPTER 3: DIFFERENTIAL PROTEIN ABUNDANCE
DURING THE FIRST MONTH OF REGENERATION OF THE
CARIBBEAN STAR CORAL MONTASTRAEA CAVERNOSA
3.1 ABSTRACT
As sessile marine animals, corals are subject to a variety of physical injuries. Since they provide
the physical structure and much of the function of coral reef systems it is critical to determine the
methods by which coral colonies regenerate tissue lost to injury. To explore how corals
regenerate, circular lesions (12 mm diameter x 3 mm deep) were created in the Fall of 2014, on
124 Montastraea cavernosa colonies. All colonies were located at a depth of 10 - 12 m, and
were found in the coastal waters of Grenada and Carriacou. Coral regeneration was documented
at weekly intervals for 28 d (and thereafter intermittently for up to 70 d). Non-linear regression
was used to generate a predictive model for lesion closure with time. Repeated measures
ANOVA showed that island (p=0.024) and colony colour (p=0.024) were the only factors
significantly affecting lesion regeneration. Mean lesion closure rate during the first 28 days was
approximately 2.6 mm2 d-1. In a second experiment, four identical circular lesions were created
on 30 M. cavernosa colonies (depth 10 – 12 m, coastal waster of Carriacou) during the Fall of
2015. Lesion regeneration was documented weekly for 35 d. One representative lesion created
on each coral colony was re-sampled at each of 14, 21, and 31 or 33 days following injury.
These samples were flash frozen, and stored for proteomic analysis. Tissues from ten brown,
apparently healthy colonies with estimated regeneration rates that were within one standard
deviation of each other were selected for proteomic analysis. The initial polyp sample, the Day
14, and the Day 30 or 33 samples were used to quantify the difference in protein abundance as
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the lesions healed using tandem mass tags. Six thousand four hundred and nineteen peptides
were reliably identified in the samples, which corresponded to 906 unique proteins. One hundred
and eleven proteins were differentially abundant (p<0.05) on at least one timepoint over the
course of the first month of the lesion regeneration process. Twenty-four proteins associated with
regeneration were differentially abundant (p<0.05) on at least one timepoint during the first
month of regeneration and 25 additional proteins were also identified that were differentially
abundant and were associated with inflammation or immunity.
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3.2 INTRODUCTION
Montastraea cavernosa is one of the remaining commonly encountered reef-building species of
hard coral in the Caribbean. As a large, sessile organism it is susceptible to various forms of
physical injury including predation, destructive fishing practices, boat and anchor grounding,
careless SCUBA divers, sedimentation, storms, and disease (Lesser, 2004). Any physical damage
to coral tissue can follow one of two routes. Either the wound fails to heal and leaves exposed
skeleton, or the whole structure re-grows completely. The complete healing of lesions and return
to normal tissue function is referred to as regeneration (Goss, 1992) and it plays an important
role in coral survival (Foster et al., 2007). Coral colonies that cannot regenerate tissue efficiently
are susceptible to invasion from both encrusting and boring organisms, which may lead to the
eventual death of the colony (Meesters et al., 1994). As scleractinian corals provide the threedimensional structure of coral reefs (Squires, 1958) their ability to regenerate tissue is of critical
importance to the long-term health of the reef ecosystem as a whole.
Tissue regeneration rates vary between all species of hard coral but the events leading to
regeneration follow the same general pattern (Bak & Steward-Van Es, 1980; Hall, 1997;
Marshall, 2000; Meesters & Bak, 1993; Meesters et al., 1996a; Meesters et al., 1997;
Nagelkerken & Bak 1998; Van Veghel & Bak, 1994). Regeneration in the closely related
Orbicella annularis (formerly Montastraea annularis) begins with the polyps surrounding a
lesion producing an undifferentiated tissue layer that spreads inwards (Fisher et al., 2007;
Meesters et al., 1994). New polyps appear in this tissue within approximately two weeks of
lesion creation and begin to secrete septa (Fisher et al., 2007; Meesters et al., 1994).
Regenerating polyps are initially semi-transparent but attain normal tissue pigmentation by the
end of the regenerative process (Work & Aeby, 2010). A mathematical model describing lesion
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closure has been proposed (Meesters et al., 1997) and modified (Fisher et al., 2007) that takes
the following form:
𝑦 = 𝑦𝑜 + [𝑎e(−𝑏×𝑑) ]
where y is the current size of the lesion, yo is the asymptote in the event that a lesion does not
completely heal, a is the surface area of tissue that has been regenerated, b is the slope of the
curve, and d is the number of days post-lesion creation.
Both regeneration and incomplete wound healing follow a similar sequence of events
including coagulation, inflammation, proliferation, and finally, to some degree, tissue
reorganization. In scleractinian corals lesion regeneration has been described several times in
multiple taxa using both gross and histological methods (Palmer et al., 2011; Peters, 2009;
Renegar, 2015; Rodríguez-Villalobos et al., 2016; Work & Aeby, 2010). Initially a clot
comprised of extracellular aggregates is formed (Palmer et al., 2011). In M. cavernosa, this
phase of tissue repair is facilitated by granular amoebocytes that fuse to become new tissues at
the site of tissue repair (Renegar, 2015). Degranulation of granular cells expels cytotoxic
material which functions as part of the innate immune response (Palmer et al., 2011). These
amoebocytes arrange themselves in an epithelial-like layer by spreading around the lesion
(Palmer et al., 2011). Granular cells, hyaline cells, and fibroblasts are all observed surrounding a
regenerating lesion (Palmer et al., 2011). These cells have been reported in cnidarians as well as
several other invertebrate groups (Palmer et al., 2011; Soderhall & Smith, 1986; Wootton &
Pipe, 2003; Young, 1974). Hyaline cells have been suggested to to produce fibronectin and
collagen facilitating the production and reformation of the extracellular matrix (Palmer et al.,
2011; Soderhall & Smith, 1986; Wootton & Pipe 2003; Young, 1974). Following the
inflammatory phase a proliferative phase is observed (Palmer et al., 2011; Work & Aeby, 2010),
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characterized by a thickening of the epithelium and this phase along with reorganization
continues until the wound is completely healed and has regained its original colouration via
uptake of zooxanthellae (Palmer et al., 2011; Work & Aeby, 2010).
The mechanisms by which these processes occur is well studied in vertebrates and some
‘model’ invertebrates such as Hydra spp. (Technau & Steele, 2012; Wenger et al., 2014). Studies
on scleractinian corals are limited and, to our knowledge, nothing has been done at the proteomic
level. RNA-seq experiments have been used to examine transcriptomic changes in Hydra spp.
and the majority of identified pathways function in a manner analogous to those in vertebrates
(Wenger et al., 2014). The few similar experiments conducted in coral species have found
transcriptomic evidence for the up-regulation of signalling pathways of several immune-related
genes during tissue regeneration (Fuess et al., 2016; van de Water et al., 2015; van De Water et
al., 2015). Transcripts related to the immune processes of pathogen recognition, signalling, and
the resultant effector response have also been identified in scleractinian corals (Fuess et al.,
2016). Following exposure to a pathogen-associated molecular pattern from Escherichia coli, 17
transcripts were identified that could be linked to immune-related processes in the scleractinian
coral O. annularis (Fuess et al., 2016). The immune response and regenerative processes are
tightly linked and, at some level, indistinguishable from each other (Aurora & Olson, 2015).
While genomics and RNA-seq provide information as to how these processes might be initiated,
proteomics can, within the limits of sensitivity, provide information as to which proteins are
significantly altered (Slattery et al., 2012). Gaining insight to the presence of the effector
proteins involved in these processes is of critical importance to further our knowledge of
regeneration in a basal metazoan.
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The purpose of the present study was to determine iflesion size of M. cavernosa colonies
would decrease exponentially with time up to an asymptote determined by the initial lesion size
(proposed by Fisher et al., 2007 & Meesters et al., 1997). The reparative abilities of M.
cavernosa colonies were compared on patch reefs between two Grenadian islands. Once
appropriate statistical models had been developed to determine ideal tissue sampling times,
proteomic analysis of coral tissue was used to determine which proteins were differentially
abundant (DA) in M. cavernosa during the first month of the regenerative process.

3.3 MATERIALS & METHODS
3.3.1 STUDY SITES: Four previously established study sites were selected to complement an
existing dataset from Grenada (Anderson et al., 2012; Anderson et al., 2014; Table 3.1) and four
visually similar sites were also established on the nearby island of Carriacou (Table 3.1). Data on
lesion regeneration was collected from late September to November 2014, and from November
to December 2015.
3.3.2 LESION REGENERATION: Circular lesions were created on 124 M. cavernosa colonies
in the nearshore waters of Carriacou in September and Grenada in October 2014 and identical
lesions were created on 30 M. cavernosa colonies in the nearshore waters of Carriacou in
October 2015 at two established benthic monitoring sites, Sandy Island and Jackadam (Table
3.1) (Grenada Ministry of Forestry, Fisheries and Agriculture & St. George’s University, permit
number IACUC 14001).
Lesions were created on M. cavernosa colonies in order to remove the tissue and a small
amount of skeleton of a single polyp. Polyp core samples were collected using a 12.7 mm
diameter diamond coring drill bit attached to a Stanley FatMax pneumatic drill (Stanley Black &
Decker, New Britain, CT) powered by a dedicated SCUBA air cylinder. Coral lesion cores were
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drilled 3 mm ± 1 mm (average ± SE) deep in each colony. At the start of the experiment, lesions
were always surrounded by live, apparently healthy tissue of hemispherical colonies of
approximately the same size (0.097 m3 ± 0.127). Each lesion was centered on a single polyp with
the intention of removing a whole polyp and causing minimal incidental damage to neighbouring
polyps. All coral colonies sampled were 10.20 ± 1.37 m (average ± SE) below the surface of the
water. Upon removal from the colony, polyps were placed in individual pre-labelled sample
collection tubes in ambient seawater. Once samples were brought to the surface they were
immediately rinsed three times in deionized water before being placed in individually labelled
1.5 ml centrifuge tubes and transferred to a MVE SC 20/12V dry shipper (Core Cryolab,
Toronto, ON) for flash-freezing at -80 °C. Polyps were stored in the field in the MVE SC 20/12V
dry shipper (Core Cryolab) at -80 ℃ and were transferred to a -80 ℃ freezer at the University of
Guelph.
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Table 3.1 Site names, locations, GPS coordinates, year and number of colonies that received lesions in the nearshore waters of
Grenada and Carriacou, Grenada, West Indies.
Island
Site Name
Year No. Colonies
Proteomics
GPS Coordinates
Grenada
Dragon Bay
2014
16
N
12° 5ʹ 6.00″ N 61° 45ʹ 45.36″ W
Grenada
Flamingo Bay
2014
14
N
12° 5ʹ 30.36″ N 61° 45ʹ 30.60″ W
Grenada
Quarter Wreck
2014
14
N
12° 1ʹ 40.98″ N 61° 47ʹ 0.84″ W
Grenada
Northern Exposure
2014
16
N
12° 2ʹ 22.14″ N 61° 46ʹ 4.74″ W
Carriacou Sandy Island
2014
16
N
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
Carriacou Whirlpool
2014
16
N
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
Carriacou Jackadam
2014
16
N
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
Carriacou Seaview
2014
16
N
12° 26ʹ 44.13″ N 61° 29ʹ 59.70″ W
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Carriacou
Carriacou
Carriacou

Sandy Island
Whirlpool
Jackadam

2015
2015
2015

10
10
10

Y
N
Y

12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W

Lesions were photographed after lesion creation at day 0, and then at days 7, 14, 21, 28,
35, and a final timepoint (70 days for 2014 and 31-33 days in 2015) post-lesion creation using a
Nikon D7100 with a Sigma 8-16mm wide angle lens in an Ikelite housing. Each lesion
photographed included a tape measure immediately adjacent to the lesion to act as a scale bar.
Images were used to quantify the number of polyps incidentally damaged during lesion creation
and colony colour. Images were imported to ImageJ (Abramoff et al., 2004) where the scale bar
to pixel ratio for each image was calibrated and the surface area and perimeter of each lesion was
determined using the freehand line tool. The estimated rate of change of lesion size (-b) between
each sampling timepoint for each individual coral was approximated using the formula:
−𝑏 =

2(𝑦1 − 𝑦2 )
(𝑦1 + 𝑦2 )

and these estimated rates were tested using repeated measures ANOVA with island, site, colour
of the colony, and number of polyps damaged, as potential explanatory factors and covariates.
Nonlinear least squares regression was then used to fit an exponential model to the current size
of the lesion with the factors that were significant in the repeated measure model as separate
predictors in addition to the number of days post-lesion creation. Repeated measures ANOVA
was used to determine if there was a significant difference in the rate of change for lesions
created on Carriacou between years.
3.3.3 SAMPLE COLLECTION FOR PROTEOMIC ANALYSIS: Coral polyp core samples
were collected from lesions created haphazardly on targeted M. cavernosa colonies at two
previously established study sites (Sandy Island and Jackadam) in the nearshore waters of
Carriacou in 2015. The same methodology used in section 3.3.2 was used to collect the samples
used in section 3.3.3.
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Four lesions were created on each colony (Figure 3.1), each of which were separated
from any other lesion and the bottom of the colony by at least 8 cm. One of the original four
lesions was re-sampled at 14 days post lesion creation, another at 21, and a third at a final
timepoint (day 31, 32, or 33) and processed and frozen as described in section 3.3.2 for
proteomic analysis (Figure 3.4). The final tissue collection timepoint varied from day 31 to 33
due to logistical reasons that were beyond our control. The collection protocol allowed for tissue
to be sampled initially and at two stages during regeneration, and towards the end of the first
month of the regeneration period. Lesions were re-sampled by re-drilling the same core that was
originally created and collecting the regenerated tissue healing inwards from the periphery of the
lesion.
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Figure 3.1: Montastrea cavernosa colony from 2015 at Jackadam, Carriacou with four lesions
created.
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Tissue samples were collected for proteomic analysis during regeneration from five
brown, apparently healthy M. cavernosa colonies at days 0, 14, 31 at Sandy Island and from five
brown, apparently healthy M. cavernosa colonies at days 0, 14, 32 at Jackadam (Table 3.2).
These colonies were selected for proteomic analysis based on the estimated lesion regeneration
rates (-b) for individual lesions. Coral colonies selected for proteomic analysis had estimated
lesion regeneration rates (-b) within one standard deviation of each other. Brown colonies were
selected because they are the most commonly observed colour morph on the nearshore reefs of
Carriacou.
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Table 3.2: Date of mass spectrometry analysis, TMT reporter label used, site in Carriacou, coral
colony identity (ID), and date of sampling for Montastraea cavernosa tissues used to examine
differential protein abundance during the first month of lesion regeneration.
LC-MS Date
Run No. Reporter Label Site
Colony ID
Sample Date
Sept. 22, 2016
1
TMT–126
Jackadam
10
Nov. 4, 2015
Sept. 22, 2016
1
TMT–127C
Jackadam
10
Nov. 18, 2015
Sept. 22, 2016
1
TMT–128C
Jackadam
10
Dec. 6, 2015
Sept. 22, 2016
1
TMT–129C
Jackadam
17
Nov. 4, 2015
Sept. 22, 2016
1
TMT–130C
Jackadam
17
Nov. 18, 2015
Sept. 22, 2016
1
TMT–131
Jackadam
17
Dec. 6, 2015
Oct. 25, 2016
Oct. 25, 2016
Oct. 25, 2016
Oct. 25, 2016
Oct. 25, 2016
Oct. 25, 2016
Oct. 25, 2016
Oct. 25, 2016
Oct. 25, 2016

2
2
2
2
2
2
2
2
2

TMT–126
TMT–127N
TMT–127C
TMT–128N
TMT–128C
TMT–129N
TMT–129C
TMT–130N
TMT–130C

Jackadam
Jackadam
Jackadam
Jackadam
Jackadam
Jackadam
Jackadam
Jackadam
Jackadam

20
20
20
23
23
23
24
24
24

Nov. 4, 2015
Nov. 18, 2015
Dec. 6, 2015
Nov. 4, 2015
Nov. 18, 2015
Dec. 6, 2015
Nov. 4, 2015
Nov. 18, 2015
Dec. 6, 2015

Dec. 20a, 2016
Dec. 20a, 2016
Dec. 20a, 2016
Dec. 20a, 2016
Dec. 20a, 2016
Dec. 20a, 2016
Dec. 20a, 2016
Dec. 20a, 2016
Dec. 20a, 2016

3
3
3
3
3
3
3
3
3

TMT–126
TMT–127N
TMT–127C
TMT–128N
TMT–128C
TMT–129N
TMT–129C
TMT–130N
TMT–130C

Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island

18
18
18
19
19
19
20
20
20

Nov. 2, 2015
Nov. 16, 2015
Dec. 5, 2015
Nov. 2, 2015
Nov. 16, 2015
Dec. 5, 2015
Nov. 2, 2015
Nov. 16, 2015
Dec. 5, 2015

Dec. 20b, 2016
Dec. 20b, 2016
Dec. 20b, 2016
Dec. 20b, 2016
Dec. 20b, 2016
Dec. 20b, 2016

4
4
4
4
4
4

TMT–126
TMT–127N
TMT–127C
TMT–128N
TMT–128C
TMT–129N

Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island

21
21
21
23
23
23

Nov. 2, 2015
Nov. 16, 2015
Dec. 5, 2015
Nov. 2, 2015
Nov. 16, 2015
Dec. 5, 2015
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3.3.4 SOLUBLE PROTEIN EXTRACTION: Protein was extracted from coral polyp tissue
that had been stored at -80 °C following the protocol established in Barneah et al., (2006).
Briefly, tissue was scraped from the skeleton using a sterile scalpel blade and placed in a
microcentrifuge tube on ice with 250 µl of extraction buffer (40 mM Tris, 10 mM EDTA, pH
7.4) and 250 µl protease inhibitor cocktail (Sigma-Aldrich, Oakville, ON). Tissue was
homogenized in the extraction buffer on ice for 30 s using a sterile plastic pestle and then
inverted gently for 30 s to mix. The homogenate was centrifuged for 20 min at 12 000 x g at 4°C.
The supernatant was transferred to a new microcentrifuge tube and centrifuged for 20 min at
12 000 x g at 4 °C two additional times. Protein concentrations were determined using a
modified Bradford assay in a 96 well plate (Bradford, 1976).
3.3.5 MASS SPECTROMETRY: Extracted protein samples were submitted on dry ice to the
SPARC Bio Centre at the Toronto Hospital for Sick Children for tandem mass tag (TMT)
labeling and mass spectrometry using the Q-Exactive protocol on a ThermoFisher Orbitrap liquid
chromatography-mass spectrometry (LC-MS) device (ThermoFisher, San Jose, CA).
The proteins were reduced in 1mM dithiothrieitol (DTT) for 1 hour at 56 °C and the free
cysteine residues were alkylated using iodoacetamide. The proteins were precipitated with 5
volumes of acetone overnight at 20 °C and centrifugation. 10 μg of protein from each condition
was labeled using 0.4 mg of TMT 10-plex by incubating at room temperature for 1 h. The
labeling reaction was stopped using 5 % hydroxylamine. The peptides were mixed and the
solvent removed under vacuum. The pellet was resuspended and samples were analyzed on a
Orbitrap analyzer (Q-Exactive, ThermoFisher) outfitted with a nanospray source and EASY-nLC
nano-LC system (ThermoFisher). Lyophilized peptide mixtures were dissolved in 0.1% formic
acid and loaded onto a 75 μm x 50 cm PepMax RSLC EASY-Spray column (ThermoFisher)
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filled with 2 μM C18 beads (ThermoFisher) at a pressure of 800 bar. Peptides were eluted over
120 min at a rate of 250 nl/min using a stepwise gradient (0 % - 4 % acetonitrile containing 0.1
% formic acid over 2 min; 4 % - 28 % acetonitrile containing 0.1 % formic acid over 106 min, 28
% - 95 % acetonitrile containing 0.1 % formic acid over 2 min, constant 95 % acetonitrile
containing 0.1 % formic acid for 10 min). Peptides were introduced by nano-electrospray into the
Q-Exactive mass spectrometer (ThermoFisher). The instrument method consisted of one MS full
scan (525–1600 m/z) in the Orbitrap mass analyzer with an automatic gain control (AGC) target
of 1e6, maximum ion injection time of 120 ms and a resolution of 35 000 followed by 15 datadependent MS/MS scans with a resolution of 35 000, an AGC target of 1e6, maximum ion time
of 120 ms, and one microscan. The intensity threshold to trigger a MS/MS scan was set to an
under-fill ratio of 0.2 %. Fragmentation occurred in the higher energy collisional dissociation
trap with normalized collision energy set to 30 V. The dynamic exclusion was applied using a
setting of 40 s. Four separate LC-MS runs were used to acquire data for this study (Table 3.2).
3.3.6 DATA ANALYSIS: Raw files were analyzed at the University of Guelph using PEAKS
Studio 8.0 (Bioinformatics Solutions Inc., Waterloo, ON) with TMT 10-plex and
carbamidomethylation set as fixed modifications, and oxidation and deamidation as variable
modifications. A digestion enzyme of trypsin with three maximum missed cleavages was used.
The data were searched with a parent ion tolerance of 35.0 ppm and a fragment error tolerance of
0.05 Da. De novo assemblies were made in PEAKS and database searches of the M. cavernosa
transcriptome made available by Kitchen et al. (2015) were conducted. Peptide results were
filtered for each run with a false discovery rate (FDR) of 1 %. Protein results were filtered with a
-10 LgP score of ≥ 15 and at least 2 unique peptides. The de novo only average local confidence
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(ALC) was set for each run following the protocol described in the PEAKS user manual (PEAKS
Team, 2013), usually ≥ 60 %.
Inter-run normalization for the two runs with a common TMT-labelled sample was
accomplished using the common TMT-labelled sample. PEAKS quantification, based on the
MaxQuant algorithm (Cox & Mann, 2008), was used to assess the change in protein expression
between sample timepoints. Spectra with a -10 LgP score ≤ the 1 % FDR and a quality score of
≤ 16 were excluded from the analysis. A PEAKS significance cut-off value of ≥ 15 using
PEAKSQ (Cox & Mann, 2008), a fold change of ≥ 1, and at least 2 unique peptides were used to
identify proteins that were DA within each run following the PEAKS user manual (PEAKS
Team, 2013). Individual TMT run results were combined and in the 24 cases of DA proteins
common to more than one TMT run, the intensity values for the reporter ions were averaged. The
basic local alignment search tool (BLAST; Altschul et al., 1990) was used to search the
anthozoan database of the National Centre for Biotechnology Information (NCBI) with an
expectation value (e-value) of 1e-03. Back-translated sequences of all DA proteins were
submitted to the NCBI BLAST service to confirm that they had originated from coral tissue.
Protein accession IDs from the TMT results were exported as .fasta files to BLAST 2 GO
(Conesa et al., 2005). BLAST hit gene identifiers were used to retrieve gene ontology (GO)
terms and confidence scores (Conesa et al., 2005). The GO terms were added to the BLAST hits
in BLAST 2 GO (Conesa et al., 2005). To determine major GO groupings, GO term categories
needed to contain at least 10 % of the total number of sequences in the dataset.

3.4 RESULTS AND DISCUSSION
One objective of the present study was to determine if lesion size of M. cavernosa colonies
would decrease exponentially to an asymptote determined by the initial lesion size as observed in
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other coral species (proposed by Fisher et al., 2007 & Meesters et al., 1997). Once ideal tissue
sampling times had been determined the proteomic mechanisms of M. cavernosa tissue
regeneration were examined.
3.4.1 LESION REGENERATION
All lesions created in 2014 (n=128) were 1.587 ± 0.193 cm2 (average ± SE) at the time of
creation. There were no significant differences for repeated measures ANOVA in the mean rates
of change of lesion size between sites, colony colour, or number of incidental polyps damaged in
2014 (p>0.05). There were significant differences for repeated measures ANOVA in the mean
rates of change of lesion size between islands in 2014 (p=0.024). Based on this significant
difference (p=0.024), separate lesion regeneration curves were generated for Grenada and
Carriacou in 2014 (Table 3.2, Figure 3.2).
All lesions created in 2015 (n=124) were 1.598 ± 0.261 cm2 (average ± SE) at the time of
creation. There were no significant differences for repeated measures ANOVA in the mean rates
of change of lesion size (-b) between sites or number of incidental polyps damaged in 2015
(p>0.05), however, there were significant differences between colony colour (p=0.024). Using
repeated measures ANOVA there were no significant differences in regeneration rate between
lesions created on Carriacou in 2014 and 2015 (p>0.05), and the confidence intervals for
estimated parameters for the models generated for 2014 and 2015 overlapped (Table 3.3). While
the data for each individual year generated different models, the overlap of confidence intervals
for the predictors suggests there are no significant differences between lesion regeneration
models for each year on Carriacou (Table 3.3, Figure 3.3). A model created for the lesions used
in the proteomic analysis was not significantly different than the model for all lesions on
Carriacou in 2015 (p>0.05, Figure 3.4).
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Table 3.3 Exponential decay models for M. cavernosa lesion regeneration in Carriacou and
Grenada in 2014 and 2015 with significance, estimate of variable, and standard error (in
parenthesis).
Year
Model
Variable
p-value
2014

GND: 𝑦 = 𝑎e−𝑏∗𝑡𝑖𝑚𝑒

a 1.604 (0.041)
-b 0.027 (0.002)

<2e-16*
<2e-16*

2014

CAR: 𝑦 = 𝑦0 + 𝑎e−𝑏∗𝑡𝑖𝑚𝑒

y0 0.478 (0.150)
a 1.133 (0.142)
-b 0.046 (0.011)

1.60e-3*
3.19e-14*
2.61e-05*

2015

CAR: 𝑦 = 𝑎e−𝑏∗𝑡𝑖𝑚𝑒

a 1.628 (0.047)
-b 0.029 (0.002)
* denotes significant differences from 0 at α=0.05
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<2e-16*
<2e-16*
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Figure 3.2 Regression models (non-linear least squares) for the reduction in Montastraea cavernosa lesion size (cm2 with standard
error) over a 70 day period from September to November 2014 for Grenada (dashed line) and Carriacou (solid line).
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Figure 3.3 Regression models (non-linear least squares) for the reduction in Montastraea cavernosa lesion size (cm2 with standard
error) over a 35 day period from September to November 2014 for Grenada (dashed line), September to November 2014 for Carriacou
(solid line), and November to December 2015 for Carriacou (solid red line).
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Figure 3.4 Regression model (non-linear least squares) for the reduction in Montastraea cavernosa lesion size (cm2 with standard
error) of polyps used in proteomic analysis over a 35 day period in Carriacou from November to December 2015 (solid line). Sample
collection dates are noted (*).

