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Abstract
Chlorpyrifos is an organophosphate that is currently used to reduce arthropod
pests. Coastal marine ecosystems may be exposed to agricultural pesticides via
adsorption to agricultural soil runoff or as spray drift. Sublethal effects of pesticide
exposure can impact the health and survival of economically important non-target species
such as the American lobster (Homarus americanus). Using acute exposures in seawater
(28 PSU), the 24 h and 48 h median lethal concentrations of chlorpyrifos were
established for stage IV H. americanus (1.56 µg/L and 1.33 µg/L respectively). Exposure
to sublethal concentrations allowed the measurement of movement, acetylcholinesterase
activity, intermoult period, specific growth rate, and moult increment. Movement patterns
were assessed to establish a 24 and 48 h median inhibition concentration for cessation of
normal movement (0.98 and 0.66 µg/L respectively). Acetylcholinesterase activity was
found to be inhibited in lobsters sampled immediately post-exposure to 0.50, 0.57, and
0.82 µg/L chlorpyrifos but activity was recovered after a period in clean seawater (9 to 15
d). Sublethal growth effects were an increased intermoult period, decreased specific
growth rate, and decreased moult increment after 48 h exposure to an environmentally
relevant chlorpyrifos concentration (0.82 µg/L). Gene expression changes of H.
americanus stage IV larvae were analyzed to understand the physiological mechanisms
affected by exposure to sublethal chlorpyrifos concentrations. After 48 h of exposure,
surviving lobsters were processed for Illumina RNA sequencing (RNA-seq). Genes of
interest with significant changes using RNA-seq were verified using reverse transcriptase
quantitative polymerase chain reaction (RT-qPCR). Analysis of RNA-seq and the
confirmation of gene expression patterns via RT-qPCR results found significant changes
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to expression of genes related to stress response (glutathione peroxidase 3 and heat shock
protein 60), hypoxia response (hairy, astakine 2, hemocyanin), moulting (cytochrome
P450 307a1-like and chitinase), and immunity (astakine 2). Changes to gene expression
were most notable in lobsters exposed to 0.57 µg/L chlorpyrifos. The current study
suggests that H. americanus stage IV larvae were marginally less sensitive to
chlorpyrifos compared to other decapods and that acute lethality of H. americanus larvae
is not likely to occur with chlorpyrifos concentrations previously reported from aquatic
environments but physiological effects to growth, movement, and gene expression were
observed at sublethal concentrations.
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CHAPTER 1
General Introduction
1.1 Lobster fishing in Atlantic Canada
The American lobster (Homarus americanus) is found predominantly along the
Atlantic coast from North Carolina in the United States to Labrador in Canada.
Harvesters in the southern Gulf of St. Lawrence (sGSL) predominantly catch lobsters
close to shore in shallow waters, 1 to 30 m depth (Fisheries and Oceans Canada, 2007,
2013). Lobsters are essential to many regional coastal fisheries throughout their range.
The Canadian lobster fisheries support over 10,000 licensed harvesters and provide the
most valuable seafood export. Upwards of 78% of lobster is exported to the United States
while 22% is shipped overseas to 50 countries, with Japan, China, Belgium and France
being prominent markets (Fisheries and Oceans Canada, 2015). The lobster fisheries in
Canada began in the mid-1800s, landings increased dramatically in the 1970s and by the
most recent reports, in 2018 landings have reached 97,381 tonnes with a value of over
$1.4 billion (Fisheries and Oceans Canada, 2007, 2018a, 2018b).