3.4.2 GROSS LESION REGENERATION
The wounds healed inwards from the damaged tissue on the periphery of the circular lesions. A
layer of unpigmented tissue was generated that progressed inwards to cover the exposed skeleton
until the entire lesion was infilled (Figure 3.5, 3.6). After the lesions were completely resealed by
unpigmented tissue, a polyp mouth became visible (Figure 3.7). Finally, normal tissue
pigmentation returned to the regenerated polyps. Eight percent of all artificially induced lesions
regenerated tissue and a mouth within the first 35 days in 2014 while 35 % of all artificially
induced lesions regenerated tissue and a mouth within the total 70 day observation period in
2014. Twelve percent of all lesions regenerated tissue and a mouth within the 35 day observation
period in 2015. None of the regenerated lesions regained complete pigmentation during the
observation period. All of the lesions that were created for this study healed completely after the
observation periods in 2014 and 2015 had ended. Complete lesion regeneration after the
observation period, including the return of normal pigmentation, was confirmed visually by
recreational dive operators in the area.
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Figure 3.5: Montastraea cavernosa colony from Jackadam in Carriacou, Grenada on the day of
lesion creation (Day 0) with excision of a single polyp and peripheral damage to 5 other polyps.
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Figure 3.6: Montastraea cavernosa colony from Jackadam in Carriacou, Grenada 14 days after
initial lesion creation with depigmentation of the damaged peripheral polyps and proliferating
tissue replacing the lost polyp.
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Figure 3.7: Montastraea cavernosa colony at Sandy Island in Carriacou, Grenada, 31 days after
initial lesion creation. Note the orange mouth at the centre of the healed polyp and slight
pigmentation of the regenerated tissue.
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A 28-day time frame was too narrow to capture complete lesion regeneration in M.
cavernosa and consequently a ‘final’ image of each lesion was taken in 2014, 70 days after each
lesion was created. These images were not included in any of the analyses due to the larger than
7-day interval between image sampling which would have violated the assumptions of the
repeated measures ANOVA, however, they were used in generating two separate exponential
decay models to compare to the 28 day models (Figure 3.2). These extended models are highly
similar to those that were fit using only the first 28 days of data (Figure 3.3, Table 3.3). The high
degree of similarity of both model types suggests that the data collected on lesion regeneration in
the first month are accurate predictors of lesion closure in coral colonies surveyed at similar
depths (Fisher et al., 2007). The differences in rate of regeneration between Grenada and
Carriacou in 2014 may have been the result of individual colony variation although great care
was taken to sample colonies of approximately the same size.
Based on the differences in regeneration rates between islands in 2014, a second study
was planned for 2015 to Carriacou. The lesion regeneration curves in Carriacou in 2015 more
closely resembled those generated for Grenada in 2014 than those for Carriacou in 2014 (Figure
3.3). While a model with an asymptote could be fit to the data for Carriacou in 2015 the
asymptote term was only weakly significant (p=0.08) and thus not used in the final model for
2015 (Table 3.3). Regardless of whether or not a model with an asymptote is used, the models
for the initial phase of regeneration are highly similar (Figure 3.3). Colony reproductive status,
colony fecundity, and lesion regeneration have been linked in a number of studies (Graham &
van Woesik, 2013; Kramarsky-Winter & Loya, 2000; Van Veghel & Bak, 1994). The creation of
lesions in September in Carriacou in 2014 on a species that spawns in the same month likely
played a role in the variation in regeneration rates that were observed. Creating identical lesions
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in Carriacou in October of 2015 generated regeneration curves that were not significantly
different (p>0.05) from those created in Grenada in October of 2014.
When comparing the present results to those in the literature for the closely related
species complex O. annularis, the rates of regeneration documented in the present study for M.
cavernosa (2.8 mm2 d-1) are slightly lower than those previously published (Table 3.4). Most
lesion regeneration studies in scleractinia that have used a standardized lesion of some sort have
created lesions that are irregularly shaped or very long and narrow whereas the lesions created in
the present study were cylindrical. Importantly, it has been demonstrated that circular lesions
heal more slowly than irregularly shaped lesions (Meesters et al., 1997). Most studies report
different mean regeneration rates between species that vary with the overall size of the colony
(Bak & Meesters, 1998; Henry & Hart, 2005; Kramarsky-Winter & Loya, 2000), shape of the
lesion (Meesters et al., 1997) and overall colony morphology (Bak & Meesters, 1998; Hall,
1997; Jackson, 1979; Kramarsky-Winter & Loya, 2000). Since M. cavernosa is a
massive/submassive species it was reasonable to have observed a slower lesion regeneration rate
for this type of colony morphology, size of colony, and shape of lesion.
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Table 3.4: Estimated daily regeneration rates of Montastraea annularis and Orbicella annularis (adapted and updated from Henry &
Hart, 2005).
Species

Lesion Size

Daily Regeneration Rate

Reference

Montastraea annularis
Montastraea annularis
Montastraea annularis
Montastraea annularis

22.5 - 502 mm2
227 mm2
100 mm2
100–500 mm2

10-90 mm2
2.9–3.6 mm2
1.9 mm2
0.75–0.94 mm2

Croquer et al., 2002
Mascarelli & Bunkley-Williams, 1999
Meesters et al., 1992
Bak et al., 1997

Montastraea annularis
Montastraea annularis

7.5-30.2 mm2
170 mm2

0.0013 mm2
4.1 mm2

Fisher et al., 2007
Meesters et al., 1994

Montastraea annularis (bumpy morph)

160 mm2

15.4–18.7 mm2

Montastraea annularis (columnar morph)
Montastraea annularis (columnar morph)
Montastraea annularis (massive morph)
Montastraea annularis (massive morph)
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Orbicella annularis
Orbicella annularis

2

83–406 mm
2

160 mm
2

2

3.7–11.2 mm

Meesters et al., 1997

2

0.7 mm

Van Veghel & Bak, 1994

2

79 mm

1.6 mm
2

160 mm

2

31.4 mm
37 ± 0.9 mm2

Van Veghel & Bak, 1994

Meesters & Bak, 1993
2

10.5–13.9 mm

Van Veghel & Bak, 1994

Not given
11.1 ± 0.88 mm2

Rodriguez-Martinez et al., 2016
Sabine et al., 2015

Contrary to the findings of Meesters et al. (1997), no significant differences were found
in the estimate of regeneration rate (-b) that could be attributed to the number of polyps
surrounding a lesion (data not shown). This is likely the result of the low lesion complexity
caused by standardized circular lesions that were created in this study. Most of the work that
Meesters et al. performed involved the notion that there is a finite amount of tissue that can be
regenerated based on the ratio of the lesion perimeter to surface area (Meesters et al., 1994;
Meesters et al., 1997). While great care was taken to ensure that a standardized lesion was
created on each colony in this study to minimize the effect of lesion size to perimeter there was
some (± 0.193 cm2 SE; 12%) variation in initial lesion size. The present study documented the
number of polyps damaged instead of the lesion perimeter to surface area ratio and did not find
any significant differences in overall regeneration rate.
3.4.3 DETECTION OF PROTEIN PROFILES DURING REGENERATION
Once statistical models of lesion closure had been developed they were used to determine when
potentially interesting changes in lesion size were occurring. Based on these models, tissue
sampling times were selected for proteomic analysis to capture changes at the proteomic level
(Figure 3.4). This proteomic technique was used to determine which proteins were DA in M.
cavernosa during the first month (days 0 - 33) of the regenerative process. Of the 6419 peptides
reliably identified using the criteria described in section 3.1.6, 906 unique proteins were
identified (Appendix 5). Using a sequence filter of 10 % of sequences in Blast 2 GO, 54 % of the
proteins detected in this study, both DA and otherwise, were linked to either cellular or protein
metabolic processes. Thirty three percent of identified proteins were associated with singleorganism processes. The remaining 13 % of identified proteins could be linked to biological
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regulation, cellular organization or biogenesis, response to stimulus, signaling, development,
adhesion, and detoxification.
3.4.4 DIFFERENTIAL PROTEIN ABUNDANCE
Many proteins that are involved in the wound-healing process of both vertebrates and
invertebrates were DA during the regeneration of tissue and skeletal lesions created on M.
cavernosa colonies. This suggests that, much like the healing of wounds at the cellular level
(Palmer et al., 2011), scleractinian corals use similar proteomic mechanisms as vertebrates to
completely regenerate damaged tissue. One hundred and eleven proteins of the 906 proteins were
significantly (p<0.05) DA during the regeneration process (Figure 3.8). Using the hierarchical
clustering algorithm built into the heatmap function in R (R Core Team, 2017), which creates a
dendrogram by row and column means, the Day 0 and Day 14 samples were more closely
grouped than the Day 21 tissue sample (data not shown).
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Figure 3.8: Heatmap showing the fold change in expression of all differentially abundant proteins at sampling timepoints Day 14 (B)
and Day 21 (C) relative to Day 0. Higher expression is denoted by darker colours.
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Figure 3.8 continued: Heatmap showing the fold change in expression of all differentially abundant proteins at sampling timepoints
Day 14 (B) and Day 21 (C) relative to Day 0. Higher expression is denoted by darker colours.

Twenty four proteins were DA in at least two separate LC/MS runs (Table 3.5, 3.6). Of these
calmodulin, catalase, dipeptidyl-peptidase 5, ferritin, glutathione-requiring prostaglandin D
synthase and five unknown proteins were common to all TMT runs (Table 3.5, 3.6). The backtranslated nucleic acid sequences from all DA proteins were each submitted individually to the
NCBI BLAST service. Of the five unknown proteins submitted to the NCBI BLAST service,
four returned annotations for uncharacterized proteins, while one returned no known similar
sequences (Table 3.5, 3.6). In addition, 25 proteins associated with regeneration, inflammation,
or immunity were also DA during regeneration (Table 3.7).
For ease of discussion, the proteins in Tables 3.5 - 3.7 that were DA in the regenerating
tissue of wounded M. cavernosa, are grouped into those associated with coagulation,
inflammation, proliferation, maturation and reorganization, and finally ‘other’ for those that were
miscellaneous or immune-related, however, many proteins play a role in multiple stages of
regeneration. Since many of the protein identities were similar to better-characterized proteins
(e.g. thioredoxin-like or L-rhamnose binding lectin-like) in other phyla, the assignment of
function is somewhat speculative. The majority of proteins that were DA were inflammatory,
associated with tissue reorganization, or were classified as ‘other’. The majority of DA proteins
were also consistently altered at both timepoints during regeneration.
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Table 3.5: Proteins common to at least one LC-MS run that were differentially abundant during the first month of regeneration in
Montastraea cavernosa collected in the nearshore waters of Carriacou, Grenada in 2015.
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Origin
All
All
All
All
All
D-20 a, S-22
D-20 a, S-22
D-20 a, S-22
D-20 a/b
D-20 a/b
D-20 a/b
D-20 a/b
D-20 a/b, S-22
D-20 b, O-25
D-20 b, S-22
D-20 b, S-22
D-20a/b
D-20a/b
D-20a/b
O-25, S-22
O-25, S-22
S-22, D-20 a
S-22, O-25
S-22, O-25

UniProt
J3NY69
A0EJ86
R9NY46
K1RA71
A7S8I6
K1R289
K1QB11
Q0ZDM0
A8WH03
V5GJC6
E0XPT3
Q5XUI0
N/A
N/A
T2MH98
Q3V5L7
N/A
N/A
H3II20
D2XMR9
Q1XGE0
N/A
N/A
C1KIZ1

Protein (Gene)
Calmodulin-like (GGTG_06222)
Catalase-like (N/A)
Hypothetical protein AC249_AIPGENE2602 (PHSY_001159)
Glutathione S-transferase-like (CGI_10022749)
Soma ferritin-like (v1g235103)
Collagen alpha-1(VI)-like (CGI_10013230)
Myophilin-like (CGI_10020262)
Tropomyosin-like (N/A)
Cytosolic 10-formyltetrahydrofolate dehydrogenase-like (N/A)
Translation elongation factor 2-like (EF2)
Flavin-containing monooxygenase FMO GS-OX4-like
Peroxiredoxin-1-like isoform X1 (N/A)
Uncharacterized protein LOC110049118 (N/A)
PREDICTED: uncharacterized protein LOC107357587 (N/A)
Cathepsin-like (CTSL1)
Integumentary mucin A.1-like (trf)
Uncharacterized protein LOC110046529 (N/A)
LOC110066892 (N/A)
Peptidyl-prolyl cis-trans isomerase B-like (N/A)
Mammalian ependymin-related protein 1-like (N/A)
Guanine nucleotide-binding protein subunit beta-2-like-1 (GNB2L1)
Uncharacterized protein LOC110041989 (N/A)
comp617_c0 (N/A)
Small cysteine-rich protein 3a

S – September, O – October, D – December
E-values smaller than 2.225074e-308 are represented as 0.0.

Organism
Orbicella faveolata
Orbicella faveolata
Pseudozyma hubeiensis
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Acropora digitifera
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Acropora digitifera
Orbicella faveolata
Acropora digitifera
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Acropora digitifera
Orbicella faveolata
N/A
Orbicella faveolata

% Identity
96
93
44
66
93
76
85
91
98
87
93
93
77
53
91
43
86
66
93
89
88
65
N/A
53

e-value
6e-94
0.0
1e-17
3e-86
2e-103
4e-77
1e-125
3e-145
0.0
0.0
0.0
3e-167
9e-82
2e-32
0.0
1e-15
3e-61
0.0
7e-140
0.0
0.0
3e-50
N/A
6e-24

Table 3.6: Proteins common to at least one LC-MS run with fold change at Day 14 (B) and Day 21 (C) relative to Day 0 that were
differentially abundant during the first month of regeneration in Montastraea cavernosa collected in the nearshore waters of Carriacou,
Grenada in 2015.
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Origin
All
All
All
All
All
D-20 a, S-22
D-20 a, S-22
D-20 a, S-22
D-20 a/b
D-20 a/b
D-20 a/b
D-20 a/b
D-20 a/b, S-22
D-20 b, O-25
D-20 b, S-22
D-20 b, S-22
D-20a/b
D-20a/b
D-20a/b
O-25, S-22
O-25, S-22
S-22, D-20 a
S-22, O-25
S-22, O-25

UniProt
J3NY69
A0EJ86
R9NY46
K1RA71
A7S8I6
K1R289
K1QB11
Q0ZDM0
A8WH03
V5GJC6
E0XPT3
Q5XUI0
N/A
N/A
T2MH98
Q3V5L7
N/A
N/A
H3II20
D2XMR9
Q1XGE0
N/A
N/A
C1KIZ1

Protein (Gene)
Calmodulin-like (GGTG_06222)
Catalase-like (N/A)
Hypothetical protein AC249_AIPGENE2602 (PHSY_001159)
Glutathione S-transferase-like (CGI_10022749)
Soma ferritin-like (v1g235103)
Collagen alpha-1(VI)-like (CGI_10013230)
Myophilin-like (CGI_10020262)
Tropomyosin-like (N/A)
Cytosolic 10-formyltetrahydrofolate dehydrogenase-like (N/A)
Translation elongation factor 2-like (EF2)
Flavin-containing monooxygenase FMO GS-OX4-like
Peroxiredoxin-1-like isoform X1 (N/A)
Uncharacterized protein LOC110049118 (N/A)
PREDICTED: uncharacterized protein LOC107357587 (N/A)
Cathepsin-like (CTSL1)
Integumentary mucin A.1-like (trf)
Uncharacterized protein LOC110046529 (N/A)
LOC110066892 (N/A)
Peptidyl-prolyl cis-trans isomerase B-like (N/A)
Mammalian ependymin-related protein 1-like (N/A)
Guanine nucleotide-binding protein subunit beta-2-like-1 (GNB2L1)
Uncharacterized protein LOC110041989 (N/A)
comp617_c0 (N/A)
Small cysteine-rich protein 3a

Fold B Fold C
0.004
-0.415
0.203
0.820
0.583
0.797
-0.084 -0.299
-0.287 -0.422
-0.257 -0.427
-0.162 -0.372
0.117
-0.314
0.335
0.514
0.381
0.488
-0.161 -0.330
0.522
0.769
0.283
0.755
-0.400 -0.327
0.162
0.595
0.059
1.065
-0.211 -0.454
0.410
0.636
0.353
0.647
0.384
0.605
0.751
0.266
0.477
0.037
0.332
1.837
0.187
4.378
S – September, O – October, D – December

3.4.5 COAGULATION
No proteins that could be reliably linked to coagulation were detected in the regenerating tissues
of M. cavernosa. This is likely the result of the times that tissue samples were collected for
proteomic analysis. Palmer et al. (2011) noted increased concentrations of amoebocytes at the
periphery of lesions just six hours after their creation. The lesions created on M. cavernosa
colonies had insufficient tissue for sampling at a timepoint earlier than 14 days and what was
present would be inadequate for DA analysis. Samples at earlier timepoints pooled from multiple
corals would be required to obtain DA proteins using the present methodology. Logistically this
was not possible in the present study, however, this could be performed in the future.
3.4.6 INFLAMMATION
There were numerous DA proteins that have a demonstrated or putative role in the modulation of
inflammation. Allograft inflammatory factor-1 is a member of a family of proteins active in
activated macrophages in mammals and that have a role in calcium binding (Deininger et al.,
2002). This protein was largely unaltered or was detected in reduced abundance in regenerating
M. cavernosa tissue (Fold change (FC) -.21/-.30; Table 3.7). Calmodulin, also binds calcium and
in corals is highly structurally similar to calmodulins from most other phyla, having the same
exon/intron arrangement (Chiou et al., 2008). After binding calcium, calmodulin then also binds
other proteins modulating numerous functions including protein kinases (reviewed by Swulius &
Waxham, 2008). It therefore acts as an intermediary protein in the signaling pathways for many
important biological processes such as; inflammation (Zhang et al., 2011), metabolism,
apoptosis, smooth muscle contraction, intracellular movement, and the immune response
(Stevens, 1982). Calmodulin in M. cavernosa was largely unaltered or was detected in reduced
concentration as regeneration progressed (FC 0.004/-0.415, Table 3.7).
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Table 3.7: Fold change at Day 14 (B) and Day 21 (C) relative to Day 0 and identity of proteins associated with regeneration or
inflammation during the first month of regeneration in Montastraea cavernosa collected in the nearshore waters of Carriacou, Grenada
in 2015.
UniProt ID

Protein

Function

Gene

Organism

% Identity

E. pallida

100

e-value

Fold B

Fold C

3e-46

-0.04

1.32

111

O61375

Actin 1 (Fragment)

Reg.

DpAct1

Q0H8V2

Allograft inflammatory factor

Inf.

N/A

O. faveolata

96

1e-79

-0.21

-0.30

J3NY69

Calmodulin

Inf.

GGTG_06222

O. faveolata

96

6e-94

0.00

-0.42

A0EJ86

Catalase

Inf.

N/A

O. faveolata

93

0.0

0.20

0.82

E0XJK4

Heat Shock Protein 90

Reg./Inf.

N/A

O. faveolata

98

0.0

0.08

-0.39

Q9HC84

Mucin-5B

Inf.

MUC5B

E. pallida

36

0.0

-0.16

-0.30

T2MHB9

Alpha-Enolase

Inf.

ENO1

E. pallida

83

0.0

0.15

0.36

B2ZG38

Small cysteine-rich protein 8

Inf.

N/A

O. faveolata

67

4e-24

-0.47

-0.57

C1KIY9

Small cysteine-rich protein 6

Inf.

N/A

O. faveolata

39

0.001

0.44

1.51

C1KIZ1

Small cysteine-rich protein 3a

Inf.

SCRiP3a

O. faveolata

53

6e-24

0.19

4.38

K1QJC6

Coactosin-like protein

Reg.

CGI_10027046

A. digitifera

75

3e-65

0.71

0.66

J7QAM2

Cytochrome C

Reg.

cytC

O. faveolata

95

9e-68

0.74

0.69

V5GJC6

Elongation Factor 2

Reg.

EF2

A. digitifera

97

0.0

0.38

0.49

O96899

Plasminogen activator sPA

Reg.

N/A

O. faveolata

79

2e-141

-0.32

-0.41

P18321

Profilin

Reg.

N/A

E. pallida

80

4e-74

-0.18

-0.40

L7M2A4

Putative alpha actinin

Reg.

N/A

O. faveolata

97

0.0

0.23

0.45

Q5XUI0

Thioredoxin peroxidase

Reg.

N/A

B. belcheri

77

1e-104

0.52

0.77

Q6PAX7

WD repeat-containing protein 1-B

Reg.

wdr1-b

O. faveolata

86

0.0

0.31

0.49

T2MH98

Cathepsin L1

Reg.

CTSL1

O. faveolata

94

0.0

0.16

0.60

Inf.-Inflammation, Reg.-Regeneration, Ant. – Antioxidant. E-Exaipasia, O-Orbicella, A-Acropora, B-Branchiostoma
E-values smaller than 2.225074e-308 are represented as 0.0.

Table 3.7 continued: Fold change at Day 14 (B) and Day 21 (C) relative to Day 0 and identity of proteins associated with
regeneration or inflammation during the first month of regeneration in Montastraea cavernosa collected in the nearshore waters of
Carriacou, Grenada in 2015.
UniProt ID

Protein

Function

Gene

Organism

% Identity

e-value

Fold B

Fold C

Q962P9

Green fluorescent protein

Ant.

N/A

O. faveolata

87

7e-137

0.46

1.75

T2ME17

Zinc metalloproteinase nas-13-like

Ant.

ALKBH1

O. faveolata

84

6e-46

-0.04

0.29

Q5XUI0

Peroxiredoxin-1-like isoform X1

Ant.

N/A

O. faveolata

93

3e-167

0.52

0.77

L5KNS3

Peroxiredoxin-5-like

Ant.

GLEAN10011419

O. faveolata

87

5e-22

-0.07

-0.40

S0GP72

L-rhamnose binding lectin CLS3like

Ant.

C803_04027

O. faveolata

88

2e-65

-0.26

-0.45

T2MHF5

Apolipoprotein-like

Ant.

APOB

O. faveolata

93

0.0

1.11

0.77

Inf.-Inflammation, Reg.-Regeneration, Ant. – Antioxidant. E-Exaipasia, O-Orbicella, A-Acropora, B-Branchiostoma
E-values smaller than 2.225074e-308 are represented as 0.0.
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Catalase activity has been documented in M. cavernosa tissue (Mydlarz & Palmer, 2011)
and a catalase-like protein had increased abundance relative to timepoint A during regeneration
in the present study. Proteins exhibiting presumed similar functions in M. cavernosa
(peroxiredoxin-1-like isoform X1 and thioredoxin domain containing protein 17-like,
respectively) were all consistently detected at increased abundance during regeneration,
reflecting the increased need for control of free radicals in inflamed and regenerating tissue
(Mydlarz & Palmer, 2011). Reactive oxygen species (ROS) can upset biological processes
through direct interaction with proteins as well as through the degradation of DNA (reviewed by
Dalton et al., 1999; Lesser, 2006). To combat the toxic effects of ROS, corals and other
organisms employ numerous strategies such as the production of ferritin and zinc
metalloproteinase (Császár et al., 2009). Additionally, catalase, peroxiredoxin, and thioredoxin
peroxidase are critical as antioxidants in inflamed or stressed coral tissue (Chelikani et al., 2004;
Fuess et al., 2016; Lesser & Shick, 1989; Mydlarz & Palmer, 2011; Sunagawa et al., 2009; Van
Oppen & Gates, 2006). Phenoloxidase activity has also been demonstrated previously in M.
cavernosa (Mydlarz & Palmer, 2011).
Soma-ferritin-like protein, part of the large ferritin-like superfamily, binds iron or
modulates iron transport (Andrews, 2010). Gene expression was altered in larval corals in
response to thermal stress (Polato et al., 2010) and the protein was detected at reduced
abundance at both timepoints in the present study. This seems counterintuitive but might reflect
exhaustion of this protein in inflamed tissues. Cathepsins are proteases found in all animals and
cathepsin L1 is a lysosomal endopeptidase associated with lysosomal protein turnover and
apoptosis (Turk et al., 2012). Gene expression was altered in Acropora cervicornis experiencing
white band disease (Libro, 2014).
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Heat shock proteins (HSP) are molecular chaperones that maintain protein folding and
are commonly altered via induction, in thermal and other coral stress responses (Barshis et al.,
2010; Chen et al., 2006; Van Oppen & Gates, 2006) and HSP90 was increased at timepoint B
and decreased at timepoint C in the present study. Gene expression of HSP 90 was induced in O.
faveolata exposed to LPS (Fuess et al., 2016). HSPs have been well studied in scleractinian
corals, typically in response to elevated seawater temperatures from artificial and naturally
bleached tissues (Brown et al., 2002; Chow et al., 2012; Downs et al., 2000; Fitt et al., 2009;
Mayfield et al., 2011; Robbart et al., 2004). HSPs in the corallimorpharian Corynactis
californica and the aggregating anemone (Anthopleura elegantissima) have been shown to play a
role in maintaining proper protein folding in response to physical stress (Rossi & Snyder, 2001),
stress brought on by limited food intake in the gorgonian violescent sea-whip (Paramuricea
clavate) (Rossi et al., 2006), the presence of xenobionts in M. annularis (Downs et al., 2005) and
disease in A. muricata (Seveso et al., 2012).
3.4.7 Proliferation
There was only one DA protein that was likely involved with cell proliferation. Guanine
nucleotide-binding protein subunit beta 2-like-1, also known as RACK-1. RACK-1 is a receptor
of activated c kinase 1 that binds and stabilizes protein kinase C and influences cell growth
(Chang et al., 2001). In M. cavernosa, this protein was most abundant after two weeks of tissue
regeneration when the rate of lesion closure, and therefore potentially the rate of cell
proliferation, was greatest (FC 0.751/0.266). Approximately 15 % of proteins detected in the
present study could be linked to regenerative processes while nearly 20 % were linked to either
regeneration, growth, or the regulation of these processes and yet only a single protein associated
with cell proliferation was DA. Given this discrepancy it is likely that some of the proteins that

114

influence proliferation were masked in the quantitative analysis or were DA to such a minor
degree that they were not statistically significant. One possible explanation for this discrepancy
would be the method by which tandem mass tags function. TMT quantifies the relative change in
protein expression between samples (Thompson et al., 2003). If certain proteins, such as
cytokines, are expressed in very small quantities then it is likely that shifts in expression of these
proteins would be masked. Additionally, cytokines are expressed at very low (pg/mL)
concentrations and are difficult to detect using mass spectrometry approaches (Stenken &
Poschenrieder, 2015). ELISA-based assays could be used to detect the presence of anthozoan
cytokines but these would need to be developed first.
3.4.8 MATURATION AND REORGANIZATION
Almost all of the proteins detected in this category are part of the extracellular matrix (ECM)
(e.g. collagen a-1) or cytoskeleton (actin 1), or are involved in remodelling fibrin or extracellular
matrix (plasminogen activator protein, peptidyl-rpolyl cis-trans isomerase-B-like, zinc
metalloprotease) or modifying the cytoskeleton (profiling, a-actinin, tropomyosin, myophilin,
coactisin-like protein, WD repeat-containing protein 1B). Actins, tropomysins, and tubulins are
all involved in the diurnal regulation of coral tissue (Mayfield et al., 2010), and are predicted to
be involved in the reorganization of coral tissue during regeneration. Cyclic AMP kinase and
creatine kinase both decreased in abundance over time and while this is somewhat surprising, not
all kinases act the same in coral as they do in mammals (Voolstra et al., 2011). Elongation factor
2 (EF2) is involved in polypeptide elongation, required for protein synthesis and is highly
conserved in eukaryotes (Baldauf et al., 1996). The increased abundance of EF2 at both
timepoints in M. cavernosa undergoing regeneration would be predicted due to the demand for
increase protein synthesis.
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The ECM proteins collagen, elastin, fibronectin, and laminin are used for cell to cell
connections (Alberts et al., 2002) and were all DA in the present study. The ECM of Montipora
digitata in cell culture stained positively for collagen (Helman et al., 2008) and it has been
identified in the skeletal organic matrix (SOM) of Stylophora pistillata (Drake et al., 2013). The
SOM is considered integral in the deposition of the aragonite skeleton of scleractinian corals
(Goffredo et al., 2011). Collagen (Goldberg, 1974), cysteine-rich proteins (Sunagawa et al.,
2009), and von Willebrand factor type A domain-containing proteins and zona pellucidas
(Hayward et al., 2011) are all hypothesized to play a role in skeleton deposition. These proteins
were all DA in the present study, suggesting possible skeletal deposition. Cathepsins have also
been linked to bone resorption in mammals and increased in expression towards the end of the
regenerative process (FC 0.162/0.595) potentially suggesting that skeletal tissue was being
remodeled (Figure 3.8).
To promote lesion regeneration rather than scar formation, fibrotic tissues need to be
degraded. Plasminogen is used to degrade fibrotic tissue (Bryer et al., 2008; Novak et al., 2011)
and a plasminogen activator decreased in expression as the wound healed (Figure 3.8). Both
cytochrome C and thioredoxin are linked to mediation of apoptosis and were DA as the tissue
reorganization process continued.
3.4.9 IMMUNE-RELATED AND OTHERS
Since the M. cavernosa wounds were exposed to the marine environment and would be
considered contaminated, it not surprising that putative immune proteins were also DA. Those of
particular note were two different mucins, green fluorescent protein, three small cysteine-rich
proteins, an apolipoprotein-like protein, and L-rhamnose binding lectin-like protein. Field
observations have noted the copious production of mucus when corals are wounded, which may
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act as a primary barrier to infection (Kramarsky-Winter & Loya, 2000; Ritchie, 2006; ShnitOrland & Kushmaro, 2009).
Coral mucus has been the subject of study for over a century due to its critical importance
in coral defence (reviewed in Brown & Bythell, 2005). The composition of coral mucus varies
both qualitatively and quantitatively with species (Meikle et al., 1988) and the specific mucins
within coral mucus may provide distinct services to the colony (Jatkar et al., 2010). Despite the
critical importance of mucus to coral colony survival, very little is known about the specifics of
its composition (Jatkar, 2008). Phylogenetic analyses of cnidarian mucin shows that mucin
sequences cluster together more closely with cnidarians than with other species (Jatkar, 2008).
This grouping suggests that there is strong divergence in cnidarian mucin genes from other
organisms, which may reflect different functions in coral mucus than those observed in other
organisms. Unique functions of coral mucins may help to explain the contrasting alterations of
the two mucins (mucin 5B and integumentary mucin) detected in the present study.
A green fluorescent protein (GFP) had increased expression and was prominently more
abundant at the final timepoint of regeneration in the present study (Table 3.7). A variety of
fluorescent proteins from O. annularis, O. faveolata, M. cavernosa, Diploria strigosa, Porites
astreoides, Dichocoenia stokseii and Sidastrea siderea have been shown to act as anti-oxidants
(Palmer et al., 2009). GFP is also postulated to have a role in photoacclimation (Roth et al.,
2010) and coral immunity (D’Angelo et al., 2012).
Small cysteine-rich proteins (SCRiPs) sequences have been noted in numerous
scleractinian corals (Sunagawa et al., 2009) and it is now recognized that one of their functions is
as antimicrobial peptides (Closek et al., 2014). Of the three SCRiPs noted in the present study,
two (SCRiP 6 and 3a) were increased in abundance and one was decreased abundance. The
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increased abundance of SCRiP 6 and 3a over time in the present study may be an indication of a
mounting immune response. None of the lesions observed in this study became fouled with
visible bacterial communities as they regenerated, supporting the evidence for the role of SCRiPs
as antimicrobial peptides (Sunagawa et al., 2009). SCRiP 3 gene activity has also been
documented in the development of coral larvae (Siboni et al., 2014), and while larval
development and tissue regeneration are distinct pathways, some of the required processes are
the same.
Both apolipoprotein (DiNatale, 2017; Whitten et al., 2004) and L rhamnose-binding
protein (Watanabe et al., 2009) are pattern-recognition receptors (PRR) in fish and invertebrates
binding lipid and rhamnose, respectively. Rhamnose-binding lectin in coral is a PRR that also
binds pathogenic bacteria and zooxanthellae in Pocillopora damicornis (Zhou et al., 2017). In
addition, two proteins associated with detoxification were also DA: alpha enolase-like protein
was upregulated and glutathione-S transferase-like (Rougée et al., 2014) was downregulated.
Finally, a mammalian ependymin-related protein1-like protein, which was demonstrated to play
a role in symbiosis of an anemone (Sabourault et al., 2009), was upregulated at both timepoints.
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3.4.10 GENERAL
There was a variable amount of tissue that was collected for each regenerating lesion which
could have influenced the overexpression of certain proteins, even with the normalization
process built in to the analysis and the conservative cut-off values used in the analysis. This issue
could be resolved in future experiments with precise sampling of a clonal laboratory population.
This study, however, was focused on examining the regeneration of lesions in the field in M.
cavernosa as this captured the natural expression of proteins.
Further analysis of the different colour morphs of M. cavernosa was planned to resolve
the currently unaddressed differences in tissue regeneration rates observed between colonies of
different colour and to provide additional data for whole proteome analysis. With the advent of
marine proteomics and genomics there are still many areas that require further investigation
(Miller et al., 2011; Slattery et al., 2012). This study documents, for the first time, the
differential abundance of proteins associated with regeneration, in regenerating tissue of a
scleractinian coral. The results presented here confirm that the processes of wound healing and
complete tissue regeneration are largely conserved across several distant metazoan species.
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CHAPTER 4: DIFFERENTIAL PROTEIN ABUNDANCE IN
DELAYED REGENERATION, COMMON COLOUR MORPHS,
AND PROTEOME OF THE SCLERACTINIAN CORAL
MONTASTRAEA CAVERNOSA
4.1 ABSTRACT
Scleractinian corals provide the three-dimensional structure and function of coral reefs around
the globe. These sessile animals are subject to physical injuries from a variety of sources and can
completely regenerate damaged tissue as a survival mechanism, however, tissue regeneration
rates vary widely within and across taxa. To explore the intraspecific differences in tissue
regeneration, circular lesions (12 mm diameter x 3 mm deep) were created in, on 30 Montastraea
cavernosa colonies. All colonies were located at a depth of 10 - 12 m, and were found in the
coastal waters of Carriacou, Grenada, West Indies. Coral regeneration was documented at
weekly intervals for 33 d. Non-linear regression was used to generate a predictive model for
lesion closure with time. Separate models were fit to corals that regenerated normally and those
that had delayed regeneration. A lesion created on each coral colony was re-sampled at each of
14, 21, and 31, 32, or 33 days following injury and the polyps were flash frozen, and stored for
proteomic analysis. These samples, including an initial polyp sample, the Day 14, the Day 21,
and the Day 31, 32, or 33 samples were used to quantify the difference in protein abundance as
the lesions healed using tandem mass tags and liquid chromatography-mass spectrometry. One
hundred twenty-five proteins were differentially abundant in M. cavernosa colonies that
regenerated normally (fast) versus those with delayed regeneration (slow). Twenty-three proteins
were differentially abundant in the Day 0 tissue samples between the commonly observed brown
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and purple colour morphs of M. cavernosa. Pooling all liquid chromatography-mass
spectrometry results from the whole thesis resulted in identification of 7434 individual proteins
in apparently healthy M. cavernosa tissue which corresponded to 1042 uniquely named proteins.
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4.2 INTRODUCTION
Despite their importance as primary producers, nursery habitat providers, biodiversity
reservoirs, and physical storm buffers, scleractinian corals have received relatively little attention
at the proteomic level (Slattery et al., 2012). Previous proteomic studies in hard and soft corals
have examined the relationship between hosts and photosynthetic symbionts (Barneah et al.,
2006; Barshis et al., 2010; deBoer et al., 2007; Peng et al., 2008; Peng et al., 2010; Peng et al.,
2011; Weston et al., 2012; Weston et al., 2015), the effects of caffeine on corals and their
endosymbionts (Pollack et al., 2009), the biomineralization process (Drake et al., 2013; Mass et
al., 2012; Rahman & Isa, 2005; Rahman & Oomori, 2009), and the identification of novel
fluorescent proteins (Wojdyla et al., 2011). Several model anthozoans such as Aiptasia spp.
(Baumgarten et al., 2015) and Hydra vulgaris (Zacharias et al., 2004) have been used for
genomic, transcriptomic, and proteomic analyses although there have been very few using fieldcollected scleractinian corals (e.g. Weston et al., 2015). Field studies using proteomics to
examine the natural variability in protein expression under normal conditions are required to
establish a meaningful baseline from which future comparisons can be made (Slattery et al.,
2012).
Marine proteomics is an emerging field that can provide crucial insight to the function of
marine organisms at the proteomic level (Slattery et al., 2012). Proteomics has the potential to be
one of the most informative approaches to systems biology since it encompasses the interface
between the genotype and phenotype (Slattery et al., 2012). The preferential expression of
proteins and their post-translational modifications provide insight to adaptations that are actively
made by the organism (Slattery et al., 2012). In the current dynamic global climate, an
understanding of the proteome, the proteins expressed by an organism at a given time, is crucial
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in determining which proteins are important to an organism in a particular state. Knowledge of
the differential abundance of proteins provides an understanding of how organisms respond to
their ever-changing local environments.
Recent advances in stable isotope analysis techniques have made liquid chromatographymass spectrometry (LC-MS) an ideal choice for differential protein analysis (Casey et al., 2017).
The use of isobaric tags as labels for quantitative protein analysis was first proposed in 1999
(Gygi et al., 1999) and has led to two main commercially available platforms; tandem mass tags
(TMT) (Thompson et al., 2003) and isobaric tags for relative and absolute quantification
(iTRAQ) (Ross et al., 2004). A distinct advantage of TMT is that TMT-labelled samples
maintain the same mass, allowing for more accurate comparisons (Thompson et al., 2003).
Furthermore, the TMT labeling method allows for up to 10 unique labels (Thompson et al.,
2003). This sensitive and accurate technique has been used successfully in scleractinian corals to
study bleaching and the acquisition of endosymbionts (Weston et al., 2012; Weston et al., 2015).
Regeneration and wound healing follow a similar pattern of coagulation, inflammation,
proliferation, and tissue reorganization across species (Bely & Nyberg, 2010). The molecular
mechanisms controlling these processes are well documented in vertebrates and some
invertebrates (Technau & Steele, 2012; Wenger et al., 2014), however, there has been limited
study in scleractinian corals using sub-cellular techniques. RNA-seq experiments have studied
the transcriptomic changes in Hydra spp. during regeneration and many identified pathways
operate in a manner analogous to those in vertebrates (Wenger et al., 2014). There is also
transcriptomic evidence for the up-regulation of signalling pathways of several immune-related
genes during tissue regeneration in hard coral species (Fuess et al., 2016; van de Water et al.,
2015; van De Water et al., 2015) since the immune response and regenerative processes are
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tightly linked (Aurora & Olson, 2015). Sensitive proteomics can provide insight to the
interactions between the genotype and phenotype, by showing how the effector units of
organisms, proteins, respond to changes in their environments (Slattery et al., 2012).
Globally, corals are experiencing increased stress in the form of more frequent and more
intense bleaching events, agricultural and industrial run-off, increased frequency of highly
destructive storms, ocean acidification, increased disease occurrence, the emergence of new
diseases, and a host of others (reviewed in Wilkinson, 1999). Determining which proteins are
normally expressed in an apparently healthy coral in a relatively non-stressed environment is
extremely important to develop a baseline from which future comparisons can be made with
confidence.
Several proteins with antioxidant activity that had previously been identified in M.
cavernosa using functional assays and/or at the transcriptomic level (fluorescent proteins,
catalase, peroxiredoxin, and thioredoxin peroxidase; Mydlarz & Palmer, 2011; Palmer et al.,
2009) were identified in regenerating M. cavernosa tissue (Chapter 3). Additionally, nine
proteins involved in tissue inflammation and 11 involved in regeneration were differentially
abundant (DA) (Chapter 3). Of these, three small cysteine rich proteins (SCRiPs), which have
only recently been described in scleractinian corals (Sunagawa et al., 2009), were DA during
tissue regeneration. One likely role of SCRiPs are as anti-microbial peptides responsible for
preventing wound infection (Closek et al., 2014). In addition, numerous proteins involved in the
restructuring of the cytoskeleton (actin; Mayfield et al., 2010) and connective tissue (collagen;
Goldberg, 1974) as well as skeletal deposition (collagen, von Willebrand factor type A domaincontaining proteins and zona pellucidas; Hayward et al., 2011) were also DA in regenerating
tissue. To obtain a more complete dataset as well as to confirm the involvement of these and
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other proteins from Chapter 3, pooled tissue samples and additional timepoints were used to
examine the differential abundance of protein in regenerating coral tissue.
There were four objectives to the present study: 1) To expand upon the DA proteins
involved in tissue regeneration in M. cavernosa; 2) to describe the DA proteins from colonies,
undergoing delayed regeneration (slow), compared to normally regenerating colonies (fast); 3) to
determine if there were DA proteins between two common colour morphs of M. cavernosa in
apparently healthy tissue; and finally, 4) to determine the detectable repertoire of proteins
expressed in apparently healthy M. cavernosa colonies (e.g. the proteome).

4.3 MATERIALS & METHODS
4.3.1 LESION REGENERATION
Circular lesions were created on 30 M. cavernosa colonies in the nearshore waters of Carriacou
in 2015 at the benthic survey sites Sandy Island, Whirlpool, and Jackadam (Chapter 2) (Table
4.1). Lesions were photographed at days 0, 7, 14, 21, 28, and a final timepoint between days 3133 post-lesion creation using a Nikon D7100 with a Sigma 8-16mm wide angle lens in an Ikelite
housing. Each lesion was photographed with a tape measure immediately adjacent to the lesion
to act as a scale bar. Images were used to quantify the number of polyps incidentally damaged
during lesion creation and colony colour. Images were imported to ImageJ where the scale bar to
pixel ratio for each image was calibrated and the surface area and perimeter of each lesion was
determined using the freehand line tool. The estimated rate of change of lesion size (-b) between
each sampling timepoint for each individual coral was approximated using the formula:
−𝑏 =

2(𝑦1 − 𝑦2 )
(𝑦1 + 𝑦2 )
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and these estimated rates (-b) were tested using repeated measures ANOVA with site, colour of
the colony, and number of polyps damaged, as potential explanatory factors and covariates.
Nonlinear least squares regression was then used to fit an exponential model to the current size
of the lesion with the factors that were significant in the repeated measure model as separate
predictors in addition to the number of days post-lesion creation.
4.3.2 SAMPLE COLLECTION
Coral polyp core samples were collected from lesions created on targeted M. cavernosa colonies
at three previously established study sites in the nearshore waters of Carriacou. Polyp core
samples were collected using a 12.7 mm diameter diamond coring drill bit attached to a Stanley
FatMax pneumatic drill (Stanley Black & Decker, New Britain, CT) powered by a dedicated
SCUBA air cylinder. Coral lesion cores were drilled 3 mm ± 1 mm (average ± SE) deep in each
colony. Lesions were always surrounded by live, apparently healthy tissue of hemispherical
colonies of approximately the same size (0.097 m3 ± 0.127). Each lesion was centered on a
single polyp with the intention of removing a whole polyp and causing minimal incidental
damage to neighboring polyps. All coral colonies sampled were found at a depth of 10.20 m ±
1.37 (average ± SE). Upon removal from the colony, polyps were placed in individual prelabelled sample collection tubes in ambient seawater. Once samples were brought to the surface
they were immediately rinsed three times in deionized water before being placed in individually
labelled 1.5 ml centrifuge tubes and transferred to a MVE SC 20/12V dry shipper (Core
Cryoloab, Toronto, ON) for flash-freezing and storage in the field at -80 ℃. Once back at the
University of Guelph, samples were transferred to a -80 ℃ freezer for storage.
Four lesions were created on each colony, each of which were separated from any other
lesion and the bottom of the colony by at least 8 cm. One of the original four lesions was re-
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sampled at 14 days post lesion creation, another at 21, and the third at a final timepoint (day 31,
32, or 33) and stored for proteomic analysis (Table 4.1). This allowed for tissue to be sampled
initially, at two stages during regeneration, and just after the end of the first month of tissue
regeneration. Lesions were sampled at subsequent timepoints by re-drilling the same core that
was originally created and collecting the regenerated tissue that had migrated inwards from the
periphery of the lesion.
Day 0, 14, 21 and 31, 32, or 33 (hereafter called Day 33) tissue samples were collected
from 30 brown and purple, apparently healthy, M. cavernosa colonies at Sandy Island,
Jackadam, and Whirlpool in Carriacou for proteomic analysis of coral tissue. The brown and
purple colonies were selected because they are the most commonly observed colour morphs on
the nearshore reefs of Carriacou. Of these 30 colonies, 4 brown and 4 purple colonies at each of
Sandy Island, Jackadam, and Whirlpool were selected for additional proteomic analysis based on
the estimated lesion regeneration rates for individual lesions (Figure 4.1). The colonies selected
for additional proteomic analysis were divided into four groups based on estimated regeneration
rates.
The proteome of M. cavernosa was compiled by combining the .raw files from Chapters
3 and 4, which accounted for a total of 80 individual coral polyps.
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Table 4.1 Coral colony ID, colour, site name and GPS coordinates, and applicable research
chapter of Montastraea cavernosa colonies that received lesions in 2015 in the nearshore waters
of Carriacou, Grenada, West Indies.
Colony ID

Colour

Site

GPS Coordinates

S1
S3
S11
S16
S17
S18
S19
S20
S21
S22
S23

Brown
Purple
Purple
Brown
Brown
Brown
Brown
Brown
Brown
Purple
Brown

Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island
Sandy Island

12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W
12° 29ʹ 7.77″ N 61° 29ʹ 2.00″ W

J10
J17
J18
J19
J20
J21
J22
J23
J24

Brown
Brown
Purple
Purple
Brown
Purple
Purple
Brown
Brown

Jackadam
Jackadam
Jackadam
Jackadam
Jackadam
Jackadam
Jackadam
Jackadam
Jackadam

12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W
12° 29ʹ 46.25″ N 61° 28ʹ 4.11″ W

W6
W12
W13
W16
W17
W18
W19
W20
W21
W22

Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Purple
Purple

Whirlpool
Whirlpool
Whirlpool
Whirlpool
Whirlpool
Whirlpool
Whirlpool
Whirlpool
Whirlpool
Whirlpool

12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
12° 29ʹ 2.50″ N 61° 29ʹ 31.35″ W
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Chapter
4
4

3
3
3
3
4
3/ 4
3/4
3/4
4
4
3

3
3

4
4
4
4

4.3.4 SOLUBLE PROTEIN EXTRACTION
Protein was extracted from coral polyp tissue following the protocol established in Barneah et
al., (2006). Briefly, tissue was removed from the skeleton using a sterile scalpel blade and placed
in a microcentrifuge tube on ice with 250 µl of extraction buffer (40 mM Tris, 10 mM EDTA,
pH 7.4) and 250 µl Sigma protease inhibitor cocktail (Sigma-Aldrich, Oakville, ON). Tissue was
homogenized in the extraction buffer using a sterile plastic pestle and inverted gently for 30 s to
mix. The homogenate was centrifuged (20 min at 12 000 x g at 4°C), the supernatant transferred
to a new microcentrifuge tube and centrifuged twice more (20 min, 12 000 x g, 4 °C). Protein
concentrations were determined using a modified Bradford assay in a 96 well plate (Bradford,
1976). Extracted protein samples were sent to the SPARC Bio Centre at the Toronto Hospital for
Sick Children for TMT labeling using the Q-Exactive protocol and mass spectrometry on a
ThermoFisher Orbitrap LC-MS device (ThermoFisher, San Jose, CA).
4.3.5 TANDEM MASS TAG (TMT) LABELING
The proteins were reduced in 1mM dithiothreitol (DTT) for 1 hour at 56 °C and the free cysteine
residues were alkylated using iodoacetamide. The proteins were precipitated with 5 volumes of
acetone overnight at 20 °C and centrifugation. Ten μg of protein from each condition was labeled
using 0.4 mg of TMT 10-plex by incubating at room temperature for 1 h (Table 4.2). The
labeling reaction was stopped using 5 % hydroxylamine.
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Table 4.2a: Tandem mass tag labeling strategy for purple Montastraea cavernosa colonies used
for differential abundance analysis.
Pool

Colony
J 19
S 22
W 21
J 19
S 22
W 21
J 19
S 22
W 21
J 19
S 22
W 21
J 18
S 11
W 22
J 18
S 11
W 22
J 18
S 11
W 22
J 18
S 11
W 22

Sampling Date
04/11/2017
02/11/2017
05/11/2017
18/11/2017
16/11/2017
20/11/2017
25/11/2017
23/11/2017
27/11/2017
06/12/2017
05/12/2017
07/12/2017
05/11/2017
02/11/2017
04/11/2017
20/11/2017
16/11/2017
18/11/2017
27/11/2017
23/11/2017
25/11/2017
07/12/2017
05/12/2017
06/12/2017

Slot
1
TMT-1a
1
TMT-1a
1
TMT-1a
2
TMT-1b
2
TMT-1b
2
TMT-1b
3
TMT-1c
3
TMT-1c
3
TMT-1c
4
TMT-1d
4
TMT-1d
4
TMT-1d
5
TMT-1e
5
TMT-1e
5
TMT-1e
6
TMT-1f
6
TMT-1f
6
TMT-1f
7
TMT-1g
7
TMT-1g
7
TMT-1g
8
TMT-1h
8
TMT-1h
8
TMT-1h
Control 1
TMT-1i
Control 2
TMT-1j
S – Sandy Island, W – Whirlpool, J – Jackadam
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Label
127N
127N
127N
127C
127C
127C
128N
128N
128N
128C
128C
128C
129N
129N
129N
129C
129C
129C
130N
130N
130N
130C
130C
130C
131
126

Colour
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Purple
Brown
Purple

Rate
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast

Table 4.2b: Tandem mass tag labeling strategy for brown Montastraea cavernosa colonies used
for differential abundance analysis.
Pool
Colony
Sampling Date Slot
9
J 17
04/11/2017 TMT-2a
9
S 23
02/11/2017 TMT-2a
9
W 17
05/11/2017 TMT-2a
10
J 17
18/11/2017 TMT-2b
10
S 23
16/11/2017 TMT-2b
10
W 17
20/11/2017 TMT-2b
11
J 17
25/11/2017 TMT-2c
11
S 23
23/11/2017 TMT-2c
11
W 17
27/11/2017 TMT-2c
12
J 17
06/12/2017 TMT-2d
12
S 23
05/12/2017 TMT-2d
12
W 17
07/12/2017 TMT-2d
13
J 10
02/11/2017 TMT-2e
13
S 1
05/11/2017 TMT-2e
13
W 19
04/11/2017 TMT-2e
14
J 10
16/11/2017 TMT-2f
14
S 1
20/11/2017 TMT-2f
14
W 19
18/11/2017 TMT-2f
15
J 10
23/11/2017 TMT-2g
15
S 1
27/11/2017 TMT-2g
15
W 19
25/11/2017 TMT-2g
16
J 10
05/12/2017 TMT-2h
16
S 1
07/12/2017 TMT-2h
16
W 19
06/12/2017 TMT-2h
Control 1
TMT-2i
Control 2
TMT-2j
S – Sandy Island, W – Whirlpool, J - Jackadam
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Label
127N
127N
127N
127C
127C
127C
128N
128N
128N
128C
128C
128C
129N
129N
129N
129C
129C
129C
130N
130N
130N
130C
130C
130C
131
126

Colour
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Brown
Purple

Rate
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Slow
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast
Fast

4.3.6 LIQUID CHROMATOGRAPHY-MASS SPECTROMETRY (LC-MS)
Peptides were analyzed on a Orbitrap analyzer (Q-Exactive, ThermoFisher) outfitted with a
nanospray source and EASY-nLC nano-LC system (ThermoFisher). The peptides were mixed
and the solvent removed under vacuum and the lyophilized peptide mixtures were dissolved in
0.1 % formic acid and loaded onto a 75 μm x 50 cm PepMax RSLC EASY-Spray column
(ThermoFisher) filled with 2 μM C18 beads (ThermoFisher) at a pressure of 800 Bar. Peptides
were eluted over 120 min at a rate of 250 nl/min using a stepwise gradient (0 % - 4 % acetonitrile
containing 0.1 % formic acid over 2 min; 4 % - 28 % acetonitrile containing 0.1 % formic acid
over 106 min; 28 % - 95 % acetonitrile containing 0.1 % formic acid over 2 min; constant 95 %
acetonitrile containing 0.1 % formic acid for 10 min). Peptides were introduced by nanoelectrospray into the Q-Exactive mass spectrometer (Thermo-Fisher). The instrument method
consisted of one MS full scan (525–1600 m/z) in the Orbitrap mass analyzer with an automatic
gain control (AGC) target of 1e6, maximum ion injection time of 120 ms and a resolution of
35 000 followed by 15 data-dependent MS/MS scans with a resolution of 35 000, an AGC target
of 1e6, maximum ion time of 120 ms, and one microscan. The intensity threshold to trigger a
MS/MS scan was set to an under-fill ratio of 0.2 %. Fragmentation occurred in the higher energy
collisional dissociation trap with normalized collision energy set to 30 V. The dynamic exclusion
was applied using a setting of 40 sec.
4.3.7 DATA ANALYSIS
Raw data were analyzed at the University of Guelph using Bioinformatics Solutions Inc (BSI)
PEAKS Studio 8.5 (Zhang et al., 2012). PEAKS was used as the search algorithm with TMT 10plex and carbamidomethylation as fixed modifications and oxidation and deamidation as variable
modifications. A digestion enzyme of trypsin with three maximum missed cleavages was used.
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The data were searched with a parent ion tolerance of 35.0 ppm and a fragment error tolerance of
0.05 Da. De novo assemblies of .raw files were made in PEAKS. Database searches of these raw
files using the M. cavernosa transcriptome (Kitchen et al., 2015) were conducted using the
following parameters in PEAKS (BioInfor, Waterloo, ON). Due to low protein concentrations in
the samples used exclusively in Chapter 4, peptide results were filtered for both runs on the LCMS device with a false discovery rate (FDR) of 5 %. Protein results were always filtered with a
-10 lgP score of ≥ 15 and at least 2 unique peptides. The DeNovo only average local confidence
(ALC) was set for each run following the protocol described in the PEAKS user manual, usually
≥60 % (Zhang et al., 2012).
The current available Symbiodinium spp. entry on NCBI has accession IDs for 45101
protein sequences. Using this database the same raw LC-MS files were searched against the
NCBI Symbiodinium spp. database using the same parameters described above. For differential
abundance analysis, PEAKS quantification, based on the MaxQuant algorithm (Cox & Mann,
2008), was used. The samples used in the present chapter were filtered such that spectra with a
-10 LgP score ≤ the 5 % FDR and a quality score of ≤ 18 were excluded from the analysis. The
DA samples used exclusively in the present chapter were normalized using the values from the
common channels in each LC-MS run (TMT-131 Table 4.2).
The intensities of the ‘fast’ and ‘slow’ DA proteins of the ‘purple’ polyps at Day 0
(TMT-127N and TMT-129N Table 4.2a) were averaged. The intensities of the ‘fast’ and ‘slow’
DA proteins of the ‘brown’ polyps at Day 0 (TMT-127N and TMT-2129N Table 4.2b) were
averaged. The intensity values of the averaged ‘purple’ and ‘brown’ Day 0 were normalized
using the values of the common channels in each LC-MS run (TMT-126 Table 4.2a,b).
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Differential abundance and whole proteome protein accession ID results were exported as
individual .fasta files to Blast 2 GO (Conesa et al., 2005) where the National Centre for
Biotechnology Information (NCBI) basic local alignment search tool (BLAST; Altschul et al.,
1990) was used to conduct searches within Anthozoa using an expectation value (e-value) of
1.03 e-3. Gene ontology (GO) terms were mapped to correctly identified sequence IDs in
BLAST 2 GO using confidence score estimates (Conesa et al., 2005; Gotz et al., 2008). Blast 2
GO’s InterPro feature was used to annotate all sequences with further GO terms by searching an
additional nine protein databases and merging these results and those returned by the native Blast
2 GO search. Once all BLAST searches, GO annotations, and InterPro annotations had been
completed independently for the 6 separate LC-MS runs the resultant tables were merged in
BLAST 2 GO, skipping redundant entries. Summary statistics were generated for the whole
proteome using this merged BLAST 2 GO table. To be included as a major GO category, a
category was required to contain at least 10 % of the total number of sequences in the dataset.

4.4 RESULTS AND DISCUSSION
The present study had four objectives: 1) using a more robust labelling strategy and pooled
samples to confirm and expand the results of Chapter 3; 2) to investigate the differential
abundance of proteins in coral colonies experiencing delayed regeneration (slow) compared to
normal colonies (fast); 3) to determine if there were DA proteins occurring between the
commonly observed brown and purple colour morphs of M. cavernosa; and finally, 4) to
describe the proteome of apparently healthy M. cavernosa colonies.
4.4.1 GROSS LESION REGENERATION
All lesions created (n=124) were 1.598 ± 0.261 cm2 (average ± SE) at the time of creation. There
were no significant differences for repeated measures ANOVA in the estimated (-b) mean rates
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of change of lesion size between sites or number of incidental polyps damaged (p>0.05),
however, there were significant differences between colony colour (p=0.024). These differences
lead to the generation of four separate non-linear regression models for lesion size (fast brown,
slow brown, fast purple, and slow purple) (Table 4.3, Figures 4.1 - 4.3). The lesions created on
fast-regenerating colonies could be most accurately modeled using an exponential decay model
without an asymptote while those created on slow-regenerating colonies could be most
accurately modeled using an exponential decay model with an asymptote (Table 4.3). Attempting
to fit a model with an asymptote for lesions created on fast-regenerating colonies returned nonsignificant values for all predictors (y0, a, and -b) (p>0.05) indicating that a model without an
asymptote was most appropriate.
Twelve percent of all lesions completely regenerated damaged tissue and a mouth within
the 33 day observation period in 2015. None of the regenerated lesions completely regained
normal tissue colouration during the observation period. All of the lesions that were created for
this study healed completely within two months after the observation period had ended,
confirmed visually by recreational dive operators in the area.
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Table 4.3: Exponential decay models for Montastraea cavernosa lesion size in Carriacou in
2015 with significance, estimate of variable, and standard error (in parenthesis).
Group
Fast Brown

Model

Variable
a 1.501 (0.062)
-b 0.034 (0.003)

p-value
<2e-16*
8.05e-16*

Slow Brown

𝑦 = 𝑦0 + 𝑎e−𝑏∗𝑡𝑖𝑚𝑒

y0 0.791 (0.124)
a 0.867 (0.139)
-b 0.100 (0.041)

4.11e-8*
6.55e-8*
0.018*

Fast Purple

𝑦 = 𝑎e−𝑏∗𝑡𝑖𝑚𝑒

a 1.468 (0.071)
-b 0.045 (0.005)

<2e-16*
1.54e-12*

Slow Purple

𝑦 = 𝑦0 + 𝑎e−𝑏∗𝑡𝑖𝑚𝑒

y0 0.786 (0.096)
a 0.769 (0.132)
-b 0.147 (0.068)

4.29e-11*
3.27e-7*
0.034*

All Fast

𝑦 = 𝑎e−𝑏∗𝑡𝑖𝑚𝑒

a 1.529 (0.050)
-b 0.039 (0.003)

<2e-16*
<2e-16*

All Slow

𝑦 = 𝑦0 + 𝑎e−𝑏∗𝑡𝑖𝑚𝑒

y0 0.804 (0.072)
a 0.806 (0.092)
-b 0.127 (0.038)
* denotes significant differences from 0 at α=0.05

<2e-16*
3.02e-14*
0.001*

𝑦 = 𝑎e

−𝑏∗𝑡𝑖𝑚𝑒

136

137
Figure 4.1: Regression models (non-linear least squares) for the reduction in lesion size (cm2 with standard error) created on
Montastraea cavernosa near Carriacou over a 33-day period from November to December 2015 for ‘fast’ (black line) and ‘slow’
regenerating colonies (red line).
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Figure 4.2: Regression models (non-linear least squares) for the reduction in Montastraea cavernosa lesion size (cm2 with standard
error) created on brown colonies near Carriacou over a 33-day period from November to December 2015 for ‘fast’ (black line) and
‘slow’ regenerating colonies (red line).
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Figure 4.3: Regression models (non-linear least squares) for the reduction in Montastraea cavernosa lesion size (cm2 with standard
error) for lesions created on purple colonies near Carriacou over a 33 day period from November to December 2015 for ‘fast’ (black
line) and ‘slow’ regenerating colonies (red line).