Lobster Fishing Areas (LFAs) 23, 24, 25, 26A and 26B are located on the shores
of New Brunswick, Prince Edward Island (PEI), and Nova Scotia in the sGSL. In the
sGSL, the sharp increase in landings that began in the 1970s continued until peak
landings in 1990 of 22,099 t for the region. Since that year, landings began to decline in
the sGSL until recently increasing to higher than the previous record year to 2017
numbers of 32,524 t. While landings were above the long-term median for the region
(10,933 t) during the period of decline, there was concern over the cause for this
phenomenon (Fisheries and Oceans Canada, 2007, 2013, 2019). The decline was seen in
1

the Northumberland Strait in particular, LFAs 25 and 26A, where landings peaked in
1988, with over 6,000 t and 6,500 t respectively. Landings steadily decreased in both
areas post-1988 to approximately half of their 1988 numbers (Fisheries and Oceans
Canada, 2013, 2019). Though the landings have increased again in these two regions,
recent SCUBA surveys of 1-year old lobster abundance (young-of-year, YOY) in areas of
LFA 25 and 26A show a gradual increase up to 2017 and a drop off in 2018 (Fisheries
and Oceans Canada, 2019). Some regions in LFA 26A had average YOY abundances of
less than 3 per m2 and in central Northumberland Strait no settling YOY have been noted
in collectors since 2014 (Fisheries and Oceans Canada, 2019). The decline of lobster
YOY in the Northumberland Strait may cause another decrease in landings in future
years. Understanding the factors that are thought to influence recruitment may contribute
to future measures for increasing the sustainability of the lobster population in the
Northumberland Strait.
Decreased lobster recruitment in the area may be due to overfishing, construction,
warming ocean temperatures, and reduced reproduction (Aiken and Waddy, 1986;
Fisheries and Oceans Canada, 2013; Quinn, 2017). Overfishing concerns have been
addressed through fisheries measures including the implementation of fishing seasons,
trap limits, limited licensing, and a minimum legal size (PEI Department of Agriculture
Fisheries and Aquaculture, 2006; Fisheries and Oceans Canada, 2013). The construction
of the Confederation Bridge between 1993 and 1997 has been anecdotally implicated in
the destruction of lobster habitat. The Confederation Bridge was built in an area of the
Northumberland Strait typically inhabited by lobster and previously fished. Material,
including cobble and other prime lobster habitat, was dredged from an area of 300,000 m2
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and moved to a disposal site east of the bridge (Jacques Whitford Environment Limited,
1998; Strait Crossing and Public Works and Government Services Canada, 1996). The
coastal waters of the Atlantic Ocean warming to near-lethal temperatures for lobster
(25°C) has been suggested as a likely cause for increased mortality in larvae as well as an
inability to synchronize moult and reproductive cycles (Aiken and Waddy, 1986; Quinn,
2017). Additionally, anthropogenic activities can produce chemical pollution such as
industrial and petroleum products as well as pesticides. These toxicants have been found
to cause impacts to H. americanus such as decreased hardening of the cuticle, reduced
growth, decreased metabolic scope, and delay of moult in crustaceans including lobster
(see section 1.4.6) (Atema et al. 1982; Bauer et al. 2013; Chou et al. 1987; Daoud et al.
2014; Fingerman et al. 1996; Horst et al. 2007; Laufer et al. 2012). Recruitment issues
faced by American lobster populations in the Northumberland Strait can be better
understood through understanding the biology of the lobster and influences on lobster
survival and growth.
1.2 Lobster biology
1.2.1 External anatomy
The body of the American Lobster consists of a fused head and thorax
(cephalothorax) and an abdomen. The head region contains the first and second antennae
and mouthparts consisting of the mandible and first and second maxillae (Factor, 1995).
On the thorax are three pairs of maxillipeds, additional mouthparts, and the pereiopods.
The first pair of pereiopods, called the chelipeds, are large claws and the second to fifth
pairs of pereiopods are termed the “walking legs”, used as locomotory appendages
(Factor, 1995). The abdomen contains the pleopods or “swimmerets” and the tail fan.
3

Swimmerets are used to aid in locomotion and carry eggs in ovigerous females (Factor,
1995). The tail fan is made up of two pairs of flattened pleopods known as uropods and a
middle appendage known as the telson; it is used to aid in quick escape when the
abdomen is flexed (Factor, 1995).