4.4.2 DIFFERENTIAL PROTEIN ABUNDANCE DURING REGENERATION
From the 12 colonies selected to examine DA proteins during regeneration there were 2279
peptides that could be reliably identified in PEAKS. These 2279 peptides corresponded to 1015
proteins, of which 536 were unique proteins. One hundred and twenty-five of these proteins were
DA in the M. cavernosa polyps used to study proteins involved in regeneration. Since the
majority of those proteins were discussed in Chapter 3 they are summarized here but most are
not discussed in further detail.
All of the 33 proteins common to multiple LC-MS runs used for Objective 1 returned
highly similar protein identities (<1e-30) using BLAST. Six of these proteins remained annotated
as uncharacterized proteins and 26 were matched to known protein sequences (Table 4.4). One
protein, comp1299_c1_seq1, was DA in all of the LC-MS runs used to assess protein expression
during regeneration but no identity could be determined using BLAST. The six DA
uncharacterized proteins common to all LC-MS runs were all approximately 50% similar to
mRNA transcripts annotated in O. faveolata. These proteins require further investigation.
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Table 4.4: Proteins common to Chapters 3 and 4 that were differentially abundant during the first month of regeneration in
Montastraea cavernosa collected in the nearshore waters of Carriacou, Grenada in 2015.
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UniProt
Q0H8V2
L7M2A4
N/A
A7RET7
N/A
N/A
I0FXJ1
O96899
Q6P358
T2MHB9
E0XPT3
N/A
K1RA71
K9XBV6
R9NY46
T2M6A8
K1QXA7
D2XMR9
Q9HC84
K1QB11
T2MHH5
A7SE06
P18321
Q38JJ2
B0K010
Q0ZDM0

Protein (Gene)
Allograft inflammatory factor 1-like (N/A)
Alpha-actinin-like (N/A)
Attractin-like protein 1 isoform X1 (N/A)
Beta-hexosaminidase subunit beta-like (v1g237718)
Chymotrypsinogen A-like (N/A)
comp1299_c1_seq1 (N/A)
Creatine kinase, flagellar-like isoform X1 (N/A)
CUB and peptidase domain-containing protein 2-like (N/A)
Cytosolic non-specific dipeptidase-like isoform X2 (cnpd2)
Enolase-like (N/A)
Flavin-containing monooxygenase FMO GS-OX4-like (N/A)
Glutamic acid-rich protein-like (N/A)
Glutathione S-transferase-like (CGI_10022749)
Glyoxalase 3-like (Glo7428_1584)
Hypothetical protein AC249_AIPGENE2602 (PHSY_001159)
Legumain-like (LGMN)
L-rhamnose-binding lectin CSL3 (CGI_10027161)
Mammalian ependymin-related protein 1-like (N/A)
Mucin-5B (MUC5B)
Myophilin-like (CGI_10020262)
Myosin heavy chain, striated muscle (MYH6)
NADP-specific glutamate dehydrogenase-like (v1g169502)
Profilin-like (N/A)
Protein disulfide isomerase-like 2-2 (N/A)
Thioredoxin domain-containing protein 17-like (Txndc17)
Tropomyosin-like

Species
Orbicella faveolata
Orbicella faveolata
Exaiptasia pallida
Orbicella faveolata
Stylophora pistillata
NA
Orbicella faveolata
Orbicella faveolata
Stylophora pistillata
Stylophora pistillata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Exaiptasia pallida
Orbicella faveolata
Stylophora pistillata
Orbicella faveolata
Exaiptasia pallida
Orbicella faveolata
Stylophora pistillata
Acropora digitifera
Exaiptasia pallida
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata

e-values smaller than 2.225074e-308 are represented as 0.0. N/A represent genes that are unknown.

e-value
1.00E-79
0.00E+00
4.00E+00
0.00E+00
2.00E-117
NA
0.00E+00
2.00E-141
0.00E+00
0.00E+00
0.00E+00
5.00E-94
3.00E-86
3.00E-141
8.00E-63
0.00E+00
3.00E-61
2.00E-94
0.00E+00
1.00E-125
0.00E+00
0.00E+00
4.00E-78
0.00E+00
2.00E-79
3.00E-145

% Identity
96
97
38
92
56
NA
97
79
88
89
93
90
66
89
65
82
56
89
36
85
92
86
83
90
96
91

Table 4.4 continued: Proteins common to Chapters 3 and 4 that were differentially abundant during the first month of
regeneration in Montastraea cavernosa collected in the nearshore waters of Carriacou, Grenada in 2015.
UniProt
N/A
N/A
N/A
N/A
N/A
N/A
T2ME17

Protein (Gene)
Uncharacterized protein LOC110041989 (N/A)
Uncharacterized protein LOC110045335 (N/A)
Uncharacterized protein LOC110049118 (N/A)
Uncharacterized protein LOC110054306 (N/A)
Uncharacterized protein LOC110058660 (N/A)
Uncharacterized protein LOC110067694 (N/A)
Zinc metalloproteinase nas-13-like (ALKBH1)

e-values smaller than 2.225074e-308 are represented as 0.0.

Species
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata
Orbicella faveolata

e-value
9.00E-50
2.00E-116
4.00E-81
5.00E-27
4.00E-24
1.00E-12
6.00E-46

% Identity
65
86
77
55
78
46
84
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Figure 4.4: Heatmap showing the fold change in expression of differentially abundant proteins from ‘slow’ regenerating colonies
relative to the changes in ‘fast’ regenerating colonies from sampling timepoints Day 14 (B), Day 21 (C), and Day 33 (D) relative to
Day 0. Higher expression is denoted by darker colours.
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Figure 4.4 continued: Heatmap showing the fold change in expression of differentially abundant proteins from ‘slow’ regenerating
colonies relative to the changes in ‘fast’ regenerating colonies from sampling timepoints Day 14 (B), Day 21 (C), and Day 33 (D)
relative to Day 0. Higher expression is denoted by darker colours.

Once the 33 DA proteins common to Chapters 3 and 4 were removed, 92 proteins
remained to consider. In order to discuss these proteins more efficiently the fold change of the
corals that experienced delayed regeneration (slow) were compared to a baseline of those that
regenerated normally (fast). The slow colonies had different heatmaps of fold change than the
fast colonies for the majority of DA proteins (Figure 4.4). The DA proteins showed the same
patterns of expression between the ‘fast’ and ‘slow’ regenerating colonies, although to different
degrees of fold change (data not shown). While there were differences in the degree of DA
during regeneration between ‘fast’ and ‘slow’ colonies, these colonies use the same proteins to
regenerate tissue based on the 33 proteins common between these LC-MS runs. The presence of
common proteins in differing abundance between slow and fast colonies suggests that protein
abundance may affect tissue regeneration rates. These differences in protein abundance are not
surprising given the significantly different models that could be generated to describe the
reduction in lesion size. The differences in predicted rates of lesion closure (-b) for the ‘fast’ and
‘slow’ regenerating M. cavernosa colonies were greater than one standard deviation from each
other (Table 4.3).
Several DA proteins of interest from ‘slow’ colonies at Day 21 (C timepoint Fig. 4.4) are
discussed as this timepoint showed the largest variation (≥ |1|) from the reference ‘fast’ colonies
at the same timepoint. Additionally, several proteins related to the processes of inflammation and
cytoskeleton modulation, critical to regeneration, are also discussed.
4.4.3 INFLAMMATION
Calmodulin, binds calcium and in corals is highly structurally similar to calmodulins from most
other phyla (Chiou et al., 2008). After binding calcium, calmodulin then binds other proteins
modulating numerous functions (reviewed by Swulius & Waxham, 2008) including the signaling
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pathways for inflammation (Zhang et al., 2011), metabolism, apoptosis, smooth muscle
contraction, intracellular movement, and the immune response (Swulius & Waxham, 2008). The
increased differential abundance of calmodulin in ‘slow’ colonies relative to the ‘fast’ colonies at
timepoint C is consistent with these colonies experiencing enhanced inflammation or several
other processes.
Thymosin β-12 was originally isolated from teleost fish livers (Low et al., 1992) and
analogues have since been found in invertebrates such as sea urchins (Stoeva et al., 1997) and
sea hares (Aplysia californica) (Romanova et al., 2006). The thymosin β-12 analogue, β-4, was
up-regulated in immune organs in response to bacterial infections in the teleost Golden pompano
(Trachinotus ovatus) (Sun et al., 2017). The increased differential abundance of thymosin β-12
in ‘slow’ colonies may be indicative of an immune response.
Phospholipases catalyze the hydrolysis of membrane phospholipids to release free fatty
acids (Chang et al., 1987). A subclass of phospholipases, phospholipase A2, produce appropriate
substrate for the generation of inflammatory mediators (Chang et al., 1987). These
phospholipases have been identified in tissue homogenates originating from fire corals
(Millepora spp). where they were proposed to act in the capture and digestion of prey as well as
defense (Nevalainen et al., 2004). Corals use the cnidocysts at the ends of their tentacles to
remove sediment and brush away competitors (Henry & Hart 2005; Richardson et al., 1979). The
large differential abundance of phospholipases in ‘slow’ regenerating colonies at timepoint C
may be indicative of either an inflammatory response (Chang et al., 1987) or increased cnidocyte
activity (Nevalainen et al., 2004).
Small cysteine-rich protein (SCRiPs) sequences have been noted in numerous
scleractinian corals (Sunagawa et al., 2009, Chapter 3) and one of their functions are to act as
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antimicrobial peptides (Closek et al., 2014). SCRiP 6 and 3a had increased DA during
regeneration of M. cavernosa tissues (Chapter 3) and in the present study (Chapter 4) SCRiP 6
had increased differential abundance in ‘slow’ colonies. This may be indicative of the ‘slow’
colonies at timepoint D experiencing an infection or other stressor that the ‘fast’ colonies did not.
Since none of the lesions observed in this study (Chapter 4) became visibly fouled with bacteria
we propose that this adds circumstantial support for the role of SCRiPs as antimicrobial peptides
(Closek et al., 2014; Sunagawa et al., 2009; Chapter 3). Futher investigation in to the possible
role of SCRiP 6 as an antimicrobial peptide in corals is warranted.
4.4.4 EXTRACELLULAR MATRIX
The diurnal regulation of coral tissue requires the involvement of actins, tropomysins, and
tubulins (Mayfield et al., 2010) and these proteins are also likely involved in the reorganization
of coral tissue during regeneration. All of these proteins had lower DA at timepoints B and C in
the ‘slow’ regenerating colonies. Alpha adducin is another structural protein of the cellular
cytoskeleton (Joshi et al., 1991) and it also had decreased DA at the B and D timepoints in
‘slow’ colonies. SH-3 domain-binding glutamic acid-rich proteins have been implicated in the
signalling pathways that regulate the cytoskeleton (Koch et al., 1991) and had decreased DA in
‘slow’ colonies at timepoints C and D. Vinculin is a key transmembrane protein in the
intracellular matrix (Otto, 1990). It exhibited increased DA in the ‘slow’ colonies at the B and C
timepoints but reduced DA at timepoint D (Figure 4.4), suggesting that cytoskeletal remodeling
was proceeding until something interrupted this process. One possible candidate protein that may
have played a role in disrupting the remodeling process is thymosin β-12. In addition to its
antimicrobial function (Sun et al., 2017), the β-4 analogue of thymosin β-12 may also inhibit
actin remodeling (De La Cruz et al., 2000). Collectively the altered abundance of these proteins
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is consistent with a reduced capacity or at least a disrupted capacity to remodel cellular
cytoskeletons in colonies observed to have delayed regeneration.
4.4.5 SKELETON
The zona pellucida and von Willebrand factor type A proteins have been implicated in skeletal
deposition in the coral Acropora millepora (Hayward et al., 2011) and were DA at slightly lower
levels in the ‘slow’ colonies (Figure 4.4). This may indicate that the skeletons of the ‘slow’
colonies were less capable of repairing damage than their ‘fast’ counterparts (Figure 4.4).
4.4.6 CATABOLISM
UV excision repair proteins had increased differential abundance at timepoint B and then
decreased differential abundance at timepoints C and D (Figure 4.4). These proteins are
important in the repair of light-damaged DNA of A. millepora planular larvae (Reef et al., 2009)
which exist in high stress conditions. The increased differential abundance of these proteins at
timepoint B may indicate the onset of a stress response. Correct protein folding is required for
proper protein function and protein disulfide isomerase 2 carries out this function by acting as a
molecular chaperone (Woo et al., 2014). Messenger RNA transcripts of protein disulfide
isomerase were significantly increased relative to a control in the soft coral Scleronephthya
gracillimum after exposure to hydrocarbons (Woo et al., 2014). Protein disulfide isomerase had
increased differential abundance at all timepoints in ‘slow’ colonies, which suggests that there
were a relatively high number of misfolded proteins in ‘slow’ colonies.
Protein-l-isoaspartate o-methyltransferase initiates the repair of isoaspartyl residues in
aged or stress-damaged proteins in laboratory mice (Vigneswara et al., 2006). This protein had
lower differential abundance at timepoints B and C in ‘slow’ colonies and increased differential
abundance at timepoint D (Figure 4.4). The increase in differential abundance towards the final
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tissue sampling timepoint is consistent with a stress response (Vigneswara et al., 2006). In the
event that proteins fold improperly and cannot be repaired they must be degraded (catabolised).
Polyubiquitin is involved in regulating the fate of proteins, one of which can be degradation via
autophagy (Li & Ye, 2008). In the ‘slow’ colonies there was increased differential abundance of
a polyubiquitin fragment at timepoints B and C indicating that proteins may have been flagged
for degradation at this time (Li & Ye, 2008). Xaa-pro dipeptidase-like, or prolidase, is important
in protein catabolism (Lupi et al., 2008). A delay in wound healing was correlated with a
decrease in angiogenesis due to lack of prolidase through the HIF-1a pathway in a human cancer
cell line (Surazynski et al., 2008). In the present study prolidase had decreased DA which may
have influenced tissue regeneration rates in a similar manner (Surazynski et al., 2008).
4.4.7 APOPTOSIS
Several proteins that could be linked to apoptosis were DA in the ‘slow’ regenerating colonies.
Programmed cell death protein 6 is involved in apoptosis (Lee et al., 2005). The increased
differential abundance of a protein that interacts with the apoptotic pathway in ‘slow’
regenerating colonies at all timepoints suggests that cells in these colonies were undergoing
apoptosis, possibly due to oxidative stress. Additionally, the Ras-related protein Rab-1A plays a
role in autophagosome assembly and has been identified in cnidarian zoanthids (Huang et al.,
2017). It exhibited lower DA in the present study, which may reflect a deregulation of apoptosis
(Cox et al., 2003). The translationally controlled tumor protein is a highly conserved protein that
is expressed in all eukaryotic organisms that has been implicated in apoptosis (Bommer &
Thiele, 2004). This protein has been identified in the cnidarian H. vulgaris (Yan et al., 2000) and
was DA in the ‘slow’ regenerating colonies.
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4.4.8 OTHERS
The function of the uncharacterized protein LOC 110045335 remains unclear although its
increased expression during timepoint C suggests that it may play some role in slowing the
regeneration of damaged tissue (Figure 4.4). When sorting BLAST search results by e-value, this
protein returns unknown or hypothetical proteins although it shares 30 % coverage with a heme
oxygenase in S. pistillata (e-value 3e-16).
There are 39 sequences in the annotated M. cavernosa transcriptome (Kitchen et al.,
2015) that correspond to an inflammatory response (GO:0006954), 0 that correspond to
regeneration (GO:0031099) and 4 that correspond to tissue regeneration (GO:0042246). Despite
the lack of sequences that are annotated as being related to tissue regeneration, M. cavernosa can
reliably regenerate damaged tissue. The GO project has annotations for millions of genes (Harris
et al., 2008) and while this resource is extremely useful, it is not ideal for all species. The GO
database is constantly being updated as new genomes are published and the GO group has
provided robust annotation of several ‘reference’ organisms although there are gaps in the
quality of annotations when examining non-model organisms like M. cavernosa.
4.4.9 DIFFERENTIAL ABUNDANCE OF PROTEIN BETWEEN COLOUR MORPHS
There were only 23 proteins common to the pooled Day 0 samples of purple and brown M.
cavernosa colonies (Figure 4.5). The unknown protein with the accession ID comp1299_c1_seq1
was common to both colours. Two uncharacterized proteins (LOC 110062238 and LOC
110039838) were DA between the colour morphs (Figure 4.5). These uncharacterized proteins
were more abundant in purple colonies.
The sharp contrast between the pooled timepoint A samples of brown and purple colonies
may be the result of relatively low protein concentrations in the tissue samples. Pooling protein
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samples for TMT analysis can provide additional information in differential abundance analysis
at the cost of the sensitivity/confidence of detection (Weston et al., 2012). Since only lysine and
protein N-terminal residues are labeled by TMT reagents (Weston et al., 2012) some resolution
can be lost by pooling samples.
The primary objective of the TMT-labelled samples in Chapter 4 was to confirm the
results of Chapter 3 and provide additional data on the DA of protein during regeneration. Polyps
from additional M. cavernosa colonies were also collected for future investigations on the DA of
protein between colour morphs. These polyps are currently in -80 ℃ storage (data not shown).
These samples contain tissue from five colonies of all available colour morphs (brown, purple,
green, red, and orange) in the nearshore waters of Carriacou. Rather than assess the differences
between common and a less-abundant colour morphs, the present study established the baseline
of variation that is found in common colour morphs.
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Figure 4.5: Heatmap showing the intensity in expression of all differentially abundant proteins at timepoint A (Day 0) between the
‘brown’ and ‘purple’ colour morphs of Montastraea cavernosa. Higher intensity is denoted by darker colours.

4.4.10 PROTEOME
Combining the data for all tissue samples used in this thesis that were sent for LC-MS
sequencing in this thesis resulted in 26 772 peptide sequences that passed the criteria in PEAKS
for reliable identification. These 26 772 peptides corresponded to 7434 individual proteins. Of
the 7434 individual proteins there were 1042 uniquely named proteins identified (Appendix 5).
There were 31 high abundance proteins with -10 LgP scores ≥ 250 (Table 4.5). Unsurprisingly,
mucin 5B was the most abundant protein. Six of the highest abundant proteins were not DA in
any of the TMT runs. The majority of the proteins with the highest -10 LgP scores were either
structural (actin, tropomyosin, fibronectin type III domain-containing protein-like) or common
enzymes (fructose-bisphosphate aldolase, cytosolic non-specific dipeptidase, etc.). Additionally,
the immune protein L-rhamnose binding lectin was also one of the proteins identified with a high
-10 LgP score. This protein appears to be a major PRR for M. cavernosa during tissue
regeneration (Chapter 3).
Searching against the 45 101 Symbiodinium spp. protein sequences on NCBI, the present
study identified 1415 peptides corresponding to 135 proteins that could be identified in the
present study. Of these 135 proteins there were 44 uniquely named proteins originating from
zooxanthellae. These proteins were largely related to chlorophyll-specific processes or to
cytoskeletal function. The seven zooxanthellae proteins with the greatest abundance (-10 LgP
score ≥200) are listed in Table 4.6. All of these proteins were directly involved with chlorophyll
or chloroplast function. The lack of many proteins originating from the Symbiodinium spp.
database with high -10 LgP scores is likely caused by the low number of available sequences in
this database. Expansion of the database with de novo assemblies of Symbiodinium spp.
transcriptomes will help increase the reliability of data generated in future.
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Table 4.5: Anthozoan proteins with -10 LgP scores ≥ 250 from the proteome of apparently healthy Montastraea cavernosa samples
collected from the nearshore waters of Carriacou, Grenada in 2015.
UniProt ID
Q9HC84
Q38JJ2
U6CSW5
A2EVM7
D0VY44
K1QFR9
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N/A
N/A
Q6IRK8
A5LGG9
P12716
A7SF13
E6Y6Q1
T2MHQ2
G5B2A0
Q6P358
T2MHB9
O57313
F1M9V7
K1QXA7
A7SE06
L7M2A4
K4FSF4
I0FXJ1

Protein (Gene)
Mucin-5B (MUC5B)
Protein disulfide-isomerase 2-like (N/A)
EGF and laminin G domain-containing protein-like (CNTP2)
Centrosome-associated protein CEP250-like (TVAG_193760)
Fibronectin type III domain-containing protein-like (N/A)
PREDICTED: spectrin beta chain, non-erythrocytic 1-like
(CGI_10013845)
Uncharacterized protein LOC110039838 (N/A)
Uncharacterized protein LOC110045335 (N/A)
Spectrin alpha chain, non-erythrocytic 1-like (Sptan1)
Calreticulin-like (CRT)
Actin, cytoplasmic (N/A)
Fructose-bisphosphate aldolase, non-muscle type-like (v1g244812)
Gelosin-like protein 2 (N/A)
Tropomyosin-like (TPM1)
Phosphoenolpyruvate carboxykinase [GTP], mitochondrial (GW7_11972)
Cytosolic non-specific dipeptidase-like isoform X2 (cndp2)
Enolase-like (ENO1)
Phospholipase_A2-like (PPLA2-2)
Puromycin-sensitive aminopeptidase-like (Npepps)
L-rhamnose-binding lectin CSL3 (CGI_10027161)
NADP-specific glutamate dehydrogenase-like (v1g169502)
Alpha-actinin-like (N/A)
Putative aminopeptidase
Creatine kinase, flagellar-like isoform X1

E. – Exaiptasia, O. – Orbicella, A. – Acropora, S. – Stylophora
e-values smaller than 2.225074e-308 are represented as 0.0.

Species
E. pallida
O. faveolata
O. faveolata
O. faveolata
O. faveolata
A. digitifera
O. faveolata
O. faveolata
O. faveolata
O. faveolata
O. faveolata
S. pistillata
S. pistillata
O. faveolata
S. pistillata
S. pistillata
S. pistillata
O. faveolata
S. pistillata
S. pistillata
A. digitifera
O. faveolata
O. faveolata
O. faveolata

e-value
0.0
0.0
0.0
0.0
0.0
0.0
0.0
2.00e-116
0.0
0.0
0.0
0.0
0.0
6.00e-91
0.0
0.0
0.0
9.00e-67
0.0
3.00e-61
0.0
0.0
0.0
0.0

% Identity

-10 LgP

36
93
81
93
78

405.92
388.21
377.05
374.91
357.56

85
96
86
88
96
99
72
72
93
87
88
89
72
83
56
86
97
91
97

340.85
340.8
340.44
327.94
326.19
320.05
318.39
316.47
312.27
300.66
289.02
288.08
287.54
286.85
278.68
278.39
270.39
265.16
264.43

Table 4.5 continued: Anthozoan proteins with -10 LgP scores ≥ 250 from the proteome of apparently healthy Montastraea cavernosa samples
collected from the nearshore waters of Carriacou, Grenada in 2015.
UniProt ID
Q38JJ2
T2MHH5
K9XBV6
K1PKC1
B4H5R1
Q64G12

Protein (Gene)
Protein disulfide isomerase-like 2-2
Myosin heavy chain, striated muscle (MYH6)
Glyoxalase 3-like (Glo7428_1584)
Collagen_alpha-6(VI)_chain (CGI_10019585)
Spectrin alpha chain, non-erythrocytic 1-like (Dper\GL16209)
Actin, cytoplasmic isoform X3

E. – Exaiptasia, O. – Orbicella, A. – Acropora, S. – Stylophora
e-values smaller than 2.225074e-308 are represented as 0.0.

Species
O. faveolata
S. pistillata
O. faveolata
S. pistillata
O. faveolata
S. pistillata

e-value
0.0
0.0
3.00e-141
2.00e-134
0.0
2.00e-136

% Identity

-10 LgP

90
92
89
51
98
98

264.27
262.63
261.16
258.23
257.54
251.11
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Table 4.6: Symbiodinium spp. proteins with -10 LgP scores ≥ 200 from the proteome of apparently healthy Montastraea cavernosa
samples collected from the nearshore waters of Carriacou in 2015.
Database Protein

BLAST Protein

Peridinin chlorophyll
CSP-C α-binding protein precursor
Peridinin chlorophyll α-binding protein CSP-C α -binding protein precursor
Peridinin chlorophyll α binding protein CSP-C α -binding protein precursor
Peridinin chlorophyll α binding protein CSP-C α -binding protein precursor
CSP-C α-binding protein precursor
CSP-C α -binding protein precursor
Chloroplast oxygen-evolving enhancer N/A
Polyubiquitin-partial
Polyubiquitin, partial
e-values smaller than 2.225074e-308 are represented as 0.0.
CSP-C – Chloroplast soluble peridinin-chlorophyll

Species
Symbiodinium spp. clade B
Symbiodinium spp. clade B
Symbiodinium spp. clade B
Symbiodinium spp. clade B
Symbiodinium spp. clade B
Symbiodinium spp. clade B
Symbiodinium spp. clade B

e-value

% Identity

-10 LgP

0
0
0
0
0
0
0

83
83
86
88
100
83
83

335.48
262.66
249.34
248.86
244.94
219.39
209.13
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Of the 7434 individual proteins identified, 5138 returned BLAST hits using Blast 2 GO.
Using a GO category filter of 300 GO terms, the biological processes GO categories containing
the highest proportion of sequence scores were single-organism processes (20 %), transport (12
%), cellular protein metabolic processes (9 %), small molecule metabolic processes (9 %), and
regulation of cellular processes (8 %) (Figure 4.6). Oxidation-reduction processes, which were
critical to regenerating tissue (Chapter 3), made up 6 % of biological processes (Figure 4.6).
Using the same sequence filter (300 GO terms) applied to molecular function the GO categories
containing the highest proportion of sequence scores were protein binding (22 %), metal ion
binding (16 %), and oxidoreductase activity (15 %) (Figure 4.7).
The large number of proteins associated with redox pathways are to be expected. Corals
make extensive use of redox pathways in stressed tissues (Chelikani et al., 2004, Fuess et al.,
2016; Lesser & Shick, 1989; Mydlarz & Palmer, 2011; Van Oppen & Gates, 2006; Voolstra et
al., 2009). Additionally, nitric oxide levels are elevated in stressed hard and soft coral tissue,
often resulting in bleaching (Ross, 2014; Weis, 2008) and cellular nitrogen compound regulating
processes comprised 5 % of biological GO processes in the proteome of apparently healthy M.
cavernosa.
The annotated transcriptome made available by Kitchen et al. (2015) has entries for
200 224 accession IDs. Of these, 77 581 are annotated as known proteins and 21 118 of these
annotations are for uniquely named proteins. In the present study 1042 unique proteins were
identified, which accounts for approximately 4.9 % of the total of identifiable unique proteins
from Kitchen et al. (2015).
While the use of tissues from Acropora cervicornis, which has a relatively well-annotated
genome, would have perhaps allowed for simpler data analysis there were distinct advantages to
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using M. cavernosa tissues. A. cervicornis was once the dominant hard coral cover throughout
most of the Caribbean but was decimated in the 1970s by a combination of disease, temperature
stress, and competition for space (Williams, 1990). Current populations of A. cervicornis are so
rare in the Caribbean that their acquisition for basic research would have been challenging. The
more readily available populations of A. cervicornis from coral nurseries are often from distinct
genetic lineages that are selected for tolerance to thermal stress and are therefore, not
representative of the populations that existed naturally across the region. We chose to use fieldcollected polyps from one of the remaining, relatively common, reef-building corals in order to
provide a reasonable, representative species of the present Caribbean.
GO analyses are commonly used in organisms with a sequenced genome to determine
possible pathway interactions. Since this GO information does not exist for M. cavernosa the GO
analyses presented here are derived from human GO terms. While not ideal this approach
provides a framework for understanding how various proteins interact in relatively simple
organisms. BLAST 2 GO (Conesa et al., 2005) calculates a node score for each GO term based
on the sum of sequences directly or indirectly associated to a given GO term weighted by the
distance of the term to the GO term the sequence was originally annotated to. The higher the
node score the more GO processes are associated with it.
Unsurprisingly, the majority of proteins that could be assigned GO terms were associated
with either single organism, transport, or metabolic processes (Figure 4.6). When examining the
GO entries by molecular function the protein and metal ion and binding categories as well as GO
entries involved with oxireductase activity comprised the majority of functional groups (Figure
4.7). The polyps selected for this study were all from M. cavernosa colonies of approximately
the same size, shape, and health condition (apparently disease free) and most were from colonies
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that regenerated to a similar degree after lesions were created. In healthy coral tissue it was
reasonable to observe that the majority of proteins were involved in the maintenance of
homeostasis.
Scleractinian corals depend heavily on their many symbionts for health and consequently
one of the highest proportion of GO terms were related to single-organism processes (Figure
4.6). Maintaining the host-symbiont relationship requires the delivery, reception, and correct
interpretation of a myriad of intercellular and intracellular signals. It was unsurprising that GO
terms associated with single organism processes had the highest node score of the biological
processes. To obtain further information on the relative abundance and changes of coral
symbionts to changes in coral additional searches of bacterial and viral databases must be made
(Dunlap et al., 2013; Nguyen-Kim et al., 2014; Rosenberg et al., 2007; Shinzato et al., 2014;
Shnit-Orland & Kushmaro, 2009; Weynberg et al., 2014).
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Figure 4.6: Gene ontology (GO) categories with more than 300 GO terms for biological processes of all identified proteins in
apparently healthy Montastraea cavernosa tissues collected from colonies in the nearshore waters of Carriacou, Grenada.
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Figure 4.7: Gene ontology (GO) categories with more than 300 GO terms for molecular processes of all identified proteins in
apparently healthy Montastraea cavernosa tissues collected from colonies in the nearshore waters of Carriacou, Grenada.

4.4.11 GENERAL
Slattery et al. (2012) noted that to obtain the most reliable data from a marine proteomics
experiment, samples must be handled carefully and, if possible, aliquoted between several -80 ℃
freezers. Preparing multiple aliquots was not possible in the field due to the number of samples
collected for these experiments and the space available in the dry shipper. The dry shipper was
used to flash-freeze samples collected in the field and to store them at -80 ℃ but due to space
limitations aliquoting samples was not possible. The major drawback that most marine
proteomics experiments face is the degradation of sample quality due to a combination of marine
salts and the freeze-thaw cycle inherent with field research (Slattery et al., 2012). To reduce the
possibility of sample degradation, all polyps were rinsed at least 3 times in deionized water
before being placed in sterile microcentrifuge tubes and then immediately flash frozen. Once
back in the laboratory samples were placed in storage at -80 ℃ and only removed from the
freezer when required for analysis. Tissue samples were processed on ice whenever possible and
in small groups of four such that no sample was completely thawed while the prior sample was
being prepared for protein extraction.
Having access to an annotated transcriptome (Kitchen et al., 2015) allowed the
application of shotgun proteomics to proceed relatively smoothly, however, annotation of certain
sections of the transcriptome were odd but interesting. There are annotated segments of the
transcriptome that belong to a family of proteins induced by the presence of the single stranded
RNA (ssRNA) virus, viral hemorrhagic septicemia virus (VHSV). This is likely the result of how
the annotated transcriptome was uploaded since these entries are all based on inferred
homologies of proteins found in Oncorhynchus mykiss and Perca flavescens, two teleost fish
species (Kitchen et al., 2015). M. cavernosa is not a teleost fish, however, corals do exist in an

162

environment rife with bacteria, protists, and viruses; some of which make up their symbiotic
community (Thurber et al., 2017). It is highly likely that the annotated VHSV-induced proteins
are indeed induced by one of the many marine viruses that M. cavernosa is exposed to, although
not likely VHSV. Using an in sillico virome generated from 14 individuals comprising four
different species of coral, Quistand et al. were able to predict the identity of 2503 proteins, many
of which were immune-related (2016). If a similar approach was used with M. cavernosa it
would likely be possible to predict proteins that interact with ssRNA or other viruses.
This study provides a comparative analysis of the DA of protein during tissue
regeneration in M. cavernosa between individuals that are able to regenerate damaged tissue at a
normal rate versus those which experienced delayed regeneration. It also provides the initial
assessment of the M. cavernosa proteome in apparently healthy tissue and contrasts the
abundance of several proteins from two common colour morphs. It is important to establish
which proteins are expressed and are detectable under normal conditions to provide a reference
for future work. One of the areas identified in Slattery et al. (2012) for future investigation was
how the proteome would change when exposed to differing environmental conditions. In order to
draw meaningful comparisons for this type of work in the future the baseline established in the
present study that shows the natural variation in protein expression is essential.
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CHAPTER 5: GENERAL DISCUSSION
5.1 GENERAL DISCUSSION
The overall purpose of this thesis was to determine the gross and proteomic factors that influence
tissue regeneration in the great star coral, Montastraea cavernosa. M. cavernosa was selected as
the subject animal of this thesis for the following reasons: 1) its common occurrence throughout
the heavily-impacted Caribbean Sea would allow for the extrapolation of results to a large
geographic region; 2) it is one of the remaining reef-building species in the Caribbean Sea
following the devastation of the Acropora spp. populations (Aronson & Precht, 2001; Williams
& Bunkley-Williams, 1990); 3) its large individual polyp size allowed for relatively simple
visual assessment of lesion regeneration in the field; and finally because 4) an annotated M.
cavernosa transcriptome was recently made available (Kitchen et al., 2015), which greatly
facilitated protein identification.
Field research was conducted in the tri-island Caribbean nation of Grenada. Colleagues at
the School of Veterinary Medicine at St. George’s University (SGU) had recently developed a
novel method for coring coral colonies in the field using a pneumatic drill equipped with a
diamond coring bit (Medellin, 2013). Grenada has recently established marine protected areas
(MPAs) on two of its constituent islands, Grenada and Carriacou (Grenada Ministry of
Agriculture, 2010; The Nature Conservancy & Grenada Fisheries Division, 2007). One of the
key components of proper reef management is to minimize potential factors that diminish a
coral’s innate ability to recover from natural disturbances (Moses & Hallock, 2016). Damaged
coral tissues in stressed colonies can easily become overgrown by macroalgae (Fisher et al.,
2007; Titlyanov & Titlyanova, 2008) and are more susceptible to disease (Aeby & Santavy,
2006; Page & Willis, 2006). Long-term damage to scleractinian coral tissue (Williams, 1994) as
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well as tissue regeneration rates have been proposed as a proxy for coral colony health (Fisher et
al., 2007) since the relative abundance of cellular biomarkers for stress will increase as coral
colony health decreases (Moses & Hallock, 2016) (Figure 5.1).
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Figure 5.1: Cellular biomarkers and regeneration rates of corals based on physiological status (adapted from Allen & Moore, 2004
and Moses & Hallock, 2015).

Based on this evidence (Fisher et al., 2007; Moses & Hallock, 2016), the status of the
benthic community needed to be established at select study sites. Recent work in the region had
established permanent monitoring stations at sites used by the commercial dive industry, both
inside and outside the boundaries of the Monlinère-Beauséjour MPA (MB-MPA) (Anderson et
al., 2012; Anderson et al., 2014). Visually similar sites also frequented by the commercial dive
industry were selected and established in the nearshore waters of Carriacou and its MPA, the
Sandy Island Oyster Bay MPA (SIOB-MPA). Study sites on Grenada and Carriacou were
surveyed in the fall of 2014 and 2015.
Significant differences were detected in the benthic community species assemblages
between islands, selected sites, and between years (Chapter 2). There was no significant effect of
MPA status on benthic community assemblages in either year or on either island (Chapter 2).
There was high variability in the percent cover of major benthic groups (coral and macroalgae)
between years and between islands. Many of the significant differences in percent coral and
macroalgal cover were driven by significant changes at individual sites (e.g. Jackadam).
Establishing additional transects at all sites or additional sites could decrease the overall
variability between sites in future studies. The significant changes in benthic community
composition between years combined with the high variability of percent cover of major benthic
groups between sites suggests that these areas are under stress (Jackson et al., 2014).
An intermediate state of disturbance should promote both higher diversity and
regeneration rates (Connell, 1978; Dollar & Tribble, 1993; Langmead & Sheppard, 2004),
however diversity indices in Carriacou were no different than in Grenada. Grenada and
Carriacou have only experienced two hurricanes in the past 20 years; in 2004 and 2005 (Jackson
et al., 2014). Given that it takes approximately eight years (Gardner et al., 2005) for a reef to
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return to a pre-hurricane state, it seems unlikely that the low coral cover and high macroalgal
cover on these islands can be attributed to hurricane damage alone.
As the benthic surveys were being conducted in 2014, lesions were created on 124 M.
cavernosa colonies within 5 m of a transect site. Despite the care taken to select coral colonies of
approximately the same size that were used for lesion creation, there was inevitably some
variation. Significant differences in colony size (p<0.05) were detected but this was largely
driven by four colonies at a single site. Colony size has been shown to have an effect on lesion
regeneration rates (Bak & Meesters, 1998; Henry & Heart, 2005; Kramarsky-Winter & Loya,
2000) but any difference in colony size in the present study was not matched by an altered
regeneration rate (results not shown).
To test for possible effects of nutrient-rich water in the region (Nimrod, 2013) on coral
tissue regeneration, two sterile 50 ml tubes were opened underwater within 5 m of specific
transect stakes at each site at weekly intervals throughout the field period in 2014. At the surface,
a HACH colorimeter DR 900 (Loveland, CO, USA) was used to test each sample in duplicate for
ammonia, nitrate, and nitrite concentrations following the protocol supplied by the manufacturer.
An ANOVA with site nested within MPA, nested within island, was used to test for differences
in nutrient levels. No significant effect of island, MPA status nested within island, or site nested
within MPA status was detected for ammonia concentration or nitrite concentration. A
significant effect of site nested within MPA status was detected for nitrate concentration
(p=0.0417), however, a Tukey post-hoc test showed no significant differences between sites.
Mean ammonia concentration was 0.23 ± 0.67 mg/L (± SE); mean nitrite concentration was 0.22
± 0.53 mg/L and mean nitrate concentration was 0.91 ± 1.15 mg/L. Seawater salinity, measured
via a traditional handheld refractometer, was 34 parts per thousand throughout the study and did
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not vary. Mean water temperature was recorded for each dive using personal dive computers and
was 29 ± 0.5 ℃.
None of the environmental parameters quantified here, including water chemistry, had
any significant effect that could be correlated with lesion regeneration. The lack of correlation of
these factors can be attributed to the surprising overall lack of difference in these parameters.
The Salle and Dragon Bay rivers discharge within 1.5 km of the MB-MPA in Grenada and the
Beausejour discharges directly into the MB-MPA (Nimrod, 2013). These rivers have had high
phosphate and ammonia concentrations during periods of intense rainfall and previous surveys at
sites near the Beausejour river have detected high phosphate and ammonia concentrations
(Nimrod, 2013). Human waste originating from cruise ships was observed directly over the GPS
coordinates of Northern Exposure in Grenada in 2017 and, although seawater was not sampled at
this time for nutrient analysis, ammonia concentrations would likely have been elevated. More
frequent water quality analyses over a longer time period might reveal trends not detected in the
present study.
Given the differences in site community composition, both between sites at an island as
well as between islands, it was somewhat surprising that some sort of site effect was not detected
in regenerating coral tissue. There may have been additional stress factors to the corals that were
not directly quantified, such as the frequency of SCUBA divers visiting each area, boat traffic,
fishing activities, the presence of invasive species and other factors that might be linked to lesion
regeneration rates. It is also possible that an unquantified environmental parameter such as
nutrient cycling on the reef, turbidity, or dissolved oxygen had a negative effect on tissue
regeneration (Sabine et al., 2015). Turbidity could be quantified in subsequent studies with the
use of a Secchi disk, settlement traps, or turbidity meters.
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Since stressed coral colonies with damaged tissues are more susceptible to infection
(Aeby & Santavy, 2006; Page & Willis, 2006), the prevalence of disease might be expected to be
higher on stressed or unhealthy reefs (Bruno et al., 2007). Tissue regeneration rates have been
proposed as a proxy for coral colony health (Fisher et al., 2007, Moses & Hallock, 2016). A
properly managed MPA should have diverse coral communities and high coral cover as well as
normal tissue regeneration rates (Fisher et al., 2007). A combination of benthic community
monitoring, seawater turbidity, nutrient levels, and tissue regeneration rates would provide the
most complete assessment of the health of coral reefs. Using three-dimensional analysis of coral
reef habitat combined with fish diversity and abundance surveys would also provide the
information that managers need and are most often presently missing (Burns et al., 2015; Burns
et al., 2016; Figueira et al., 2015; Fisher et al., 2007).
Given the lack of differences in lesion regeneration rates that could be attributed to a site
effect, further investigation was undertaken at the proteomic level. Proteomics was chosen over
transcriptomics because determination of differential protein abundance is a quantifiable means
to assess the differences between genotype and phenotype (Slattery et al., 2012). Lesion closure
rates varied significantly between the two islands as well as between individual colonies and
based on this, tissue was removed from M. cavernosa colonies to document changes the
detectable proteome during the first month of regeneration (Chapter 3 and 4). Previous studies
have reported an approximately two-week delay before experimentally-induced lesions can be
grossly observed to have begun regenerating (Meesters et al., 1994) and as such, tissue was
sampled at this time. This was also the earliest time after lesion creation that sufficient tissue was
deemed likely to be present to allow proteome analysis.
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Studies of regenerating coral tissue using histology have noted that scleractinian corals
use similar cells as vertebrates to heal lesions (Palmer et al., 2011; Work & Aeby, 2010). Many
proteins that are active in these processes in vertebrates have been described in corals but
primarily as mRNA transcripts (Barshis et al., 2013; Chen et al., 2006; Drake et al., 2013; Fuess
et al., 2016; Lesser & Shick, 1989; Mydlarz & Palmer, 2011; Van Oppen & Gates, 2006;
Voolstra et al., 2009). Many proteins that are associated with the regenerative processes of
inflammation, immunity, proliferation, and maturation were detected in the regenerating tissues
of M. cavernosa (Chapter 3 and 4).
Despite the relatively high number of proteins linked to regeneration that were detected
there were some notable omissions. No transforming growth factor betas (TGF-β) were detected
in the regenerating tissues of M. cavernosa. Members of the TGF-β superfamily; such as bone
morphogenic protein (BMP) 2 and BMP 4, found in vertebrates, have been identified in
scleractinian corals using reverse transcription quantitative polymerase chain reaction (RTqPCR) (Zoccola et al., 2009). BMP 2/4 transcripts are associated with increasing organic matrix
production by calicoblastic epithelial cells in scleractinian corals growing skeleton under
laboratory conditions (Zoccola et al., 2009). Since the lesions created in the field in the present
study caused some damage to the skeleton it is somewhat surprising that BMP 2/4 was not
detected.
While TGF-β receptors and transcription factors are annotated in the transcriptome
provided by Kitchen et al. (2015) there are no annotated TGFs in the transcriptome, which
explains their absence in any of the samples. Downstream of the TGF-β signalling pathway,
anthozoans like all other metazoans, make use of SMAD proteins for the transduction of
extracellular signals to the nucleus of regenerating cells to initiate gene transcription (Reitzel et
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al., 2008). These too were absent in both the differentially abundant proteins as well as the total
proteins observed despite there being approximately 26 SMAD or SMAD-related annotated
proteins in the annotated transcriptome (Kitchen et al., 2015). Anthozoans also make use of
integrin receptors to mediate cell-to-cell adhesion and cellular signalling (Reitzel et al., 2008).
Small leucine rich repeat proteins are integral elements involved in organizing the extracellular
matrix. They are present in the starlet sea anemone (Nematostella vectensis) genome (Reitzel et
al., 2008) and are presumed to be active during lesion regeneration. These were also not detected
in the regenerating lesions in the present study. These proteins were likely not detected since
they are expressed at very low (pg/mL) concentrations and are difficult to detect using mass
spectrometry approaches (Stenken & Poschenrieder, 2015). Antibody-based or functional assays,
analogous to those already used to test for the presence of phenoloxidases (Mydlarz & Palmer,
2011), could be used to detect the presence or function of low-concentration proteins but would
need to be developed first.
There were some issues in the quality and quantity of soluble proteins that were sent to
the Toronto Hospital for Sick Children. Protein extraction was always carried out on ice
(Barneah et al., 2006), however, due to the small volume of tissue in regenerating lesions, these
extractions often required more time than predicted which may have resulted in limited protein
degradation. Whole coral polyp and skeletal homogenization could be used to potentially
increase the protein concentration, however, this would likely introduce salts and Ca2+ which
would be detrimental to the LC-MS analysis. Insoluble proteins were not collected to be included
in the proteome of apparently healthy M. cavernosa. This was an unfortunate oversight that is
currently being addressed and this data will be added to the proteome once available. It is
reasonable to assume that proteins identified as part of the skeletal organic matrix will also be
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present in the skeleton of M. cavernosa (Drake et al., 2013; Marie et al., 2013; Mass et al., 2012;
Ramos-Silva et al., 2013). Collagen (Goldberg, 1974), cysteine-rich proteins (Sunagawa et al.,
2009), and von Willebrand factor type A domain-containing proteins and zona pellucidas
(Hayward et al., 2011) are all hypothesized to play a role in skeleton deposition and were all
detected in regenerating M. cavernosa tissue (Chapter 3 and 4). The relative abundance of these
proteins will likely increase after the peptides resulting from a more aggressive protein
solubilization technique are added to the proteome. Additional proteins associated with the
skeletal matrix will also likely be detected.
Increasing the false discovery rate (FDR) from 1 to 5 % on the database searches of M.
cavernosa returned, on average, 10 % more proteins (data not shown). Following the advice of
experts in LC-MS analysis, these proteins with low -10 LgP scores were not included in any of
the differential abundance studies. Often, these proteins with low -10 LgP scores corresponded to
additional peptides in proteins that had already been identified with a high degree of confidence
and did not provide much additional useful information. Using less severe cut-off values in any
of the LC-MS analyses would have resulted in additional identified proteins. Since this was the
first study to our knowledge to use proteomics to study tissue regeneration we applied stringent
cut-off values to increase confidence score of our results. We decided that providing a reliable
baseline for future research was more important than potentially increasing the number of lowquality peptides identified.
The low number of identified protein from the NCBI Symbiodinium spp. database
(approximately 45 000) relative to the cnidarian database (approximately 313 344) is likely the
result of the relatively low number of protein annotations of the genome (Shoguchi et al., 2013).
Other studies in corals using proteomics to investigate changes in Symbiodinium spp. protein
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expression have searched for proteins in heavily modified databases (Weston et al., 2012). This
technique allowed for detection of a large number of proteins from a Symbiodinium spp. enriched
fraction by ignoring the e-value (Weston et al., 2012).
The summary statistics produced in PEAKS generated by Symbiodinium spp. searches in
the present study did not follow the typical score distribution pattern and were instead very
haphazard. These atypical FDR curves resulted in using a severe 1 % FDR where a less
conservative 5 % FDR might have been used to increase the number of proteins detected.
Increasing the FDR in Symbiodinium spp. searches to 5 % returned, on average, an additional 5
proteins with very low -10 LgP scores, which were not included in Chapter 4. The low presence
of zooxanthellae-related proteins might also be explained by the lack of pigmentation in the
regenerating tissue sampled in the present study.
As coral lesions heal they will regain their original colouration late in the regeneration
process (Palmer et al. 2011; Work & Aeby, 2010), indicating the return of zooxanthellae. The
lesions selected for proteomic analysis had not yet regained their full normal colouration when
the day 14, 21, and 31-33 tissue samples were collected, indicating that Symbiodinium spp.
abundance may have been low. Symbiodinium spp. are the major endosymbionts of hermatypic
corals yet they are not the only symbionts (Dunlap et al., 2013; Nguyen-Kim et al., 2014;
Rosenberg et al., 2007; Shinzato et al., 2014; Shnit-Orland & Kushmaro, 2009; Weynberg et al.,
2014). Additional searches of available bacterial and viral genomes would likely provide insight
to the interaction of all these organisms in regenerating coral tissue.
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5.2 SUMMARY & CONCLUSIONS
The hypotheses for this thesis were:
1) With the recent establishment and inconsistent enforcement of MPAs on Grenada and
Carriacou, MPA status will not have a significant effect on predicting benthic community species
assemblages and percent coral cover.
Given that:
a) There were no effects of MPA status on benthic species diversity, percent
coral cover, or percent macroalgal cover (Chapter 2).
The first hypothesis was not rejected.
Additionally:
a) There were significant decreases in percent coral and macroalgal cover
between 2014 and 2015 in Carriacou and Grenada (Chapter 2); and
b) There were significant differences in scleractinian coral communities between
all survey sites and between years (Chapter 2).
2) MPA status in Grenada will not have a significant effect on the regeneration of artificially
induced lesions created on M. cavernosa colonies.
Given that:
a) There were significant differences in the estimated rate (-b) of lesion closure
between lesions created on Carriacou and Grenada (Chapter 3).
The second hypothesis was not rejected.
Additionally:
a) Significantly different non-linear models could be generated to predict lesion
closure (Chapter 3).
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3) M. cavernosa will show significant differential abundance of proteins that are similar to those
used by other metazoans while regenerating tissue.
Given that:
a) Twenty-four proteins related to immunity, inflammation, and tissue
regeneration were differentially abundant during regeneration of M.
cavernosa tissue, (Chapters 3 & 4); and
b) Similar proteins are used by other metazoans during regeneration (Chapters 3
& 4).
The third hypothesis was not rejected.
Additionally:
a) One hundred eleven proteins were differentially abundant during
at least one timepoint over the course of the first month of the lesion
regeneration process (Chapter 3); and
b) Significantly different rates of regeneration were detected
between brown and purple M. cavernosa colonies (Chapter 4).
4) There will be proteins associated with catabolism and disregulated homeostasis in M.
cavernosa colonies undergoing delayed regeneration compared to those that regenerate normally.
Given that:
a) At least eight proteins associated with catabolism and disregulated
homeostasis were differentially abundant in ‘slow’ relative to ‘fast’
colonies (Chapter 4).
Additionally:
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a) Significantly different models could be fit to ‘fast’ and ‘slow’
regenerating M. cavernosa colonies (Chapter 4); and
b) One hundred twenty-five proteins were differentially abundant in the
tissue of ‘fast’ vs. ‘slow’ regenerating M. cavernosa (Chapter 4); and
The fourth hypothesis was not rejected.
5) The recent availability of the M. cavernosa transcriptome combined with the use of sensitive
protein detection techniques, will allow the creation of a preliminary proteome of apparently
healthy M. cavernosa tissue that represents 5 % of that predicted by the transcriptome.
Given that:
a) One thousand forty-two uniquely named proteins were identified in
apparently healthy M. cavernosa, representing 4.9 % of the predicted
proteins (Chapters 3 & 4).
The fifth hypothesis was rejected.
Additionally:
a) Ninety five percent of reliably identified proteins returned significant
BLAST hits (Chapter 4); and
b) Forty-four uniquely named proteins originating from zooxanthellae
were reliably identified in the proteome of apparently healthy M.
cavernosa (Chapter 4).
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5.3 FUTURE DIRECTIONS
One of the original goals for this research was to develop M. cavernosa as a model organism for
scleractinian coral tissue regeneration. Over the last few years it became apparent that there was
too much variation in the marine environments where M. cavernosa would be collected,
including variation in colony size, colony colour, colony genetics, and colony lesion regeneration
rates for this goal to become a readily achievable goal. While it may still be viable to use clonal
laboratory populations of M. cavernosa as model organisms in the future, there are many animal
husbandry challenges that must first be overcome. The Nova State University (NSU) in Florida
has a terrestrial coral research facility with small M. cavernosa colonies and attempts were made
to obtain animals from NSU for this research, unfortunately, there were not enough colonies to
spare while the research for this thesis was underway. In the meanwhile, using a widelydistributed Caribbean coral such as Ricordea spp. to study tissue regeneration seems extremely
promising since these hexacorals regenerate damaged tissue quickly and reliably (Vroom, 2016).
Additionally, corallimorpharians, of which Ricordea spp. are members, have recently had several
transcriptomes made available (Bhattacharya et al., 2016) which would allow for experiments
similar to those explored here in Chapters 3 and 4.
One of the major limitations to the proteomics aspect of this thesis was the availability of
large numbers of tissue samples and of samples in the earliest phases of tissue regeneration. The
very early days of tissue regeneration have been documented as critical using histological
examination (Palmer et al., 2011; Vroom, 2016; Work & Aeby, 2010) and this is also likely to be
true at the proteomic level. Using a laboratory population of rapidly regenerating
corallimorpharians would allow for the sampling of tissues at these critical early timepoints
(Vroom, 2016). Having established, to our knowledge, the first documented evidence of
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differentially abundant proteins in a scleractinian coral during regeneration, searching for these
same proteins in laboratory population of regenerating Ricordea spp. tissue would be a logical
next step.
The lack of cytokines in regenerating coral tissue commonly observed in regenerating
vertebrate tissue should be addressed. This could be done via the creation of an ELISA-based
assay or through quantitative PCR or RNA-seq experiments once the appropriate markers are
developed. Fluorescent antibodies could also be developed to assist with the detection of
cytokines using flow cytometry.
Using coral lesion regeneration rates in conjunction with benthic field surveys in MPAs
as indicators of coral reef health is another logical step forward (Fisher et al., 2007; Moses &
Hallock, 2016) (Figure 5.1). Augmenting current benthic survey methods with the use of threedimensional photography (Burns et al., 2015; Burns et al., 2016; Ferrari et al., 2016; Figueira et
al., 2015) to provide spatial data is also recommended. The ability to statistically compare the
structural complexity of coral reef habitat to provide MPA managers with additional information
from a relatively simple data collection protocol would be extremely useful.
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Appendix 1a: Satellite image of the West coast of Carriacou with study site locations and approximate marine protected area border
(white line).

216
Appendix 1b: Satellite image of the West coast of Grenada with study site locations.

217
Appendix 1c: Satellite image of the West coast of Grenada with study site locations and approximate marine protected area border
(white line).

218
Appendix 2: Species accumulation (rarefaction) curve with standard error for Transect 1 of Sandy Island showing the number of
images required to observe a given number of unique species.

219
Appendix 3: Sheppard plot for Transect 1 of Sandy Island showing the relationship between ordination distance and observed
dissimilarity.

220
Appendix 4a: Non-metric multidimensional scaling of square root transformed transects at study sites in Grenada and Carriacou in
2014 based on species assemblages. Symbols with fill are in a marine protected area, symbols without fill are not.

221
Appendix 4b: Non-metric multidimensional scaling of square root transformed transects at study sites in Grenada and Carriacou in
2017 based on species assemblages. Symbols with fill are in a marine protected area, symbols without fill are not.