1.2.2 Moulting
In order to increase in size, lobster must undergo moult. The exoskeleton is made
up of the endocuticle, exocuticle and epicuticle which are formed prior to the lobster’s
emergence from the previous carapace (Waddy et al. 1995; Wahle and Fogarty, 2006).
The time between moults is referred to as the intermoult period (IP) which begins with
the hardening of the exoskeleton and continues until the next moult (Waddy et al. 1995).
During the intermoult period, the organism’s behaviour focuses on feeding and defending
itself from predators (Chang, 1995). During intermoult, the moulting hormone ecdysone
is negatively regulated (Chang, 1995; Cobb and Castro, 2006).
In preparation for the next moult, the lobster enters a pre-moult stage, during
which the organism undergoes biochemical changes under endocrine control. Ecdysone
levels increase and are converted to the active form 20-hydroxyecdysone (Chang, 1995).
Ecdysone originates in the Y-organ in the thorax and has been theorized to be stimulated
during premoult by methyl farnesoate, a precursor for juvenile hormone, a developmental
and reproductive hormone found in insects (Chang, 1995). Coordinately, both calcium
and glucose levels in the hemolymph rise during pre-moult in preparation for synthesis of
the new exoskeleton (Chang, 1995).
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During moult, the lobster must shed the carapace in an active rupturing of the
thoracoabdominal membrane. This causes the lobster to fall on its side and temporarily
lose mobility, then the old carapace is lifted and hinges forward enabling the lobster to
emerge (Waddy et al. 1995; Wahle and Fogarty, 2006). Each moult results in a percent
increase in size, or moult increment (MI), between 10 and 20 % of the pre-moult
carapace length (Cobb and Castro, 2006). The MI and IP are two common ways to
quantify each moult.
1.2.3 Life cycle
In sexually mature females, mating can occur immediately or up to 12 days postmoult. The likelihood of a successful mating is increased immediately post-moult and
decreases over time after moult (Hughes and Matthiessen, 1962). Lobsters must be
sexually mature to mate successfully (Waddy et al. 1995). During mating, the male
deposits a spermatophore into the female’s seminal receptacle. The spermatophore can be
stored for two to three years in the seminal receptacle until released to fertilize eggs as
they are extruded onto the pleopods during spawning (Talbot and Helluy, 1995). The
fertilized eggs are cemented to abdominal segments for 9 to 11 months, typically
extruded in the fall and hatch the following spring (Cobb and Castro, 2006; Fisheries and
Oceans Canada, 2013; Waddy et al. 1995).
Hatching begins to occur when water temperatures reach approximately 15°C, in
mid- to late May at the earliest; in the Northumberland Strait hatching occurs in mid-June
to early July (Hughes and Matthiessen, 1962; Ennis, 1995). Once hatched, lobster
embryos are retained on the female’s pleopods until they undergo the first moult to a
stage I larvae within 24 hours (Ennis, 1995). Repeatedly over 15 to 31 days, the female
5

vigorously beats her pleopods in order to release the stage I larvae (Ennis, 1995). Larval
movement depends on currents and tides meaning that release time and location are
important influences on the area that larvae will eventually settle in. Water temperature,
current velocity, and wind speed and direction can all play a role in the distance and
direction traveled by larvae (Cobb and Castro, 2006; Lawton and Lavalli, 1995).
The pelagic larval stages I, II, and III feed on plankton (phyto- and zoo-plankton)
and suspended material within the water column (Wahle and Fogarty, 2006). Early larval
moults produce a size increase from an average stage I cephalothorax (carapace) length
(CL) of 1.7 mm and total body length of 8 mm through to the average stage III CL of 3.2
mm and total body length of 11 mm (Ennis, 1995; Factor, 1995). The duration of lobster
larval stages, dependent on water temperature, ranges between 3 and 10 weeks, with 6 to
8 weeks spent in the planktonic phase (Fisheries and Oceans Canada, 2007; Ennis, 1995;
Hughes and Matthiessen, 1962).