Appendix 5: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely named proteins
identified.
SeqName

222

comp49254_c0_seq1
comp15342_c0_seq1
comp7590_c0_seq1
comp1103_c0_seq5
comp4454_c0_seq2
comp7259_c0_seq1
comp58621_c0_seq1
comp18847_c0_seq2
comp4452_c0_seq1
comp6219_c2_seq1
comp21595_c0_seq1
comp40488_c0_seq1
comp5455_c0_seq1
comp14604_c2_seq1
comp8707_c1_seq1
comp34445_c0_seq2
comp22602_c0_seq2
comp14604_c2_seq1
comp64_c1_seq1
comp194_c0_seq1
comp121_c1_seq1
comp254_c0_seq2
comp153_c0_seq1
comp139_c0_seq1
comp198_c2_seq2
comp338_c0_seq1
comp6468_c0_seq1
comp58288_c0_seq2
comp23841_c0_seq1
comp94961_c0_seq1

Description
(DL)-glycerol-3-phosphatase 1
1,2-dihydroxy-3-keto-5-methylthiopentene dioxygenase
10 kDa heat shock mitochondrial-like
14-3-3-2 protein
14-3-3 epsilon-like isoform X3
15-hydroxyprostaglandin dehydrogenase [NAD(+)]
2 -deoxynucleoside 5-phosphate N-hydrolase 1
2,3-bisphosphoglycerate-independent phosphoglycerate mutase
26S protease regulatory subunit 4
26S proteasome non-ATPase regulatory subunit 2-like
2-aminoethylphosphonate-pyruvate transaminase
3(2),5-bisphosphate nucleotidase 1-like
39S ribosomal mitochondrial-like
3-hydroxyacyl-dehydrogenase type-2
3-hydroxyanthranilate 3,4-dioxygenase
3-hydroxyisobutyrate mitochondrial
3-hydroxypropionyl-coenzyme A dehydratase
3-oxoacyl-[acyl-carrier]-reductase
40S ribosomal S12
40S ribosomal S15
40S ribosomal S18
40S ribosomal S19-like
40S ribosomal S20
40S ribosomal S21-like
40S ribosomal S3
40S ribosomal SA-like
45 kDa calcium-binding -like
4-aminobutyrate mitochondrial
4-coumarate-ligase 1
4-hydroxy-2-oxoglutarate mitochondrial-like

e-Value
2.54E-82
1.51E-92
9.60E-46
2.74E-114
9.44E-89
1.83E-151
4.47E-75
0
0
0
0
0
3.00E-90
3.23E-169
4.33E-135
7.07E-157
3.50E-132
1.54E-167
2.73E-80
8.08E-66
8.52E-91
3.42E-60
3.93E-77
3.26E-29
4.11E-158
1.44E-161
9.85E-172
5.68E-112
0
2.54E-48

%
Identity
73.5
81.5
87.25
75.6
70.5
54.05
82.33
73.14
74.6
80.86
76.5
59.67
59.2
60.8
78.67
76.8
54.6
60.9
78.75
95.5
98.67
86
98.33
76.33
98
76.33
51.05
79.67
63.3
81

GO
Terms
2
3
2
1
1
4
8
4
14
6
2
6
2
3
1
2
2
3
5
6
4
3
5
4
3
1
5
2
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp21346_c0_seq1
comp15336_c0_seq1
comp62654_c0_seq1
comp1978_c0_seq1
comp4082_c0_seq1
comp191_c0_seq1
comp226_c0_seq2
comp84_c0_seq1
comp128_c0_seq1
comp2838_c0_seq1
comp15912_c0_seq5
comp26761_c0_seq1
comp26761_c0_seq3
comp26761_c0_seq5
comp26761_c0_seq8
comp5365_c0_seq2
comp3801_c0_seq1
comp13236_c0_seq1
comp38937_c0_seq1
comp4532_c0_seq1
comp3111_c0_seq1
comp11389_c0_seq1
comp18_c0_seq2
comp646469_c0_seq1
comp279_c1_seq1
comp1996_c0_seq1
comp785_c0_seq2
comp1966_c0_seq3
comp2326_c0_seq1

Description
4-hydroxybutyrate coenzyme A transferase
4-hydroxyphenylpyruvate dioxygenase
5-nucleotidase
60 kDa heat shock mitochondrial-like
60 kDa SS-A Ro ribonucleo-like
60S acidic ribosomal P0-like
60S acidic ribosomal P1-like
60S acidic ribosomal P2-like
60S ribosomal L5-A
6-phosphogluconate decarboxylating-like
97 kDa heat shock-like
A disintegrin and metalloase with thrombospondin motifs 16
A disintegrin and metalloase with thrombospondin motifs 16-like
A disintegrin and metalloase with thrombospondin motifs 6
A disintegrin and metalloase with thrombospondin motifs 6-like
ABC transporter F family member 4-like
Acetyl-mitochondrial
Acetyl-coenzyme A cytoplasmic-like
Acetyl-coenzyme A synthetase 2- mitochondrial
Acid ceramidase
Acidic leucine-rich nuclear phosphoprotein 32 family member B-like
Aconitate mitochondrial
Actin-partial
Actin-1, 2
Actin-depolymerizing factor 3-like isoform X1
Actin-related 2
Actin-related 2, 3 complex subunit 1A
Actin-related 2, 3 complex subunit 2
Actin-related 2, 3 complex subunit 4

e-Value
0
0
0
0
0
8.16E-172
2.61E-23
8.98E-37
3.54E-167
0
0
7.72E-129
0
1.23E-111
8.16E-105
3.22E-55
0
0
0
4.06E-169
1.52E-100
0
0
2.10E-49
1.52E-30
0
0
9.07E-166
2.37E-117

%
Identity
87.2
69.89
62
74.25
81.5
93.5
93
83.67
91.17
91.25
58.8
51.75
65.3
52.15
60.9
76
57.24
65.25
56.95
69
76.75
67.33
98.75
100
61.11
70.05
56
90.33
98.67

GO
Terms
2
3
2
3
1
6
3
6
5
3
1
3
2
1
7
2
3
4
2
3
1
1
2
3
3
2
4

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp8553_c0_seq1
comp3354_c0_seq1
comp12988_c0_seq1
comp187_c1_seq1
comp34655_c0_seq1
comp7494_c0_seq1
comp2254_c0_seq1
comp113129_c0_seq1
comp25660_c0_seq1
comp12878_c0_seq1
comp5677_c0_seq1
comp90136_c0_seq2
comp3108_c0_seq1
comp251_c0_seq1
comp7219_c0_seq1
comp23663_c0_seq2
comp4051_c0_seq1
comp7145_c0_seq1
comp32195_c0_seq1
comp1716_c0_seq1
comp13873_c0_seq1
comp11467_c0_seq6
comp21213_c0_seq1
comp17635_c1_seq1
comp17635_c1_seq5
comp6464_c0_seq2
comp1078_c4_seq208
comp1423_c0_seq1
comp1568_c0_seq1

Description
Actin-related 2, 3 complex subunit 5-like
Actin-related 3
Activin receptor type-2B-like isoform X1
Actitoxin-Aeq1b
Acyl-binding domain-containing 6-like
Acyl-binding -like
Acyl-carrier mitochondrial-like
Acyl-dehydrogenase family member 10-like
Acyl-amino-acid-releasing enzyme-like
Acyl-coenzyme A peroxisomal-like
Acylpyruvase mitochondrial-like
Adenine phosphoribosyltransferase
Adenosine kinase 2
Adenosylhomocysteinase A-partial
Adenylate kinase mitochondrial-like
Adenylosuccinate synthetase-like
Adenylyl cyclase-associated 2-like
Adenylyltransferase and sulfurtransferase MOCS3
ADP-ribose mitochondrial
ADP-ribosylation factor 1
Aflatoxin B1 aldehyde reductase member 4-like isoform X2
Alanine aminotransferase 2-like
Alanine-Trna-partial
Alcohol dehydrogenase [NADP(+)] A
Alcohol dehydrogenase [NADP(+)]-like
Alcohol dehydrogenase class-3
Aldehyde dehydrogenase family 3 member B1
Allograft inflammatory factor 1-like
Alpha carbonic anhydrase 3

e-Value
5.52E-75
0
2.12E-08
8.13E-58
1.23E-21
9.07E-39
1.85E-60
1.58E-42
0
0
5.57E-103
1.51E-73
0
0
7.64E-137
0
0
5.51E-151
1.51E-162
4.70E-115
0
0
0
2.79E-09
1.36E-13
2.24E-155
1.05E-59
6.83E-73
5.44E-143

%
Identity
83
57.8
48.33
73.55
52.55
65.54
77
59.22
63.23
56.11
64.67
69.33
60.83
78.44
58.3
84.8
67.8
56.2
71.88
84.75
74.63
62.5
82.4
80.8
81.6
72.83
68.08
68.58
59.05

GO
Terms
2
3
4
1
1
2
2
2
2
3
2
3
3
3
2
1
1
1
2
3
9
2
2
3
4
1
4

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
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comp1483_c0_seq2
comp5250_c0_seq1
comp6183_c0_seq1
comp896_c0_seq27
comp86959_c0_seq1
comp4221_c0_seq1
comp6241_c0_seq2
comp130838_c0_seq1
comp4471_c0_seq11
comp14884_c0_seq2
comp3442_c1_seq4
comp971_c0_seq1
comp3332_c0_seq2
comp4398_c0_seq1
comp2011_c0_seq2
comp3225_c0_seq49
comp1111_c0_seq22
comp8875_c1_seq2
comp8468_c0_seq2
comp14917_c0_seq2
comp834_c0_seq1
comp21506_c0_seq2
comp3882_c0_seq1
comp2689_c0_seq1
comp2689_c0_seq4
comp43254_c0_seq1
comp11868_c1_seq4
comp7166_c0_seq7
comp1002_c2_seq1

Description
Alpha I-G
Alpha-glucosidase 2-like
Alpha-ketoglutarate-dependent dioxygenase AlkB-like 4
Alpha-L-fucosidase-like isoform X1
Alpha-mannosidase 2C1
Alpha-N-acetylgalactosaminidase-partial
Aly REF export factor 2
Amidase
Amiloride-sensitive amine oxidase [copper-containing]
Aminoacylase-1-partial
Aminopeptidase N
Aminopeptidase NPEPL1
Angiotensin-converting enzyme-like
Ankyrin repeat domain-containing 24-like
Ankyrin-3-partial
Annexin A7
AP-1 complex subunit beta-1-like
AP-1 complex subunit gamma-1-like
AP-2 complex subunit alpha-2-like
APOBEC1 complementation factor
Apolipo B-100-like
Apoptosis inhibitor 5
Arachidonate 5-lipoxygenase
Arginine kinase-like isoform X1
Arginine kinase-like isoform X2
Argininosuccinate lyase
Argininosuccinate synthase
Arsenite methyltransferase
Arylsulfatase B-like

e-Value
0
0
1.63E-46
0
0
0
1.10E-94
1.20E-48
1.38E-67
0
2.25E-141
0
0
2.61E-51
0
0
0
0
0
5.93E-48
0
0
0
0
0
0
0
1.73E-134
0

%
Identity
72.2
55.82
64
76.5
82.75
73.54
61.33
56.44
58.93
56.33
48.8
66.33
71.31
59.1
66.65
71.35
70.05
59.33
61.58
60.4
51.72
86
58.9
75.2
75.2
84.75
87.75
68.43
64.8

GO
Terms
7
3
2
2
2
2
1
5
2
3
5
4
1
1
2
4
1
4
1
2
1
3
5
5
2
9
3
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
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comp4949_c0_seq1
comp3034_c0_seq1
comp23981_c0_seq1
comp12337_c0_seq2
comp553_c1_seq2
comp2228_c0_seq2
comp25_c0_seq8
comp7326_c1_seq5
comp5136_c0_seq3
comp1277_c0_seq32
comp297_c0_seq1
comp109163_c0_seq2
comp4345_c0_seq1
comp9971_c0_seq2
comp5549_c1_seq6
comp30424_c0_seq3
comp6985_c0_seq1
comp6842_c0_seq1
comp1256_c0_seq1
comp9074_c0_seq2
comp7695_c0_seq3
comp34324_c0_seq4
comp29090_c0_seq6
comp20900_c0_seq1
comp12813_c0_seq5
comp12813_c0_seq1
comp40202_c0_seq1
comp19476_c0_seq3
comp12250_c1_seq2

Description
Asparagine-synthetase [glutamine-hydrolyzing]
Asparagine-tRNA cytoplasmic-like
Aspartate mitochondrial-like
Aspartyl aminopeptidase-like
ATP synthase subunit mitochondrial
ATP synthase subunit mitochondrial-like
ATPase alpha subunit isoform-partial
ATP-citrate synthase-like isoform X1
Band 1
Barrier-to-autointegration factor-like
Beta-partial
Beta-carotene 15,15 -dioxygenase-like
Beta-enolase-partial
Beta-galactosidase-1, 2
Beta-hexosaminidase subunit beta-like
Betaine-homocysteine S-methyltransferase 1
Beta-soluble NSF attachment
Beta-ureidopropionase-partial
Bicaudal C homolog 1-B-like
Bifunctional 3 -phosphoadenosine 5 -phosphosulfate synthase
Bifunctional amine oxidase DDB_G0291301
Bifunctional purine biosynthesis PURH
Bleomycin hydrolase-like
BolA 3
Brain-specific angiogenesis inhibitor 1-like
Brain-specific angiogenesis inhibitor 3
Branched-chain-amino-acid aminotransferase-like
BTB POZ domain-containing KCTD21
C-1-tetrahydrofolate cytoplasmic

e-Value
0
0
0
0
0
0
0
2.86E-96
1.23E-47
2.55E-37
0
0
0
0
4.03E-44
0
2.01E-144
0
0
0
0
0
9.32E-141
1.91E-28
2.80E-102
1.28E-169
0
1.87E-27
0

%
Identity
73
62.5
73.57
87.44
62.82
66.82
62.75
87.33
66.45
70.2
97.85
62.42
93.4
57.6
84.67
71.6
83.67
70.86
58.89
88.67
61.6
78.75
83.67
60.5
55.29
49.65
82.33
60.9
91.5

GO
Terms
7
5
2
4
5
3
11
8
5
1
5
2
8
2
2
6
2
2
1
6
2
3
2
4
4
2
1
8

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp12250_c1_seq3
comp12250_c1_seq7
comp8039_c0_seq1
comp15565_c0_seq1
comp53164_c0_seq1
comp7232_c0_seq1
comp13109_c0_seq1
comp24498_c0_seq1
comp46789_c0_seq1
comp8838_c0_seq1
comp1023_c0_seq5
comp2472_c0_seq4
comp17191_c0_seq1
comp11902_c0_seq1
comp24269_c0_seq1
comp304_c0_seq1
comp33403_c0_seq1
comp2797_c0_seq3
comp29501_c0_seq7
comp3246_c0_seq3
comp3686_c0_seq1
comp2816_c0_seq4
comp13829_c0_seq5
comp38532_c0_seq1
comp1066_c0_seq4
comp165_c0_seq1
comp450_c0_seq2
comp594_c0_seq1
comp594_c0_seq1

Description
C-1-tetrahydrofolate cytoplasmic-partial
C-1-tetrahydrofolate cytoplasmic-like
Calcium-regulated heat stable 1-like
Calcyphosin isoform X1
Calmodulin
Calmodulin 12
Calmodulin 3
Calmodulin A
Calmodulin-like isoform X1
Calnexin-like isoform X1
Calpain-B-like isoform X2
Calreticulin-like isoform X1
Calumenin-B-like isoform X1
Calumenin-B-like isoform X2
cAMP-dependent kinase type II regulatory subunit
Carbonic anhydrase 2
Carbonyl reductase [NADPH]
Carboxypeptidase A2
Carboxypeptidase A4
Carboxypeptidase inhibitor
Carnitine O-palmitoyltransferase liver isoform-like
Cartilage matrix-like
Caspase 3
Caspase 8
Catalase
Cathepsin B-like cysteine-ase 4
Cathepsin L1-like
Cathepsin L1-like isoform X2
Cathepsin Z-like

e-Value
0
0
8.74E-60
6.82E-68
3.22E-13
7.84E-77
0
1.61E-96
2.06E-94
0
0
0
2.96E-152
5.61E-120
4.91E-134
2.27E-94
1.62E-156
1.34E-43
1.20E-52
0
0
4.19E-39
2.06E-77
3.61E-100
0
0
0
4.58E-164
1.29E-170

%
Identity
91.5
91.5
66.75
61.2
67.15
57.42
60.85
61.65
55.8
72.89
65.6
69.63
60.4
60.2
58.9
59.05
57.4
73.72
57.33
48.75
62.45
54
62
62.15
87.33
62.45
75.85
54.25
54.7

GO
Terms
8
3
1
1
1
6
2
1
1
4
3
4
1
1
5
5
2
4
5
3
1
1
4
3
12
8
2
2
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp21860_c0_seq1
comp1778_c0_seq6
comp162518_c0_seq1
comp1251_c0_seq2
comp1251_c0_seq3
comp14416_c0_seq5
comp7636_c0_seq2
comp213607_c0_seq1
comp4669_c0_seq1
comp2453_c1_seq1
comp15575_c0_seq1
comp32757_c0_seq1
comp20758_c0_seq1
comp3633_c0_seq1
comp1091_c0_seq1
comp2932_c0_seq2
comp5379_c0_seq1
comp9850_c0_seq1
comp6280_c0_seq1
comp127067_c0_seq1
comp3523_c0_seq1
comp30074_c0_seq1
comp9810_c0_seq2
comp16308_c0_seq3
comp2595_c0_seq1
comp756_c0_seq2
comp2816_c0_seq1
comp11075_c0_seq1
comp2130_c0_seq1

Description
Cation-dependent mannose-6-phosphate receptor
CD151 antigen-like
CD209 antigen E
CD63 antigen
CD63 antigen-like
cGMP-dependent kinase 1
Charged multivesicular body 4b
Chitinase 3
Chloride intracellular channel 2-like
Cholinesterase 1-like isoform X2
Chymotrypsin-like protease CTRL-1
Chymotrypsinogen B
Cilia and flagella-associated 36-like
Citrate mitochondrial-partial
Clathrin heavy chain 1-like
Clathrin light chain A
Coatomer subunit delta-like
Coatomer subunit gamma-2
Coatomer subunit zeta-1
Cocaine esterase-like
Cofilin-like isoform X1
Coiled-coil domain-containing 91-like
Collagen alpha-4(VI) chain
Collagen alpha-4(VI) chain-like
Collagen alpha-5(VI) chain
Collagen alpha-6(VI) chain
Collagen alpha-6(VI) chain-like
Complement component 1 Q subcomponent-binding mitochondrial
Copper transport ATOX1-like

e-Value
3.94E-09
5.48E-48
4.93E-82
1.73E-75
1.33E-54
0
3.40E-54
2.71E-46
2.65E-72
1.34E-140
1.30E-135
5.88E-117
1.60E-127
0
0
7.83E-77
0
0
7.69E-87
2.70E-122
9.37E-33
6.11E-37
4.38E-07
4.18E-08
2.10E-16
0
9.34E-131
1.64E-70
2.93E-33

%
Identity
47
62.35
62.85
56.85
59.2
64
75.71
60.35
51.38
52.8
62.1
61.95
73.67
78.5
86
81.33
81
90
94.5
73.8
60.75
68.33
67.43
55.64
49.3
51.1
50.3
72.25
80

GO
Terms
3
1
1
2
2
2
3
3
3
2
2
1
6
5
3
6
3
1
2
2
1
3
1
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp859_c0_seq1
comp16893_c0_seq1
comp7287_c0_seq1
comp4477_c0_seq1
comp1742_c0_seq2
comp4062_c0_seq5
comp7972_c0_seq2
comp34655_c0_seq1
comp6538_c0_seq2
comp6538_c0_seq1
comp1984_c0_seq1
comp387_c0_seq1
comp2233_c0_seq1
comp3010_c0_seq1
comp2104_c0_seq1
comp2104_c0_seq1
comp4544_c0_seq2
comp18_c0_seq9
comp17743_c0_seq3
comp17743_c0_seq6
comp35124_c0_seq1
comp3554_c1_seq3
comp50459_c0_seq1
comp43992_c0_seq1
comp1110_c0_seq1
comp8706_c0_seq2
comp39240_c0_seq1
comp4528_c0_seq1
comp32704_c0_seq1

Description
Copper zinc superoxide dismutase
Costars family ABRACL isoform X2
Counting factor 60
Counting factor associated D
Crowded Nuclei 3-like
CUB and peptidase domain-containing 1
CUB and peptidase domain-containing 2-like
Cyclic nucleotide-binding domain-containing 2
Cystathionine gamma-lyase
Cystathionine gamma-lyase-like
Cysteine and glycine-rich 2
Cysteine desulfurase
Cytochrome b5
Cytochrome c
Cytochrome c oxidase subunit mitochondrial
Cytochrome c oxidase subunit mitochondrial-like
Cytoplasmic aconitate hydratase
Cytoplasmic actin
Cytoplasmic dynein 1 light intermediate chain 1-like
Cytoplasmic dynein 1 light intermediate chain 2
Cytoplasmic NCK1-like
Cytosolic 10-formyltetrahydrofolate dehydrogenase-like
Cytosolic beta-glucosidase
Cytosolic endo-beta-N-acetylglucosaminidase-like
Cytosolic non-specific dipeptidase-like
D-3-phosphoglycerate dehydrogenase-like
DBH-like monooxygenase 2 homolog
Death-associated 1
Death-associated kinase 2-like

e-Value
2.20E-74
9.73E-46
5.12E-144
0
1.91E-71
4.95E-94
8.39E-85
1.32E-160
0
0
8.40E-19
0
1.92E-38
8.90E-78
2.07E-31
1.36E-31
0
1.57E-136
0
0
4.01E-150
0
0
0
0
0
2.00E-70
7.47E-46
4.71E-143

%
Identity
72.33
76.33
64.17
64.05
63
71.1
64.15
59.95
73.3
71.93
63
52
60.95
63.63
70.67
73
64.71
99.4
82.33
81.33
52.35
65.71
72.67
69.75
81.09
58.4
53.1
79.4
57.85

GO
Terms
6
2
9
2
2
1
1
2
3
4
3
2
2
3
1
3
3
1
6
2
1
4
4
1
3

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
comp10219_c0_seq1
comp1267_c0_seq1
comp13457_c0_seq1
comp13457_c0_seq3
comp187_c0_seq5
comp311640_c0_seq1
comp37022_c0_seq1
comp19993_c0_seq1
comp41060_c0_seq1
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comp9658_c0_seq1
comp6225_c0_seq2
comp6225_c1_seq1
comp2417_c1_seq7
comp7305_c0_seq7
comp4881_c0_seq14
comp4881_c1_seq1
comp9097_c0_seq3
comp498_c0_seq1
comp25153_c0_seq1
comp9125_c0_seq1
comp155408_c0_seq1
comp2669_c3_seq23
comp2669_c3_seq35
comp29042_c0_seq1
comp5830_c0_seq2
comp4598_c0_seq1
comp11606_c0_seq1
comp12850_c0_seq2

Description
Deglycase DJ-1-like
Dehydrogenase reductase SDR family member 1-like
Deleted in malignant brain tumors 1
Deleted in malignant brain tumors 1 -like
Delta-actitoxin-Aeq1b-like isoform X1
Delta-alicitoxin-Pse2b-like
Delta-aminolevulinic acid dehydratase-like
Diaphanous-like 1
Dihydrolipoyllysine-residue acetyltransferase component of pyruvate
dehydrogenase, mitochondrial
Dihydropteridine reductase-like
D-inositol 3-phosphate glycosyltransferase
D-inositol 3-phosphate glycosyltransferase-like
Dipeptidyl peptidase 2-like
Dipeptidyl peptidase 3-like
Disintegrin and metalloase domain-containing 10
Disintegrin and metalloase domain-containing 10-like
Disks large-like 1
Disulfide isomerase-like 2-2
DNA damage-binding 1a
Drebrin B
D-serine dehydratase-like
Dual serine threonine and tyrosine kinase
Dual serine threonine and tyrosine kinase-like
Dynactin subunit 2
Dynein light chain Tctex-type 1
Dystrobrevin beta
E3 ubiquitin-ligase NEDD4-like
E3 ubiquitin-ligase SH3RF1

5.55E-116
3.37E-155
0
0
9.78E-14
1.83E-24
0
0
1.66E-68

%
Identity
88.25
56.05
54.9
54.5
64.95
77
83.67
61.08
78.71

GO
Terms
9
4
2
2
4

6.58E-141
0
7.58E-132
1.18E-57
9.02E-114
9.74E-47
3.60E-171
0
0
0
2.22E-68
4.33E-105
0
0
0
7.43E-78
0
3.20E-57
4.21E-20

87
75.25
65.95
62.13
87.4
71.57
58.91
60.65
60.15
74.88
62
80.5
51.7
53.15
73.75
59.75
58.62
66.79
59.3

2

e-Value

4
4
4

3
5
4
8
1
8
5
2
3
3
3
2
1
6
5

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp6360_c0_seq1
comp35394_c0_seq1
comp1648_c3_seq96
comp1648_c3_seq104
comp1648_c3_seq19
comp454040_c0_seq1
comp7232_c0_seq2
comp2146_c0_seq1
comp45606_c0_seq1
comp17929_c0_seq5
comp33069_c0_seq1
comp3968_c0_seq1
comp871_c0_seq1
comp47_c0_seq2
comp3958_c0_seq3
comp388_c0_seq2
comp453_c0_seq1
comp43304_c0_seq1
comp24715_c0_seq4
comp24715_c0_seq7
comp4345_c1_seq3
comp8125_c0_seq4
comp5166_c0_seq1
comp27601_c0_seq7
comp4397_c0_seq1
comp29353_c0_seq1
comp8846_c0_seq7
comp4633_c0_seq4
comp317_c0_seq3

Description
E3 ubiquitin-ligase TRIM56
E3 ubiquitin-ligase TRIM71-like
Early endosome antigen 1
Early endosome antigen 1-like
Early endosome antigen 1-like isoform X3
Ectonucleoside triphosphate diphosphohydrolase 1
EF-hand calcium-binding domain-containing 6-like
EGF and laminin G domain-containing-like
EGF-like repeat and discoidin I-like domain-containing-partial
eIF-2-alpha kinase activator GCN1-like
ELAV 3
Electron transfer flavo-subunit beta
Electron transfer flavo-subunit mitochondrial
Elongation factor 1-partial
Elongation factor 1-beta-partial
Elongation factor 1-gamma-A-like
Elongation factor 2
Endoplasmic reticulum resident 29-like
Endothelin-converting enzyme 1
Endothelin-converting enzyme 1-like
Enolase ENO4
Enolase-phosphatase E1-like
Enoyl-mitochondrial-like
Enoyl-[acyl-carrier]-reductase [NADPH]
Ephrin-B2a-like isoform X3
Epidermal growth factor receptor substrate 15-like 1
ES1 mitochondrial-like
Ethanolamine-phosphate cytidylyltransferase-like
Eukaryotic initiation factor 4A-III

e-Value
1.50E-23
7.25E-59
0
6.34E-147
1.24E-116
2.13E-37
7.67E-21
0
7.16E-123
0
0
4.32E-149
1.81E-125
0
2.61E-51
5.32E-139
0
5.20E-115
5.96E-87
2.47E-85
0
0
5.46E-165
3.23E-42
1.09E-53
0
1.25E-153
0
0

%
Identity
68.4
57.05
60.5
59.9
83.33
59.25
57.85
58.25
63.1
86.33
55.95
90.8
88
83.9
85.67
70.6
65.25
81.5
50.6
48.9
72.21
69.5
64.45
66.71
60.4
70.19
84.75
76.4
67.55

GO
Terms
1
1
1
1
1
2
1
6
2
1
8
5
2
6
5
1
2
6
4
2
1
2
1
2
8

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp19639_c0_seq1
comp1034_c0_seq1
comp45608_c0_seq1
comp5734_c1_seq1
comp23253_c0_seq2
comp1078_c4_seq58
comp4447_c0_seq4
comp190_c1_seq1
comp2224_c0_seq1
comp5865_c0_seq1
comp89611_c0_seq1
comp6014_c0_seq1
comp1298_c0_seq2
comp9901_c0_seq38
comp9578_c0_seq4
comp791_c2_seq4
comp1672_c0_seq1
comp2836_c0_seq3
comp3587_c0_seq1
comp9275_c0_seq1
comp885_c0_seq1
comp10201_c0_seq3
comp9108_c0_seq1
comp8552_c0_seq3
comp1783_c0_seq1
comp13363_c0_seq1
comp23015_c0_seq2
comp119985_c0_seq2
comp1028_c0_seq1

Description
Eukaryotic translation elongation factor 1 epsilon-1-like
Eukaryotic translation initiation factor 5B-like
Eukaryotic translation initiation factor 6-like
Extended synaptotagmin-3
Extracellular sulfatase Sulf-1-like isoform X2
F-actin-capping subunit alpha-2-like isoform X3
F-actin-capping subunit beta
Failed axon connections-like
Fanconi anemia group D2-like
Far-upstream element-binding 2-like
Farnesyl pyrophosphate synthase
FAS associated death domain
Fascin
Fatty acid amide hydrolase
Fibroblast growth factor receptor 3
Fibronectin type III domain-containing
Fibronectin type III domain-containing -like
Fidgetin 1
FK506-binding 2
FK506-binding 2-like
Flagellar-associated-partial
Flocculation FLO11-like isoform X3
Follistatin-related 1
Fructose-1,6-bisphosphatase 1
Fructose-bisphosphate aldolase C
Fumarate mitochondrial
Fumarylacetoacetate hydrolase domain-containing 2-like
Gamma-glutamylcyclotransferase CG2811
Gamma-interferon-inducible lysosomal thiol reductase-like

e-Value
0
3.50E-75
2.24E-165
0
0
0
0
2.48E-141
6.70E-32
0
3.13E-149
1.28E-25
1.42E-162
2.16E-32
0
0
0
0
1.62E-19
1.75E-119
0
0
3.63E-51
1.51E-90
0
0
0
3.73E-69
3.62E-101

%
Identity
60.14
72
94.67
59.9
56
88.67
95.2
58.75
70
53.7
85.33
55.3
69
73.11
70.3
50.3
51.4
69.78
55.11
58.25
84.13
59.8
46.57
85
89.25
93
69.83
67.67
71.63

GO
Terms
4
12
1
2
2
2
5
1
5
10
2
1
4
1
1
3
3
2
4
3
2
8
8
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp185639_c0_seq1
comp7596_c0_seq1
comp1132_c0_seq1
comp55822_c0_seq1
comp42232_c0_seq1
comp73017_c0_seq1
comp18905_c0_seq1
comp182339_c0_seq2
comp4164_c0_seq5
comp15519_c0_seq2
comp45095_c0_seq2
comp22200_c0_seq1
comp2688_c0_seq1
comp45990_c0_seq2
comp198_c1_seq1
comp15327_c0_seq3
comp3871_c1_seq25
comp20813_c0_seq9
comp5636_c0_seq1
comp3258_c0_seq4
comp16103_c0_seq1
comp28622_c0_seq1
comp4966_c0_seq1
comp3594_c0_seq2
comp2091_c11_seq506
comp2656_c0_seq28
comp56424_c0_seq2
comp1426_c0_seq1
comp874_c0_seq2

Description
GDH 6PGL endoplasmic bifunctional-like
GDP-L-fucose synthase-like isoform X1
Gelsolin 1
Glia maturation factor gamma-like
Glucosamine-6-phosphate isomerase 2-like isoform X1
Glucose-1,6-bisphosphate synthase
Glucose-6-phosphate 1-dehydrogenase-like
Glucose-6-phosphate 1-epimerase
Glucose-6-phosphate isomerase
Glucosidase 2 subunit beta-like
Glucosylceramidase-partial
Glutamate-cysteine ligase regulatory subunit
Glutamic acid-rich-like
Glutamine amidotransferase
Glutamine synthetase-like
Glutamine-fructose-6-phosphate aminotransferase [isomerizing] 1-like
Glutamine-tRNA ligase-like
Glutamyl aminopeptidase
Glutamyl aminopeptidase-like
Glutaryl- mitochondrial-like
Glutathione mitochondrial
Glutathione S-transferase
Glutathione S-transferase Mu 3-partial
Glutathione S-transferase Mu 5
Glutathione S-transferase omega-1-like
Glutathione S-transferase U25
Glutathione synthetase
Glutathionyl-hydroquinone reductase -like
Glyceraldehyde 3-phosphate-partial

e-Value
1.79E-79
0
2.42E-145
1.44E-64
1.51E-176
0
0
1.70E-49
0
1.61E-98
0
0
4.55E-25
1.20E-65
0
0
7.52E-100
3.94E-148
0
0
0
1.50E-17
4.23E-82
2.85E-81
5.50E-09
2.23E-90
1.19E-147
0
0

%
Identity
62.75
71.71
65
71.67
87.2
66.4
76.4
77.67
79.17
67.44
72.2
64.95
89
63
85.8
70.38
83
53.9
60.2
57.6
59.44
63.46
63.46
62.31
70.5
58.1
68.43
79
85.43