Metamorphosis occurs in the moult from stage III to stage IV, resulting in a stage
with prominent chelipeds which appears more similar to the adult lobster. Stage IV
lobsters have a CL averaging 3.8 mm and a total body length of approximately 12.5 mm.
Their pleopods develop control over swimming direction and larvae begin bottom-testing
to initiate the transition to a benthic lifestyle (Charmantier and Aiken, 1987; Ennis, 1995;
Factor, 1995). Once lobsters encounter the appropriate substrate conditions, with shelter
of rocks, macroalgae, or seagrass as protection from predators, they will burrow into the
substrate (Ennis, 1995; Wahle and Fogarty, 2006). Settled larvae are typically found
inshore, in warm shallow waters that possess cobble, bedrock areas with rocks and
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boulders, eelgrass meadows, and peat reefs (Lawton and Lavalli, 1995). Once settled,
lobsters do not return to the pelagic zone.
After moulting to stage V, lobsters will avoid moving from their shelters for long
periods of time. This stage is termed the shelter-restricted or cryptic juvenile stage and
continues until CL has reached approximately 15 mm (Factor, 1995). Between 15 and 25
mm CL, lobsters are considered as emergent juveniles, mostly confined to shelter but
emerge with limited range to find food. Between 25 and 50 mm CL, lobsters are
considered vagile juveniles, migrating in search of food or new shelter. On average,
lobsters reach physiological sexual maturity at about 50 mm CL depending on region
(Factor, 1995; Wahle and Fogarty, 2006). In the Northumberland Strait, the median size
at maturity of female lobsters is at CL of 72 mm (Waddy et al. 1995). Adolescent and
adult lobsters migrate between the shallow and deep waters following the seasonal
temperature gradient (Lawton and Lavalli, 1995).
1.3 Environmental impacts on growth and development
The health of the lobster population is reliant on appropriate environmental
conditions (e.g., temperature, light, salinity) and lobster survival is contingent on
adaptation to variation of these conditions. For example, the optimal amount of dissolved
oxygen is 6.4 mg/L or higher but lobsters can survive low oxygen levels of 0.2 mg/L in
5°C or 1.2 mg/L in 20°C assuming optimal salinity and pH (Ennis, 1995; Lawton and
Lavalli, 1995). The optimal salinity and pH levels for lobster development are 30 to 31
PSU and 8.0, respectively (Ennis, 1995). In the Northumberland Strait, the salinity
averages 29 to 32 PSU and the bottom temperature typically ranges from 0 to 5°C in
winter months, 5 to 14°C in spring and fall months, and 14 to 20°C in the summer while
7

the highest daily sea surface temperature is between 22 and 26°C (Chassé et al. 2014).
Sea surface temperature is important in the survival of pelagic larval stages as they tend
to reside near the sea surface as currents and tides move them from the area of hatching
(Cobb and Castro, 2006; Lawton and Lavalli, 1995). Individually, environmental
conditions are important to the survival of the lobster and variation from the ideal
conditions can be challenging to the organism. Changes to environmental factors may be
caused by and/or occur simultaneously with anthropogenic stressors, adding further
pressures to the animal’s ability to adapt and survive.
1.3.1 Temperature
Temperature is believed to be the most significant factor to the growth and
development of the lobster. The temperature range tolerated by lobsters is between -1 and
30.5°C (Lawton and Lavalli, 1995). Lobsters can survive long term acclimation to 30°C
but exposure to 32°C is lethal to lobsters (Chang, 2005). Larvae resist settlement if they
have to pass a thermal gradient of 5°C or more. This is believed to lead to settlement in
shallow, warmer waters where suitable habitat tends to be found (Lawton and Lavalli,
1995). Seasonal lobster migration to deeper water allows lobsters to maintain a
temperature range of 8 to 14°C in order to synchronize sexual maturation, moult,
spawning, embryonic development, and larval release (Waddy et al. 1995).