GO
Terms
3
4
1
2
2
6
5
1
3
1
2
4
2
3
6
6
1
7
2
3
2
2
3
3
6

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp2038_c0_seq1
comp66888_c0_seq1
comp16639_c0_seq9
comp16639_c0_seq11
comp4169_c1_seq5
comp27037_c0_seq1
comp960_c0_seq1
comp50025_c0_seq1
comp20712_c0_seq4
comp7365_c0_seq1
comp10524_c0_seq1
comp1652_c0_seq6
comp10523_c0_seq1
comp656_c0_seq1
comp141_c0_seq2
comp265_c0_seq2
comp345_c0_seq9
comp18463_c0_seq1
comp11692_c1_seq4
comp17279_c0_seq3
comp48027_c0_seq1
comp25612_c0_seq1
comp457_c1_seq1
comp3040_c0_seq1
comp5681_c1_seq12
comp11218_c0_seq3
comp6559_c0_seq7
comp5681_c1_seq18
comp4936_c0_seq1

Description
Glycerol kinase 5
Glycine cleavage system H mitochondrial
Glycine-tRNA ligase
Glycine-tRNA ligase-like
Glycogen phosphorylase-like
Glycolipid transfer -like
Glyoxalase 3
Glyoxalase domain-containing 4-like
Glyoxylate reductase hydroxypyruvate reductase
Golgi reassembly-stacking 2-like
Golgi-associated plant pathogenesis-related 1
Golgin subfamily A member 4-like
Golgin subfamily A member 6-22
Golgin subfamily B member 1-like isoform X1
GPI-anchor transamidase
Granulin
Green fluorescent protein
Growth arrest-specific 2
Growth factor receptor-bound 2
Growth factor receptor-bound 2-like
GTP:AMP phosphotransferase mitochondrial-like
Guanidinobutyrase
Guanine nucleotide-binding G(I), G(S), G(T), subunit beta-1-like
Guanine nucleotide-binding G(q), subunit alpha-like
Guanylate-binding 4-like
Guanylate-binding 6-like isoform X1
Guanylate-binding 6-like isoform X3
Guanylate-binding 7-like
heat shock 70

e-Value
0
7.69E-46
2.21E-81
3.38E-57
0
1.09E-111
2.67E-98
1.33E-154
5.70E-166
1.75E-178
2.56E-18
6.91E-121
6.29E-79
0
0
5.16E-33
5.10E-140
3.40E-98
4.19E-107
8.70E-98
2.40E-141
1.09E-154
0
0
0
0
2.42E-20
2.86E-78
0

%
Identity
71.1
78
81
82.25
90.67
76.43
73.8
84.67
65
88
58
54.83
61.17
58.77
64.17
60.5
90.35
69.44
73.05
65.4
59.75
68
61.05
71.3
74.55
72.7
64.79
83.3
80.9

GO
Terms
6
2
4
4
4
4
1
5
1

5
1
2
1
5
1
4
1
2
6
2
2
2
2
1

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp3193_c0_seq1
comp383_c0_seq2
comp1234_c0_seq2
comp4445_c0_seq1
comp958_c0_seq1
comp187_c0_seq1
comp1655_c0_seq8
comp2591_c0_seq1
comp33762_c0_seq2
comp3149_c0_seq1
comp1704_c0_seq1
comp21345_c0_seq1
comp3973_c0_seq13
comp27362_c0_seq1
comp4781_c0_seq1
comp159392_c0_seq1
comp51268_c0_seq1
comp3156_c0_seq2
comp12470_c0_seq1
comp10074_c1_seq1
comp1773_c0_seq1
comp27489_c0_seq1
comp26122_c0_seq1
comp7502_c0_seq2
comp2004_c0_seq1
comp11327_c0_seq1
comp247550_c0_seq1
comp11149_c0_seq1
comp16087_c0_seq1

Description
Heat shock 75 mitochondrial-like isoform X3
Heat shock cognate 71 kDa-like
Heat shock factor-binding 1-like
Heme oxygenase 2
Heme-binding 2
Hemolytic toxin
Hephaestin flags, precursor
Heterogeneous nuclear ribonucleo A1-like 2
Heterogeneous nuclear ribonucleo R-like
Heterogeneous nuclear ribonucleo U 1
Histidine triad nucleotide-binding 1-like
Histidine triad nucleotide-binding mitochondrial
Histone deacetylase 6
Histone H2A
Histone H2A-like
Histone H3
Histone H4
Histone-partial
Histone-binding N1 N2-like
Histone-binding RBBP7
HMG1-2
Homocysteine S-methyltransferase-like
Homogentisate 1,2-dioxygenase-like
Hsp90 co-chaperone Cdc37
Hu-li tai shao
Huntingtin-interacting 1-related
Hydroxyacid-oxoacid mitochondrial
Hydroxyacyl-coenzyme A mitochondrial-like
Hydroxysteroid dehydrogenase 2

e-Value
0
0
5.22E-43
6.18E-30
2.13E-97
9.06E-62
1.76E-99
5.16E-75
0
0
2.51E-75
2.28E-97
5.00E-137
2.72E-63
1.54E-164
2.65E-55
7.80E-48
1.65E-52
8.82E-90
0
2.66E-93
3.98E-65
0
0
4.84E-143
0
1.24E-58
1.27E-152
0

%
Identity
70.79
86.35
83.33
50
60.56
71.85
74
63
65.35
63.27
72.89
65.58
72.38
97.55
82.3
97.65
98.8
98.05
79.17
53.55
59.75
55.5
86.5
85.57
69.78
72.29
83.8
56.5
59.45

GO
Terms
4
1
1
4
8
1
1
8
1
1
1
4
4
3
4
3
1
1
1
8
4
7
6
4
3
4
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp692_c0_seq1
comp120234_c0_seq1
comp72385_c0_seq1
comp147678_c0_seq1
comp13714_c0_seq1
comp3183_c0_seq28
comp3504_c0_seq1
comp10988_c0_seq5
comp1281_c0_seq1
comp22200_c0_seq1
comp429_c0_seq1
comp92_c0_seq2
comp31807_c0_seq1
comp17280_c0_seq4
comp6641_c0_seq2
comp684_c0_seq1
comp21035_c0_seq1
comp98557_c0_seq1
comp87448_c0_seq1
comp8324_c0_seq5
comp34620_c0_seq1
comp757_c0_seq1
comp1603_c0_seq1
comp6360_c0_seq2
comp1414_c0_seq3
comp60152_c0_seq1
comp2155_c0_seq1
comp25586_c0_seq1
comp1751_c0_seq1

Description
Hypothetical protein AC249_AIPGENE11684
Hypothetical protein AC249_AIPGENE16159
Hypothetical protein AC249_AIPGENE17804
Hypothetical protein AC249_AIPGENE18355
Hypothetical protein AC249_AIPGENE1997
Hypothetical protein AC249_AIPGENE20197
Hypothetical protein AC249_AIPGENE23624
Hypothetical protein AC249_AIPGENE2602
Hypothetical protein AC249_AIPGENE3877
Hypothetical protein AC249_AIPGENE592
Hypothetical protein AC249_AIPGENE8654
Hypothetical protein NEMVEDRAFT_v1g149719
Hypoxanthine-guanine phosphoribosyltransferase-like
Importin subunit beta-1-like
Indian hedgehog-like
Inorganic pyrophosphatase-partial
Insoluble matrix shell 1
Insulin-degrading enzyme-like
Integrin alpha-D-like isoform X2
Integrin beta 2
Integrin-linked kinase-associated serine threonine phosphatase 2C-partial
Integumentary mucin
Integumentary mucin-like
Interferon-induced 44
Iron zinc purple acid phosphatase
Isoaspartyl peptidase L-asparaginase
Isochorismatase domain-containing 2-like
Isocitrate dehydrogenase [NAD] subunit mitochondrial
Isocitrate dehydrogenase [NADP] cytoplasmic-like

e-Value
9.51E-62
1.60E-27
2.12E-23
6.56E-84
2.79E-19
1.04E-04
9.68E-40
5.88E-66
9.52E-21
0
9.01E-71
2.60E-22
7.07E-115
0
0
1.08E-155
9.11E-32
3.17E-135
3.12E-68
0
0
2.68E-30
6.87E-87
1.35E-38
0
5.58E-130
1.03E-118
0
0

%
Identity
68
51.91
59
78
76
47
74
66.2
66.33
58.55
76.67
97
80.4
73.71
56.9
85.25
60.47
63.56
55.4
64.75
56.15
58.89
63.65
58
66.95
56.05
85.75
71.17
84.57

GO
Terms
3
1

2
3
8
10
2
4
6
3
4
3
4
2
1
2
4
3

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
comp2806_c0_seq1
comp1365_c1_seq1
comp1560_c0_seq1
comp26761_c0_seq6
comp56568_c0_seq1
comp2128_c0_seq23
comp9859_c1_seq3
comp14940_c0_seq6
comp15676_c0_seq2
comp71202_c0_seq1
comp7695_c0_seq5
comp23077_c0_seq1
237

comp11014_c1_seq7
comp49194_c0_seq1
comp469_c0_seq3
comp469_c1_seq1
comp7843_c0_seq1
comp8700_c0_seq2
comp12202_c0_seq2
comp7214_c0_seq1
comp15835_c0_seq1
comp4227_c0_seq1
comp3442_c0_seq2
comp3442_c1_seq13
comp8036_c0_seq1
comp6639_c1_seq15
comp8391_c0_seq1
comp4545_c0_seq1

Description
Isocitrate lyase
JC7958 Galaxin precursor
JC8006 Rab7
Kelch 20
Kelch domain-containing 8B-like isoform X3
Ketimine reductase mu-crystallin
Kinesin KIF28P
Lactadherin-like
Lactoylglutathione lyase-like isoform X1
Lambda-crystallin-like isoform X1
L-amino-acid oxidase-like
L-aminoadipate-semialdehyde dehydrogenase-phosphopantetheinyl
transferase
L-ascorbate oxidase-like
Luciferin-binding
Lethal(2) giant larvae homolog 1-like
Lethal(2) giant larvae -like 1
Leucine zipper transcription factor 1
Leucine-rich repeat-containing 16A
Leucine-rich repeat-containing 47-like
Leucine-rich repeat-containing 74A
Leucine-rich repeat-containing 74B-like
Leukocyte cysteine inhibitor 1
Leukotriene A-4 hydrolase
Leukotriene A-4 hydrolase-partial
HSP40-like subfamily B member 4
LIM and senescent cell antigen-like-containing domain 1
LIM and SH3 domain 1-like
Lin-7 homolog C-like

0
2.40E-63
1.05E-140
1.19E-111
8.16E-179
1.81E-28
0
0
8.86E-97
4.13E-162
8.41E-177
2.91E-110

%
Identity
92
44.4
68.1
52.15
50.15
88
59.5
58.65
82
70.75
74.67
75.2

8.90E-55
3.51E-122
0
4.27E-172
0
0
0
0
4.21E-72
5.55E-36
1.74E-57
5.65E-36
2.32E-59
7.04E-138
2.83E-115
2.23E-108

77.75
71.83
70.86
87
89
52.45
70.83
59.41
62.56
73.86
70.75
76
68.2
60.65
64.45
65.55

e-Value

GO
Terms
1
1
10
1
3
3
3
2
3
2
3
1
13
13
6
6
3
1
2
9
9
1
1
1
1

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp1821_c1_seq1
comp3984_c0_seq2
comp8737_c0_seq2
comp2947_c0_seq1
comp3504_c0_seq1
comp35650_c0_seq1
comp1893_c1_seq1
comp9117_c0_seq2
comp9117_c0_seq1
comp12295_c0_seq1
comp27601_c0_seq2
comp20023_c0_seq2
comp19966_c0_seq22
comp66731_c0_seq1
comp65404_c0_seq1
comp109018_c0_seq1
comp2290_c0_seq1
comp1081_c0_seq1
comp1648_c3_seq76
comp23126_c0_seq1
comp2091_c11_seq210
comp5810_c1_seq1
comp1899_c0_seq1
comp2170_c0_seq1
comp13372_c0_seq7
comp13372_c0_seq9
comp934_c1_seq54
comp2148_c0_seq4
comp26_c0_seq1

Description
Lipid storage droplets surface-binding 2
Lipopolysaccharide-binding -like
;ipoxygenase homology domain-containing 1-like
Lipoxygenase-likey domain-containing 1
L-isoaspartate(D-aspartate) O-methyltransferase
L-lactate dehydrogenase B chain-like
Long-chain-fatty-acid-ligase ACSBG2-like
L-rhamnose mutarotase
L-rhamnose mutarotase-like
Lupus La-like
L-xylulose reductase-like
ly6 PLAUR domain-containing 1-like
Lymphocyte antigen 6 complex locus G6d-like
Lymphocyte antigen 6 complex locus G6d-like isoform X2
Lysine-specific demethylase 8
Lysosomal acid phosphatase-like
Lysosomal alpha-mannosidase
Lysosomal aspartic protease
Lysosome-associated membrane glyco 1-like isoform X2
LZIC-like isoform X1
mab-21-like 2
Macrophage mannose receptor 1-like
Mago nashi-like
MAGUK p55 subfamily member 6
Major vault
Major vault-like
Malate dehydrogenase 1B
Malate synthase
Mammalian ependymin-related 1-like

e-Value
2.96E-114
0
0
1.33E-125
1.96E-120
6.18E-139
0
8.47E-78
1.76E-68
6.94E-111
1.15E-80
2.48E-10
9.37E-11
2.39E-11
5.20E-136
5.80E-132
0
0
2.90E-69
1.45E-100
9.91E-120
0
4.59E-92
0
0
0
0
0
2.43E-59

%
Identity
73.6
66
63.55
62.2
66.13
61.5
57.7
94.17
89.33
65
53.55
46.85
50.92
45.7
62.55
52.8
66.14
56.44
49.71
94.5
85.25
63.25
81
60.3
77.42
79.93
66.67
72.88
68

GO
Terms
1
2
1
2
5
2
2
2
5
2
2
2
3
1
3
3
5
1
1
3
4
3
1
2
2
5
1

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp5077_c0_seq1
comp10950_c0_seq2
comp5788_c1_seq9
comp223_c0_seq1
comp223_c0_seq1
comp55582_c0_seq3
comp2459_c0_seq2
comp10870_c0_seq4
comp77661_c0_seq1
comp76611_c0_seq1
comp1352_c0_seq3
comp18463_c0_seq3
comp7360_c0_seq1
comp32744_c0_seq1
comp41196_c0_seq2
comp14895_c0_seq1
comp22070_c0_seq3
comp1557_c1_seq1
comp8959_c0_seq4
comp6730_c0_seq12
comp2923_c0_seq1
comp2386_c0_seq13
comp1824_c0_seq1
comp48727_c0_seq1
comp1597_c0_seq1
comp914_c0_seq2
comp2386_c0_seq19
comp1982_c0_seq1
comp1041_c1_seq1

Description
Mannose-binding-partial
Marginal zone B-and B1-cell-specific
Mechanosensory 2
Melanotransferrin-like isoform X1
Melanotransferrin-like isoform X2
Methionine adenosyltransferase 2 subunit beta-like
Methionine sulfoxide oxidase MICAL3
Methylcrotonoyl-carboxylase beta mitochondrial-like
Methylmalonyl-mitochondrial
Methylthioribose-1-phosphate isomerase
Microtubule-actin cross-linking factor 1-like
Microtubule-associated futsch-like
Microtubule-associated futsch-like isoform X1
Microtubule-associated RP EB family member 1-like
Mitochondrial enolase superfamily member 1-like
Mitochondrial-like isoform X3
Mitogen-activated kinase 1
Moesin-ezrin radixin-like 1
mRNA cap guanine-N7 methyltransferase
Multidrug resistance-associated 4
Multifunctional ADE2-like
Muscle M-line assembly unc-89
Muscle-specific 20
Myeloid differentiation primary response 88-like isoform X1
Myosin heavy striated muscle
Myosin heavy striated muscle-like
Myosin light chain smooth muscle
Myosin regulatory light chain 12B-like
Myosin regulatory light chain-partial

e-Value
2.07E-32
1.88E-73
1.52E-163
9.71E-151
6.98E-151
1.45E-132
4.46E-133
0
3.19E-72
7.54E-171
0
2.65E-46
0
4.78E-138
0
3.51E-79
1.96E-99
1.36E-153
1.16E-172
0
0
0
3.07E-123
2.32E-57
0
0
0
3.48E-107
0

%
Identity
63.55
73.33
59.31
58.83
58.83
67
60.95
62.69
81
60.14
71
63.5
61.5
74.33
85.67
61.55
62.25
60.4
83.33
57.1
90.33
54.55
60.3
52.5
61.2
69.85
69.85
75.75
68.83

GO
Terms
1
1
1
1
1
1
1
3
1
1
2
3
3
3
5
4
6
3
1
2
3
4
3
1
3

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp3719_c0_seq1
comp3302_c0_seq1
comp47144_c0_seq1
comp4361_c0_seq1
comp8422_c0_seq1
comp2033_c0_seq1
comp27082_c0_seq5
comp23591_c0_seq1
comp158083_c0_seq1
comp36925_c0_seq1
comp6346_c0_seq1
comp12888_c0_seq1
comp35505_c0_seq1
comp1975_c0_seq1
comp25150_c0_seq1
comp810_c0_seq1
comp1782_c0_seq1
comp21841_c0_seq2
comp2193_c0_seq1
comp2459_c0_seq2
comp3246_c0_seq8
comp3246_c0_seq2
comp16308_c0_seq1
comp286924_c0_seq1
comp6504_c0_seq6
comp9317_c0_seq39
comp14995_c0_seq1
comp20687_c0_seq2
comp1083_c0_seq1

Description
Myosin-2 essential light chain
Myosin-2 essential light chain-like
N(G),N(G)-dimethylarginine dimethylaminohydrolase 1-partial
Na(+) H(+) exchange regulatory cofactor NHE-RF1-like
N-acetylated-alpha-linked acidic dipeptidase
N-acetylated-alpha-linked acidic dipeptidase isoform X1
N-acetyl-D-glucosamine kinase
N-acetylgalactosamine kinase-like
N-acetylneuraminate lyase
N-acetylserotonin O-methyltransferase
NAD(P) mitochondrial
NADH dehydrogenase [ubiquinone] flavo, mitochondrial
NADP-dependent malic enzyme-like
NADP-specific glutamate dehydrogenase-like
Nap homolog 1-like
Nascent polypeptide-associated complex subunit alpha-like isoform X2
Neural cell adhesion molecule 1-like isoform X1
Neuralized-4
Neurocalcin homolog
Neurofilament medium polypeptide-like isoform X2
Neurogenic locus Notch -like isoform X1
Neurogenic locus Notch -like isoform X4
Neurogenic locus Notch -like isoform X6
Neuroligin-Y-linked
Neutral alpha-glucosidase AB-like
NFX1-type zinc finger-containing 1-like
Nicotinamide phosphoribosyltransferase-like
Nicotinate phosphoribosyltransferase-like
Niemann-Pick C 2 Like

e-Value
3.73E-81
2.37E-76
6.11E-107
9.60E-46
2.74E-114
9.44E-89
1.83E-151
4.47E-75
0
0
0
0
0
3.00E-90
3.23E-169
4.33E-135
7.07E-157
3.50E-132
1.54E-167
2.73E-80
8.08E-66
8.52E-91
3.42E-60
3.93E-77
3.26E-29
4.11E-158
1.44E-161
9.85E-172
5.68E-112

%
Identity
74.15
65.9
76.5
60.4
59.33
62.1
77.33
61.29
62.67
67.89
90.25
87
86.2
75.92
68
90
47.95
53.15
84.7
61.1
45.95
49
57.18
49.75
62.1
73
87
87.75
51.35

GO
Terms
1
1
1
5
2
5
2
3
7
6
5
4
1
1
1
1
2
2
2
3
2
2
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp7095_c0_seq3
comp5275_c0_seq1
comp13142_c0_seq3
comp49354_c0_seq1
comp56196_c0_seq1
comp22225_c0_seq1
comp2816_c0_seq2
comp545_c0_seq1
comp8037_c0_seq1
comp10586_c0_seq1
comp176503_c0_seq2
comp11802_c0_seq4
comp30665_c0_seq2
comp29752_c0_seq1
comp2601_c1_seq2
comp11848_c0_seq5
comp697_c0_seq2
comp1167_c4_seq133
comp58666_c0_seq3
comp22070_c0_seq1
comp3339_c0_seq2
comp9810_c0_seq1
comp15287_c0_seq2
comp6639_c1_seq8
comp50921_c0_seq1
comp19998_c0_seq3
comp162_c1_seq1
comp13944_c0_seq5
comp1615_c0_seq1
comp86360_c0_seq1

Description
nmrA-like family domain-containing 1
Non-lysosomal glucosylceramidase
NSFL1 cofactor p47-like
N-sulphoglucosamine sulphohydrolase-like
N-terminal EF-hand calcium-binding 1
Nuclear transport factor 2-like isoform X1
Nuclease-like isoform X1
Nuclease-sensitive element-binding 1-like
Nucleoredoxin 2
Nucleoside diphosphate kinase B
Nucleoside-triphosphatase ntp-1-like
Nucleosome assembly 1-like 1
nudC domain-containing 3-like
Omega-amidase NIT2-like
Ornithine mitochondrial
Ornithine mitochondrial-like
Outer membrane Blc-partial
Oxidoreductase HTATIP2
Oxygen-dependent coproporphyrinogen-III mitochondrial
p38 mitogen-activated-partial
Palmitoyl-thioesterase 1
SPARC-related modular calcium-binding protein 1-partial
Pathogen-related-like
PDZ and LIM domain 5-like isoform X1
PDZ domain-containing GIPC3-like
Peptidase M20 domain-containing 2
Peptidyl-prolyl cis-trans isomerase B
Peptidyl-prolyl cis-trans isomerase B-like
Peroxidasin homolog
Peroxinectin A

e-Value
0
2.54E-48
0
0
0
0
0
8.16E-172
2.61E-23
8.98E-37
3.54E-167
0
0
7.72E-129
0
1.23E-111
8.16E-105
3.22E-55
0
0
0
4.06E-169
1.52E-100
0
0
2.10E-49
1.52E-30
0
0
9.07E-166

%
Identity
83
59.67
69.83
62.67
78.67
69.2
52.1
82.7
66.38
64.15
61
84.25
67.89
66.63
76.4
81.67
82.8
76.67
76.25
72.7
70.8
51.4
79.33
60.05
83
75.65
77.05
75.75
49.25
54.36

GO
Terms
1
7
2
1
2
3
6
7
2
1
2
6
5
3
4
2
5
1
1
2
7
3
4
4

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp1572_c1_seq1
comp2789_c1_seq2
comp1450_c0_seq1
comp3508_c0_seq1
comp10112_c0_seq1
comp10112_c0_seq1
comp26260_c0_seq1
comp4750_c1_seq1
comp9770_c0_seq1
comp13949_c0_seq4
comp1108_c0_seq2
comp121737_c0_seq3
comp1972_c0_seq1
comp40469_c0_seq3
comp15634_c0_seq1
comp16531_c1_seq1
comp5244_c0_seq2
comp2098_c1_seq1
comp3609_c0_seq1
comp63730_c0_seq1
comp2724_c0_seq1
comp5233_c0_seq11
comp5233_c0_seq5
comp25_c0_seq12
comp4016_c0_seq3
comp4016_c0_seq8
comp14027_c0_seq1
comp21102_c0_seq2

Description
Peroxiredoxin-mitochondrial-like
Peroxiredoxin-2-like isoform X1
Peroxiredoxin-like isoform X2
Persulfide dioxygenase mitochondrial
PH domain-containing DDB_G0267786-like isoform X1
PH domain-containing DDB_G0267786-like isoform X2
Phosducin 3
Phosphatase 1 regulatory subunit 12B-like
Phosphatidylethanolamine-binding 4-like
Phosphatidylinositol-binding clathrin assembly -like
Phosphatidylserine decarboxylase proenzyme-like
Phosphoacetylglucosamine mutase-like
Phosphoenolpyruvate carboxykinase [GTP] mitochondrial-like
Phosphoenolpyruvate cytosolic [GTP]-like
Phosphoenolpyruvate phosphomutase-like isoform X2
Phosphoglycerate kinase 1-like
Phospholipase A2
Phospholipase B-like 2
Phosphonoacetaldehyde hydrolase-like
Phosphotriesterase-related -like
Piwi 1
Plasma membrane calcium ATPase
Plasma membrane calcium-partial
Plasma membrane calcium-transporting ATPase 3
Plasminogen activator inhibitor 1 RNA-binding-like isoform X1
Plasminogen activator inhibitor 1 RNA-binding-like isoform X2
Pleckstrin-likeLy domain-containing family A member 7
POC1 centriolar homolog A-like isoform X1

e-Value
2.37E-117
5.52E-75
0
2.12E-08
8.13E-58
1.23E-21
9.07E-39
1.85E-60
1.58E-42
0
0
5.57E-103
1.51E-73
0
0
7.64E-137
0
0
5.51E-151
1.51E-162
4.70E-115
0
0
0
2.79E-09
1.36E-13
2.24E-155
1.05E-59

%
Identity
88.67
74.09
61.5
69.14
70.4
75
87
62.2
53.5
87.83
77.3
85.33
84.14
74
93.25
81.5
58.35
58.2
78.6
82.5
61.25
87.2
81.95
57.95
71.6
71.8
54.71
47.1

GO
Terms
2
3
3
2
3
1
8
2
2
4
3
4
2
5
2
2
2
8
8
1
1
1

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp70307_c0_seq2
comp7803_c0_seq5
comp1730_c0_seq7
comp4158_c0_seq6
comp68_c1_seq1
comp16487_c0_seq1
comp16524_c0_seq1
comp41349_c0_seq8
comp1066_c0_seq15
comp6120_c0_seq1
comp3900_c0_seq1
comp2560_c0_seq4
comp2735_c0_seq43
comp24483_c0_seq4
comp15267_c0_seq44
comp14208_c0_seq3
comp1066_c0_seq16
comp9846_c0_seq1
comp7338_c0_seq1
comp4222_c0_seq1
comp40978_c0_seq1
comp7134_c0_seq1
comp19484_c0_seq1
comp23024_c1_seq1
comp6154_c0_seq1
comp17093_c0_seq1
comp9501_c2_seq8
comp7214_c0_seq1
comp237_c0_seq1
comp5318_c0_seq3

Description
Poly(ADP-ribose) glycohydrolase ARH3-like
Poly(rC)-binding 2
Poly(U)-binding-splicing factor PUF60-like
Poly(U)-specific endoribonuclease-like isoform X1
Polyadenylate-binding 4-like
PREDICTED: Cytochrome C oxidase copper chaperone
PREDICTED: Alpha-N-acetylglucosaminidase-like
PREDICTED: Caspase-2-like
PREDICTED: Catalase-like
PREDICTED: Di-N-acetylchitobiase-like
PREDICTED: Dystroglycan-like
PREDICTED: Flotillin-2a-like
PREDICTED: Hexokinase-2-like
PREDICTED: Importin-5-like
PREDICTED: Low quality protein: 5-oxoprolinase-like
PREDICTED: Low quality protein: beta-glucuronidase-like
PREDICTED: Low quality protein: catalase-like
PREDICTED: Low quality protein: vinculin-like
PREDICTED: Nucleobindin-2-like
PREDICTED: Peroxiredoxin-6-like
PREDICTED: Phosphomannomutase-like
PREDICTED: Protein NDRG1-like
PREDICTED: Protein SET-like
PREDICTED: Protein TFG-like
PREDICTED: Protein usf-like
PREDICTED: Ropporin-1-like protein
PREDICTED: Trichohyalin-like
PREDICTED: Tropomodulin-3-like
PREDICTED: uncharacterized protein LOC107328522
PREDICTED: uncharacterized protein LOC107328956

e-Value
6.83E-73
5.44E-143
0
0
1.63E-46
0
0
0
1.10E-94
1.20E-48
1.38E-67
0
2.25E-141
0
0
2.61E-51
0
0
0
0
0
5.93E-48
0
0
0
0
0
0
0
1.73E-134

%
Identity
71.67
61.67
63.6
78.67
61.85
82
74.67
54
84.2
67.83
60.43
82.88
82.2
77.25
88.6
74.15
83
67
87.33
79
80.25
66.83
84
79.33
80.75
95.5
55.5
60.44
57.5
70.75

GO
Terms
1
4
2
2
3
2
4
2
5
9
4
2
2
1
2
3
2
2
1
3

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

244

comp11530_c0_seq1
comp60715_c0_seq1
comp429_c1_seq5
comp124_c0_seq1
comp2928_c0_seq2
comp74454_c0_seq2
comp3297_c0_seq2
comp1314_c0_seq8
comp1470_c0_seq1
comp13522_c0_seq1
comp11058_c0_seq1
comp96646_c0_seq1
comp20718_c0_seq2
comp1033_c0_seq1
comp3613_c0_seq1
comp1852_c1_seq10
comp34706_c0_seq1
comp16693_c0_seq1
comp16000_c0_seq1
comp1541_c0_seq2
comp184109_c0_seq1
comp28321_c0_seq3
comp823_c0_seq1
comp3027_c0_seq1
comp1813_c0_seq1
comp67876_c0_seq1
comp8471_c0_seq8
comp2546_c0_seq2
comp41349_c0_seq4