Temperature has been shown to have a direct effect on ovarian maturation and
yolk synthesis; if water temperature drops below 5°C, ovarian development is suspended
completely. In nearshore lobster populations, a temperature drop to below 5 to 8°C for an
extended period of time before a temperature increase to over 10°C is required for sexual
maturation and spawning to occur (Waddy et al. 1995). Temperature is known to interact
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with photoperiod to induce or suppress spawning allowing populations to synchronize
their reproductive cycle to the seasons (Waddy and Aiken, 1992). If temperature cues are
not available, for example in lab conditions, photoperiod becomes increasingly important
to initiation of spawning. In the wild, photoperiod does not typically have great influence
in spawning regulation (Waddy et al. 1995).
1.3.2 Light
Photoperiod and light intensity can alter the hiding and swimming behaviours of
lobster larvae. The most important factor influencing these effects being the age of the
larvae (Haché et al. 2015). Stage IV is the first stage to display predominantly negative
phototaxis, moving away from light leading to settlement to the benthic zone, seeking
shelter, and beginning the cryptic stage of the life cycle (Ennis, 1995). Therefore, this
stage displays increased hiding and decreased swimming when exposed to higher light
intensities and longer photoperiods (Haché et al. 2015). An interaction effect of
photoperiod and light intensity was noted by Haché et al (2015) in regard to the survival
and growth of larval lobsters; it was found that a 16L:8D photoperiod at 1000 lux
intensity provides ideal light conditions in which to raise larvae. Light intensity and
photoperiod may also affect lobster survival by changing the behaviour of prey organisms
or by altering the amount of sheltering foliage available (Haché et al. 2015; Wahle and
Steneck, 1991).
1.3.3 Habitat
The preferred habitat of the American lobster changes depending on the stage in
the life cycle. Lobsters prefer to settle in habitats with high density of small shelters
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(Wahle and Steneck, 1991). Recruitment to the benthos is thought to occur proportionally
to the availability of suitable habitat considering the early benthic phase is the most
shelter-restricted phase in the lobster life cycle (Wahle and Steneck, 1991).
Shelter-restricted juveniles have a preference for sheltering in rocky habitats
which provide strongholds to avoid predation and prevent disturbance from strong
currents. Vagile juveniles and adult lobsters inhabit areas that contain kelp forests, mussel
beds, macroalgae and eelgrass beds, and peat reefs (Wahle and Steneck, 1991). These
sites have good coverage from predators as well as availability of food because they are
also home to other crustaceans and fish.
1.3.4 Food availability
Larval lobsters are opportunistic omnivores, feeding on phytoplankton,
zooplankton, copepods, and crustacean larvae including their own species (Ennis, 1995).
Adult lobsters are mostly carnivorous, and decapods represent 57 to 84% of prey. Their
main prey is rock crab (45 to 78% of diet). Fresh prey is preferred but lobsters will also
scavenge for rock crab carcasses (Fisheries and Oceans Canada, 2013). Lobsters take part
in cannibalism (8 to 13% of diet), but instead of hunting fresh prey they mostly ingest
scavenged carapaces (Fisheries and Oceans Canada, 2013).
Nutritional deficiency can have a great impact on the reproductive cycle of the
lobster. Under less than optimal nutritional states, eggs can be resorbed by a female,
fecundity can be reduced, and the numbers and size of successfully hatched larvae may
be reduced (Ennis, 1995; Waddy et al. 1995). Poor nutrition can also increase the length
of intermoult periods, delaying growth and development if quality and availability of
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food is low (Ennis, 1995). Once lobsters reach stage IV, they are more resistant to
starvation and can survive without food for 12 days or more (Ennis, 1995).
1.3.5 Salinity
Lobsters have a narrow range of salinity tolerance and hemolymph osmolarity can
be altered within 30 minutes of salinity changes (Chang, 2005; Lawton and Lavalli,
1995). Lobsters are typically found in areas with salinities of over 25 PSU and depending
on temperature, oxygen, and level of acclimation, the lowest salinity a lobster can survive
is between 8 and 14 PSU (Lawton and Lavalli, 1995). Larvae and lobsters undergoing
moult are most sensitive to decreases in salinity (Lawton and Lavalli, 1995). Salinity of
10 PSU or less can lead to mass die-offs in estuaries during significant spring runoff
events (Lawton and Lavalli, 1995).
1.3.6 Anthropogenic stressors
Anthropogenic stressors to the American lobster can come in many forms
including habitat destruction, ocean acidification, climate change, chemical pollution,
agricultural runoff, and other pesticide exposures. Potential sources of habitat destruction
in the Northumberland Strait include the construction of the Confederation Bridge as
mentioned previously, as well as drag or trawl fishing. Drag and trawl fishing has been
found to cause injury and death to lobsters in the path of the tow. It has been observed
that up to 23% of lobsters in a drag path are injured or killed by drag fishing gear, the rate
of mortalities depends on time of year and moult status (Jamieson and Campbell, 1985;
Smith and Howell, 1987; Chopin and Arimoto, 1995). Additionally, fishing gear can drag
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or damage habitat features destroying areas for settling larvae or altering shelters
inhabited by adult lobster.
Ocean acidification is known to decrease ocean carbonate concentration, causing
potential dissolution and weakening of calcified body structures such as the lobster
exoskeleton. In the American lobster, no change in calcification occurred under expected
end-of-century pH (pH 7.7) but it was found that the organism had reduced growth and
delayed moulting, potentially from the reallocation of energy stores to maintain
calcification in the exoskeleton (Keppel et al. 2012). Increased pH levels can increase the
bioavailability of ammonia (optimal levels being less than 0.14 mg/L) causing stress to
lobsters, especially the ammonia-sensitive larval and postlarval stages (Ennis, 1995;
Young-Lai et al. 1991; Delistraty et al. 1977). When end-of-century pH and temperature
conditions for the Gulf of Maine (pCO2 750 ppm/pH ~7.8; 19°C) were combined, one
study found additive effects of reduced survival to metamorphosis and upregulation of
stress-related genes for cellulose and heat shock protein 70 as well as downregulation of
cuticle-binding and chitin-forming genes (Waller, 2016; Waller et al. 2016). As reviewed
in Quinn (2017), high water temperature alone causes compromised immune function,
reduced moulting and growth, irregular movements, erratic heartbeat, and limited settling
in the American lobster.
Limited information exists for the impact of chemical pollution on the American
lobster. Alkylphenols, used in manufacturing processes of paints, detergents, and plastics,
are one category of chemicals for which information does exist as there has been
confirmed accumulation in lobsters found in the Long Island Sound, Rhode Island, and
Maine areas (Jacobs et al. 2012). Alkylphenols have juvenile hormone activity and
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ingestion has been shown to delay larval moult as well as increase mortality and
incidences of incomplete metamorphosis (Laufer et al. 2012). The alkylphenol 2,4-bis(dimethylbenzyl)phenol has the effect of directly competing with tyrosine for
incorporation into the cuticle, resulting in a weakened exoskeleton (Laufer and Chen,
2013). Polychlorinated biphenyls (PCBs), found in many products including hydraulic
fluids, plasticizers, and flame retardants, and polyaromatic hydrocarbons (PAHs),
originating from petroleum products and the combustion of fossil fuels, have also been
found to accumulate in the American lobster but no information is available on the effect
of these chemicals on the organism. In the fiddler crab (Uca pugliator), the PCBs
Arochlor 1242 and Arochlor 1254 can slow limb regeneration and inhibit the black
pigment dispersing hormone, potentially impacting cuticle hardening and camouflage.
Naphthalene, a PAH, has also been found to slow limb regeneration in U. pugliator, as
well as inhibiting the release of gonad stimulating hormone in the red swamp crayfish
(Procambarus clarkii) (Weis et al. 1992; King and Chou, 2003).