Description
PREDICTED: uncharacterized protein LOC107331233
PREDICTED: uncharacterized protein LOC107331612
PREDICTED: uncharacterized protein LOC107331790
PREDICTED: uncharacterized protein LOC107332031
PREDICTED: uncharacterized protein LOC107332112
PREDICTED: uncharacterized protein LOC107332191
PREDICTED: uncharacterized protein LOC107332322
PREDICTED: uncharacterized protein LOC107332475
PREDICTED: uncharacterized protein LOC107332862
PREDICTED: uncharacterized protein LOC107333227
PREDICTED: uncharacterized protein LOC107333575
PREDICTED: uncharacterized protein LOC107333989
PREDICTED: uncharacterized protein LOC107334541
PREDICTED: uncharacterized protein LOC107335421
PREDICTED: uncharacterized protein LOC107335504
PREDICTED: uncharacterized protein LOC107337427
PREDICTED: uncharacterized protein LOC107337799
PREDICTED: uncharacterized protein LOC107338215
PREDICTED: uncharacterized protein LOC107338511 isoform X2
PREDICTED: uncharacterized protein LOC107338620
PREDICTED: uncharacterized protein LOC107338815
PREDICTED: uncharacterized protein LOC107339930
PREDICTED: uncharacterized protein LOC107340394
PREDICTED: uncharacterized protein LOC107340772
PREDICTED: uncharacterized protein LOC107340910
PREDICTED: uncharacterized protein LOC107341046
PREDICTED: uncharacterized protein LOC107341703
PREDICTED: uncharacterized protein LOC107343078
PREDICTED: uncharacterized protein LOC107344536

e-Value
0
0
0
0
0
0
0
0
2.86E-96
1.23E-47
2.55E-37
0
0
0
0
4.03E-44
0
2.01E-144
0
0
0
0
0
9.32E-141
1.91E-28
2.80E-102
1.28E-169
0
1.87E-27

%
Identity
80.5
66.67
85
67
55.6
61.17
59
67.88
50
80
62.4
50
87
59.5
75
52.2
75
58
58.2
83
76
73.29
51.67
61.88
62.33
45.83
66.14
47
56

GO
Terms

2

2

7
2
1

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

245

comp51515_c0_seq1
comp74454_c0_seq1
comp6360_c0_seq4
comp8310_c0_seq1
comp8850_c0_seq1
comp15866_c0_seq2
comp7053_c0_seq2
comp450374_c0_seq2
comp6593_c0_seq2
comp4314_c0_seq1
comp4314_c0_seq1
comp58405_c0_seq1
comp12271_c0_seq1
comp79613_c0_seq1
comp31700_c0_seq1
comp162518_c0_seq2
comp423_c0_seq1
comp5012_c0_seq1
comp2562_c0_seq2
comp2816_c0_seq11
comp8471_c0_seq6
comp1528_c0_seq1
comp7570_c0_seq2
comp21891_c0_seq2
comp53038_c0_seq1
comp11163_c2_seq4
comp37540_c0_seq1
comp29175_c0_seq1

Description
PREDICTED: uncharacterized protein LOC107344830 isoform X5
PREDICTED: uncharacterized protein LOC107345071 isoform X1
PREDICTED: uncharacterized protein LOC107345241
PREDICTED: uncharacterized protein LOC107345780
PREDICTED: uncharacterized protein LOC107345786
PREDICTED: uncharacterized protein LOC107345787
PREDICTED: uncharacterized protein LOC107345966 isoform X3
PREDICTED: uncharacterized protein LOC107347046
PREDICTED: uncharacterized protein LOC107347197
PREDICTED: uncharacterized protein LOC107347604 isoform X2
PREDICTED: uncharacterized protein LOC107347604 isoform X3
PREDICTED: uncharacterized protein LOC107347839
PREDICTED: uncharacterized protein LOC107347941
PREDICTED: uncharacterized protein LOC107348496
PREDICTED: uncharacterized protein LOC107348715
PREDICTED: uncharacterized protein LOC107349711
PREDICTED: uncharacterized protein LOC107349956
PREDICTED: uncharacterized protein LOC107351390 isoform X1
PREDICTED: uncharacterized protein LOC107351525
PREDICTED: uncharacterized protein LOC107353403
PREDICTED: uncharacterized protein LOC107353975
PREDICTED: uncharacterized protein LOC107357587
PREDICTED: uncharacterized protein LOC107357729
PREDICTED: uncharacterized protein LOC107358193
PREDICTED: uncharacterized protein LOC107358209 isoform X1
PREDICTED: uncharacterized protein YML079W-like
Prefoldin subunit 3-like
Prefoldin subunit 5-like

e-Value
0
0
0
8.74E-60
6.82E-68
3.22E-13
7.84E-77
0
1.61E-96
2.06E-94
0
0
0
2.96E-152
5.61E-120
4.91E-134
2.27E-94
1.62E-156
1.34E-43
1.20E-52
0
0
4.19E-39
2.06E-77
3.61E-100
0
0
0

%
Identity
58.4
62.5
72.33
62
64.5
66
73.7
63
59
67
67
83.33
72
42
66.5
62.55
58
58.9
80
59.56
66.25
65.67
68.95
83.5
57.55
73.33
82.67
86

GO
Terms
1

2
2
3

2
2

7
3

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

246

comp7722_c0_seq1
comp4421_c0_seq1
comp50210_c0_seq1
comp25548_c0_seq4
comp3195_c0_seq1
comp5975_c0_seq45
comp9871_c0_seq1
comp42151_c0_seq1
comp1794_c0_seq1
comp8056_c0_seq3
comp357_c0_seq1
comp1023_c0_seq8
comp18411_c0_seq2
comp1515_c0_seq1
comp6136_c0_seq4
comp4738_c0_seq1
comp3219_c2_seq1
comp2327_c0_seq1
comp429_c1_seq1
comp442_c0_seq1
comp5513_c0_seq16
comp69165_c0_seq1
comp12522_c0_seq1
comp17269_c0_seq1
comp8833_c0_seq2
comp9840_c0_seq1
comp5436_c0_seq1
comp48210_c0_seq1
comp5636_c0_seq1

Description
Prelamin-A, C-like
Preprodamicornin
Presequence mitochondrial-like
Probable allantoinase 1
Probable disulfide-isomerase A6
Probable ethanolamine kinase
Probable sodium potassium-transporting ATPase subunit beta-3
Probable steroid-binding 3
Probable T4-type lysozyme 2
Probable transaldolase
Profilin-like isoform X3
Programmed cell death 6
Programmed cell death 6-interacting
Programmed cell death 6-like
Proliferating cell nuclear antigen
Proliferation-associated 2G4-like
Proline and serine-rich 1-like
Prolyl 4-hydroxylase subunit alpha-1
ProPol poly
Prosaposin-partial
Prostaglandin F synthase
Prostate stem cell antigen-like
Proteasomal ubiquitin receptor ADRM1-like
Proteasome subunit alpha type-1-like
Proteasome subunit beta type-3-like
Proteasome subunit beta type-7-like
Protocadherin Fat 4
Purine nucleoside phosphorylase
Puromycin-sensitive aminopeptidase

e-Value
4.58E-164
1.29E-170
3.94E-09
5.48E-48
4.93E-82
1.73E-75
1.33E-54
0
3.40E-54
2.71E-46
2.65E-72
1.34E-140
1.30E-135
5.88E-117
1.60E-127
0
0
7.83E-77
0
0
7.69E-87
2.70E-122
9.37E-33
6.11E-37
4.38E-07
4.18E-08
2.10E-16
0
9.34E-131

%
Identity
66.88
60
66.6
67.5
58.75
80.8
65.67
61.5
66.25
89
78.67
56.75
63.79
66.6
95
68.29
63
78
81.5
61.2
59.8
44.1
93
60.3
71.33
59.08
61.4
72.6
60.15

GO
Terms
2
2
1
5
3
3
2
1
4
4
3
1
4
3
9
3
2
2
2
2
3
5
5
3
4
3

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

247

comp13645_c0_seq2
comp60323_c0_seq1
comp9151_c0_seq7
comp9151_c0_seq2
comp11953_c1_seq2
comp15666_c0_seq3
comp1078_c4_seq56
comp7759_c0_seq3
comp6356_c0_seq1
comp6356_c0_seq9
comp5426_c0_seq2
comp21194_c0_seq2
comp8927_c0_seq1
comp6765_c0_seq1
comp23892_c0_seq2
comp37230_c0_seq1
comp9489_c0_seq1
comp3181_c0_seq1
comp8057_c0_seq1
comp5006_c0_seq1
comp5637_c0_seq1
comp3841_c0_seq1
comp27508_c0_seq3
comp17995_c0_seq3
comp7051_c0_seq1
comp51604_c0_seq2
comp1560_c0_seq1
comp3793_c0_seq1

Description
Pyrazinamidase nicotinamidase-like
Pyridoxal kinase
Pyridoxal-dependent decarboxylase domain-containing 1-like
Pyridoxal-dependent decarboxylase domain-containing 2
Pyridoxine-5-phosphate oxidase-like
Pyroglutamyl-peptidase 1-like
Pyruvate dehydrogenase E1 component subunit mitochondrial-like
Pyruvate mitochondrial
Quinone oxidoreductase
Quinone oxidoreductase 1-like
rab-s geranyltransferase component A-1-like isoform X2
Ragulator complex LAMTOR2
Ragulator complex LAMTOR3-A-like
Ragulator complex LAMTOR5 homolog
Ran-specific GTPase-activating
rap1 GTPase-GDP dissociation stimulator 1-partial
Ras RAS2
Ras-related C3 botulinum toxin substrate 1-like
Ras-related O-RAL
Ras-related Rab-10-like
Ras-related Rab-11A-like
Ras-related Rab-1A
Ras-related Rab-2
Ras-related Rab-23
Ras-related Rab-4B
Ras-related Rab5-like
Ras-related Rab-7a
Ras-related Rap-2a-like

e-Value
1.64E-70
2.93E-33
2.20E-74
9.73E-46
5.12E-144
0
1.91E-71
4.95E-94
8.39E-85
1.32E-160
0
0
8.40E-19
0
1.92E-38
8.90E-78
2.07E-31
1.36E-31
0
1.57E-136
0
0
4.01E-150
0
0
0
0
0

%
Identity
75
86.33
70.67
83
68.6
72.33
63.13
71.6
56.67
68.86
64
81.33
85.33
88.75
71.27
69.25
70.75
74.95
73.5
77.5
73.9
68.8
73.05
63.4
77.05
57.8
68.7
75.75

GO
Terms
2
2
1
4
3
4
8
3
5
1
11
16
2
3
3
3
14
14
10
15
6
12
8
8
4

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

248

comp15474_c0_seq1
comp791_c2_seq12
comp1638_c0_seq1
comp8274_c0_seq1
comp15308_c0_seq50
comp51841_c0_seq1
comp1070_c0_seq1
comp50722_c0_seq1
comp1469_c0_seq1
comp6919_c0_seq2
comp20413_c0_seq1
comp1312_c2_seq1
comp2304_c1_seq8
comp3_c0_seq2
comp15518_c0_seq1
comp11512_c0_seq1
comp4966_c0_seq2
comp62467_c0_seq2
comp3319_c0_seq3
comp6086_c0_seq1
comp2218_c0_seq2
comp6420_c0_seq2
comp6014_c0_seq1
comp17637_c0_seq1
comp7208_c0_seq1
comp4370_c0_seq1
comp1815_c0_seq1
comp20953_c0_seq3
comp2011_c0_seq1

Description
Receptor-type tyrosine-phosphatase delta
Receptor-type tyrosine-phosphatase F-partial
Retinal dehydrogenase 1
Retinol dehydrogenase 8-like
Retinol dehydrogenase 8-like isoform X1
Rhamnosyl O-methyltransferase-like
Rho GDP-dissociation inhibitor 1
Ribokinase-like isoform X1
RNA-binding, Musashi-like 2
Rootletin-like isoform X1
Saccharopine dehydrogenase [NAD(+) L-lysine-forming]-like
S-adenosylmethionine-partial
Scavenger receptor cysteine-rich type 1 M130
Small cysteine-rich 6 protein
Small cysteine-rich 8 protein
Scribble homolog
S-crystallin 4
Selenium-binding 1-like
Senecionine N-oxygenase-like
Serine arginine-rich splicing factor 3-like
Serine arginine-rich splicing factor 4
Serine mitochondrial
Serine threonine-kinase PAK 6-like isoform X3
Serine threonine-kinase PAK A-like isoform X1
Serine threonine-kinase PLK1
Serine threonine-phosphatase 2A 65 kDa regulatory subunit A alpha isoform
Serine threonine- phosphatase 2A catalytic subunit beta isoform
Serine threonine- phosphatase 4 regulatory subunit 2-B
Serine threonine- phosphatase 6 regulatory ankyrin repeat subunit B-like

e-Value
2.00E-70
7.47E-46
4.71E-143
5.55E-116
3.37E-155
0
0
9.78E-14
1.83E-24
0
0
1.66E-68
6.58E-141
0
7.58E-132
1.18E-57
9.02E-114
9.74E-47
3.60E-171
0
0
0
2.22E-68
4.33E-105
0
0
0
7.43E-78
0

%
Identity
62.65
45.55
70.45
66.85
61
72.36
78
69.29
62
72.63
64.75
88.77
55.25
46
49.5
58.9
60.47
88
64.4
68.65
58.4
83.71
56.9
58.2
53.4
65.14
75.5
71
60.25

GO
Terms
3
1
19
4
2
2
2
2
3
3
3
2
2
3
2
1
4
3
1
5
1
5
1
3
1
2
1

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

249

comp11112_c0_seq6
comp7549_c0_seq2
comp27340_c0_seq3
comp18488_c0_seq1
comp5125_c0_seq1
comp1238_c0_seq1
comp17214_c0_seq1
comp3284_c0_seq1
comp11692_c2_seq1
comp14455_c0_seq1
comp14455_c0_seq4
comp21234_c0_seq3
comp1912_c0_seq1
comp1148_c0_seq1
comp15518_c0_seq1
comp26796_c0_seq1
comp2842_c0_seq1
comp19137_c0_seq1
comp5580_c1_seq6
comp208512_c0_seq1
comp37_c0_seq1
comp2619_c6_seq40
comp6531_c0_seq1
comp2876_c0_seq1
comp6639_c1_seq41
comp2822_c0_seq1
comp23059_c0_seq1
comp23059_c0_seq2
comp7257_c0_seq1

Description
Serine threonine- phosphatase 6 regulatory ankyrin repeat subunit C-like
Serine threonine- phosphatase 6 regulatory subunit 3-like isoform X3
Serine-pyruvate aminotransferase-like
Serine-pyruvate mitochondrial
Serine-tRNA cytoplasmic-like
Serotransferrin-like isoform X2
S-formylglutathione hydrolase
SH3 domain-binding glutamic acid-rich 3
SH3 domain-containing 19-like
SH3 domain-containing kinase-binding 1
SH3 domain-containing kinase-binding 1-like
Short-chain-enoyl- hydratase-like
Sialate O-acetylesterase-like
Small cysteine-rich protein 3a
Small cysteine-rich protein 6-like
Small glutamine-rich tetratricopeptide repeat-containing beta
Small ubiquitin-related modifier 1-B-like
S-methyl-5-thioadenosine phosphorylase-like
Smoothelin 1
Sodium myo-inositol cotransporter
Soma ferritin
Sonic hedgehog-like
Sorbitol dehydrogenase
Sortilin-related receptor
Sorting nexin-11
Sorting nexin-2
Sorting nexin-4
Sorting nexin-4-like
Sorting nexin-6

e-Value
3.20E-57
4.21E-20
1.50E-23
7.25E-59
0
6.34E-147
1.24E-116
2.13E-37
7.67E-21
0
7.16E-123
0
0
4.32E-149
1.81E-125
0
2.61E-51
5.32E-139
0
5.20E-115
5.96E-87
2.47E-85
0
0
5.46E-165
3.23E-42
1.09E-53
0
1.25E-153

%
Identity
60.25
83.5
87
80.67
89
56
83.33
73.33
63.35
48
65.3
59.21
70
53.31
49.67
58.3
77.43
77.6
64.75
59.6
83.06
56.7
57.31
48.2
60.3
57.92
55.77
56.38
55.17

GO
Terms
1
4
4
4
1
2
1
1
2
2
2
1
3
5
1
2
3
2
3
1
1
1
1
5
5

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

250

comp1998_c0_seq2
comp3321_c0_seq2
comp5717_c1_seq1
comp1023_c0_seq7
comp2182_c0_seq2
comp2182_c0_seq3
comp3072_c0_seq1
comp6544_c0_seq3
comp5537_c2_seq28
comp1648_c3_seq94
comp21230_c0_seq1
comp12073_c0_seq2
comp3960_c0_seq1
comp1041_c0_seq2
comp859_c0_seq1
comp13116_c0_seq1
comp11186_c1_seq1
comp33527_c0_seq1
comp5688_c0_seq2
comp398_c0_seq52
comp2793_c0_seq1
comp120503_c0_seq1
comp9771_c0_seq5
comp6426_c0_seq53
comp17518_c0_seq3
comp14894_c0_seq3
comp4330_c1_seq1
comp9272_c0_seq1
comp205426_c0_seq1

Description
Spectrin alpha non-erythrocytic 1-like
Spectrin beta non-erythrocytic 1
S-phase kinase-associated 1-like isoform X1
Splicing factor 3B subunit 2-like
Splicing factor U2AF 65 kDa subunit
Splicing factor U2AF 65 kDa subunit-like
SRC substrate cortactin-like
STE20-like serine threonine-kinase
Sterile alpha motif domain-containing 11-like
Succinate dehydrogenase [ubiquinone] flavo subunit mitochondrial
Succinate-ligase [ADP-forming] subunit mitochondrial-like
Succinyl- ligase [ADP-forming] subunit mitochondrial-like
Succinyl- ligase subunit mitochondrial-like
Superoxide dismutase [Cu-Zn]
Superoxide dismutase [Cu-Zn]-like
Superoxide dismutase [Fe]
Superoxide dismutase [Mn] mitochondrial
SWI SNF complex subunit SMARCC2-like
Synaptic vesicle membrane VAT-1-like
Synaptojanin-2-binding -like
Syntenin-1-like isoform X1
Tachylectin-partial
Talin-partial
Tauropine dehydrogenase
TBC1 domain family member 15-like
T-complex 1 subunit beta-like
T-complex 1 subunit epsilon-like
T-complex 1 subunit theta-like
Testicular acid phosphatase-like

e-Value
0
0
0
3.50E-75
2.24E-165
0
0
0
0
2.48E-141
6.70E-32
0
3.13E-149
1.28E-25
1.42E-162
2.16E-32
0
0
0
0
1.62E-19
1.75E-119
0
0
3.63E-51
1.51E-90
0
0
0

%
Identity
57.75
66.3
90.5
65.3
55.6
57.55
73.7
67.25
72.6
78
78.79
81.88
71.75
68.83
74
58.14
72.43
72.25
52.4
64.45
70.71
70.3
68.12
70.88
54.9
63
64.45
55.65
57.92

GO
Terms
2
3
1
3
8
8
1
4
5
4
2
10
3
6
4
4
4
3
13
1
1
6
3
8
5
4
4
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

251

comp3903_c1_seq1
comp4288_c0_seq1
comp40171_c0_seq1
comp20129_c0_seq4
comp15891_c0_seq2
comp18883_c0_seq1
comp17535_c0_seq1
comp12132_c0_seq1
comp1098_c2_seq5
comp1098_c0_seq1
comp2219_c0_seq2
comp102_c0_seq1
comp1945_c1_seq1
comp3532_c0_seq10
comp36466_c0_seq2
comp12285_c1_seq1
comp2507_c0_seq1
comp4356_c0_seq1
comp2307_c0_seq1
comp2836_c0_seq10
comp25971_c0_seq8
comp376_c0_seq1
comp6130_c1_seq1
comp13760_c0_seq1
comp34320_c0_seq2
comp21710_c0_seq1
comp8515_c0_seq1
comp52349_c0_seq1
comp3581_c0_seq1

Description
Tetratricopeptide repeat 12-like
Tetratricopeptide repeat 28
THAP domain-containing 4
Thiamin pyrophosphokinase 1-like
Thimet-partial
Thioredoxin 1
Thioredoxin domain-containing 12-like
Thioredoxin domain-containing 17-like
Thioredoxin reductase 3-like isoform X1
Thioredoxin reductase 3-like isoform X2
Thiosulfate sulfurtransferase
Thymosin beta-12
Thymosin beta-B
Tight junction ZO-1-like
TOM1 2
Transcription elongation factor B polypeptide 1
Transcription elongation factor B polypeptide 2-like
Transcription elongation factor SPT5-like
Transitional endoplasmic reticulum ATPase-like
Transketolase-like isoform X1
Trans-L-3-hydroxyproline dehydratase-like
Translationally-controlled tumor homolog
Transmembrane 26
Transmembrane prolyl 4-hydroxylase
Transmembrane protease serine 11D
Transport Sec31A-like
Triosephosphate isomerase-like
tRNA-specific adenosine deaminase 2-like
Tropomyosin 3

e-Value
3.73E-69
3.62E-101
1.79E-79
0
2.42E-145
1.44E-64
1.51E-176
0
0
1.70E-49
0
1.61E-98
0
0
4.55E-25
1.20E-65
0
0
7.52E-100
3.94E-148
0
0
0
1.50E-17
4.23E-82
2.85E-81
5.50E-09
2.23E-90
1.19E-147

%
Identity
59.38
62.75
64.67
68
65
62.77
74.1
74.67
60.6
63.23
54.25
80.6
78.8
59.85
55.67
95
90
83.5
68.15
78.57
83
56.67
57.29
56.95
65.35
81.67
79.57
59.25
51.35

GO
Terms
1
1
4
5
3
2
3
6
5
4
4
1
5
3
1
3
2

1
2
2
1

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName

252

comp4620_c0_seq1
comp10523_c0_seq1
comp17173_c0_seq4
comp87_c0_seq2
comp297_c0_seq1
comp9090_c0_seq1
comp9090_c0_seq2
comp14786_c1_seq1
comp3947_c0_seq11
comp7908_c0_seq1
comp62_c0_seq2
comp13774_c0_seq1
comp187502_c0_seq1
comp79_c0_seq2
comp7641_c0_seq4
comp2585_c0_seq2
comp1986_c0_seq2
comp2758_c0_seq1
comp18642_c0_seq1
comp39964_c0_seq1
comp3051_c1_seq4
comp14817_c0_seq1
comp14588_c0_seq1
comp136_c0_seq1
comp36728_c0_seq1
comp8588_c0_seq7
comp5157_c0_seq1
comp27226_c0_seq1
comp4050_c0_seq1

Description
Tropomyosin alpha-4 chain-like
Tropomyosin isoforms c e-like
Tubby-like
Tubulin alpha-1C chain
Tubulin beta chain
Tubulin polymerization-promoting family member 2
Tubulin polymerization-promoting family member 2-like
Tubulin-specific chaperone A-like
Tudor domain-containing 1
Tumor D54
Tumor necrosis factor ligand superfamily member 10-like
Twinfilin-1-partial
Tyrosinase
Tyrosinase tyr-3 isoform X2
Tyrosine aminotransferase-like
Tyrosine- kinase SRK2-like
Tyrosine- phosphatase non-receptor type 4-like
U6 snRNA-associated Sm LSm3
U6 snRNA-associated Sm LSm4
Ubiquinone menaquinone biosynthesis C-methyltransferase-like
Ubiquitin carboxyl-terminal hydrolase 4-like
Ubiquitin carboxyl-terminal hydrolase isozyme L3-like isoform X1
Ubiquitin fusion degradation 1 homolog isoform X1
Ubiquitin-60S ribosomal L40
Ubiquitin-conjugating enzyme E2 A
Ubiquitin-conjugating enzyme E2-17 kDa
Ubiquitin-fold modifier 1
Ubiquitin-fold modifier-conjugating enzyme 1
Ubiquitin-like modifier-activating enzyme 1

e-Value
0
0
0
7.69E-46
2.21E-81
3.38E-57
0
1.09E-111
2.67E-98
1.33E-154
5.70E-166
1.75E-178
2.56E-18
6.91E-121
6.29E-79
0
0
5.16E-33
5.10E-140
3.40E-98
4.19E-107
8.70E-98
2.40E-141
1.09E-154
0
0
0
0
2.42E-20

%
Identity
66
61.17
85.4
98.2
95.35
88
88
86.25
50.2
77.67
47
72.5
60.15
46
49.81
64.6
57.15
75.14
76.89
58.14
62.3
63.11
89
86.55
52.4
74.7
95
92.5
60.9

GO
Terms
3
5
6
3
2
1
2
4
3
6
2
9
9
7
3
3
1
1
6
4
2

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp10349_c0_seq1
comp13834_c0_seq1
comp5618_c0_seq1
comp58948_c0_seq1
comp77280_c0_seq1
comp36511_c0_seq1
comp4205_c2_seq33
comp25793_c0_seq2
comp1281_c0_seq2
comp25262_c0_seq1
comp3664_c0_seq1
comp2110_c0_seq1
comp959_c0_seq2
comp44613_c0_seq11
comp3588_c0_seq1
comp12674_c0_seq6
comp4681_c0_seq1
comp68249_c0_seq1
comp115714_c0_seq1
comp2311_c1_seq1
comp236944_c0_seq1
comp4023_c0_seq1
comp16440_c0_seq1
comp15411_c0_seq1
comp3387_c0_seq1
comp27601_c0_seq8
comp34222_c0_seq1
comp282_c0_seq1
comp2518_c0_seq1

Description
UBX domain-containing 1
UDP-glucuronic acid decarboxylase 1-like
UDP-N-acetylhexosamine pyrophosphorylase
Uncharacterized FAD-linked oxidoreductase-like
Uncharacterized FAD-linked oxidoreductase-like isoform X2
Uncharacterized methyltransferase-like
Uncharacterized methyltransferase Mb3374-like
Uncharacterized oxidoreductase -like
Uncharacterized protein LOC110054306
Uncharacterized protein LOC110066716
Universal stress A
Universal stress Slr1101
Universal stress Slr1101-like
UPF0160 mitochondrial-like
UPF0676 -like
Urease accessory -like
Urease subunit alpha-like
Uridine diphosphate glucose pyrophosphatase-like
Uridine-cytidine kinase-like 1 isoform X3
Urokinase plasminogen activator surface receptor-like isoform X2
Uroporphyrinogen decarboxylase-like
UV excision repair RAD23-like B
Vacuolar sorting-associated VTA1 homolog isoform X1
Valine--tRNA ligase-like
Very-long-chain (3R)-3-hydroxyacyl- dehydratase-like isoform X2
Very-long-chain 3-oxoacyl- reductase
Vesicle-associated membrane 7-like isoform X2
Vitellogenin-partial
von Willebrand factor

e-Value
2.86E-78
0
0
0
5.22E-43
6.18E-30
2.13E-97
9.06E-62
1.76E-99
5.16E-75
0
0
2.51E-75
2.28E-97
5.00E-137
2.72E-63
1.54E-164
2.65E-55
7.80E-48
1.65E-52
8.82E-90
0
2.66E-93
3.98E-65
0
0
4.84E-143
0
1.24E-58

%
Identity
60
53.71
80
59.6
74.5
58.33
59.29
84
68.75
58
69.4
59.6
59.85
83.5
59
94.5
85
88.33
54.25
48.33
86.6
65.25
72
58.13
59.71
61
63
57
57.1

GO
Terms
1
2
2
3
3
5
2
2
1
1
1
6
3
6
2
3
3
5
4
2
3
1
2
4

Appendix 5 Continued: Sequence name, identified protein, e-Value, percent identity, and number of GO terms for all uniquely
named proteins identified.
SeqName
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comp26052_c1_seq5
comp5907_c1_seq7
comp30692_c1_seq1
comp25666_c0_seq1
comp1211_c0_seq2
comp3571_c1_seq1
comp1211_c0_seq2
comp123238_c0_seq2
comp6639_c1_seq1
comp20433_c0_seq2
comp11401_c0_seq6
comp4840_c0_seq1
comp14975_c0_seq1
comp2705_c0_seq1
comp838_c0_seq1
comp5339_c0_seq1

Description
von Willebrand factor A domain-containing 5A
von Willebrand factor D and EGF domain-containing -like
von Willebrand factor type EGF and pentraxin domain-containing 1
von Willebrand factor type EGF and pentraxin domain-containing 1-like
WD repeat-containing 17
WD repeat-containing 1-B
WD repeat-containing 24-like
Williams-Beuren syndrome chromosomal region 27
Wiliams tumor 1-interacting homolog isoform X2
Xaa-Pro aminopeptidase 1
Xaa-Pro dipeptidase-like
Xylose isomerase
Xylulose kinase
Zinc finger RNA-binding-like
ZP domain-containing
ZP domain-containing-like

e-Value
1.27E-152
0
9.51E-62
1.60E-27
2.12E-23
6.56E-84
2.79E-19
1.04E-04
9.68E-40
5.88E-66
9.52E-21
0
9.01E-71
2.60E-22
7.07E-115
0

%
Identity
63.8
60.1
51.3
56.4
55.9
47
55.55
58.21
60.6
68.7
66.14
90.5
83.4
67.77
53.45
56.35

GO
Terms
1
6
1
1
7
9
1
5
1
2
3
2
4
2
2
2