Agricultural runoff of nutrient fertilizer and pesticides are a concern in regard to
the American lobster. Nitrogen runoff from agricultural fertilizer into bays and estuaries
of the Atlantic Ocean can cause increases to local phytoplankton levels leading to
eutrophication events that can cause mortality in bottom-dwelling organisms, such as the
American lobster (de Jong, 2006). Agricultural pesticides such as methoprene and
endosulfan have been found to affect lobster survival by causing mortality, while
exposure to sublethal concentrations has resulted in impairment of growth and
metabolism as well as changes to gene expression (Bauer et al. 2013; Horst et al. 2007).
Endosulfan, an organochloride pesticide that has been applied to potato crops, was found
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to decrease larval lobster gene expression in moult-related genes such as those encoding
for the ryanodine calcium channel receptor, the pro-phenoloxidase cascade, and chitinase
and cuticular proteins. Endosulfan also impairs the larval lobster’s ability to protect
against stress by downregulating gene expression for those enzymes required for the
biotransformation of xenobiotics and protection against reactive oxygen species (Bauer et
al. 2013). Adult lobsters exposed to endosulfan experienced a decrease in metabolic
scope, which was hypothesized to lead to long term effects of reduced growth and
swimming and feeding activity (Daoud et al. 2014). Methoprene, a juvenile hormone
analog, was found to reduce hepatopancreatic hemocyanin levels, decreasing oxygencarrying capacity in lobsters (Horst et al. 2007). Methoprene also increases gene
expression of components of the ubiquitination protein turnover pathway, a short-term
stress response in lobster, also found to occur in freshwater field crab (Oziotelphusa
senex senex) exposed to furadan, endosulfan, and chlorpyrifos (Horst et al. 2007; Walker
et al. 2005).
Residence in the pelagic zone makes early stage larval lobsters vulnerable to
pesticide and other chemical pollutant exposure via runoff of water-soluble compounds.
During the benthic phase of the lobster life cycle, there is continued possibility of
exposure via sediment-bound toxicants as juvenile and adult lobsters burrow in sediment.
Pesticide exposure has been identified as the cause of multiple fish kills in Atlantic
Canada including 40 of 52 fish kills in PEI rivers reported between 1962 and 2016
(Government of Prince Edward Island, 2016). At least 14 of these affected rivers are
located in watersheds draining into the Northumberland Strait potentially exposing
lobsters residing in connecting bays or other near shore regions. Fish kills are an
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important sign of potential larval lobster kills; since larval lobsters are small in size and
have high rates of predation and cannibalism in the wild, mass die-offs may be
overlooked but fish kills are difficult to ignore. With the variety of influences on lobster
growth and survival, however, it can be difficult to determine the causes of lobster
mortality in the wild.
1.4 Agriculture in the maritime provinces surrounding the Northumberland Strait
There are three Maritime Provinces surrounding the Northumberland Strait, Nova
Scotia, New Brunswick, and Prince Edward Island (PEI). Using sampling and modelling
of the 20 surrounding watersheds, Grizard (2014) calculated that the water flow into the
Northumberland Strait from NS, PEI, and NB was 4295, 4056, and 808 m3/ha/year
respectively. Nova Scotia has over 3,900 farms, cropland covers over 280,000 acres with
gross farm receipts totaling $594.9 million (Statistics Canada, 2016a; 2016b; 2016c).
New Brunswick has 0.9 million acres of farmland with 351,231 acres of cropland. Gross
farm receipts total $552.8 million for the 2611 farms in the province (Statistics Canada,
2016b). PEI has close to 1500 farms covering over 594 thousand acres with gross farm
receipts totaling $447.4 million (PEI Department of Agriculture and Fisheries, 2015; PEI
Department of Environment Energy and Forestry, 2009; Statistics Canada, 2016c).
PEI has the largest area of potato crop in Canada (86,500 acres) producing 1.3
billion kilograms of potatoes in 2014 and New Brunswick has the 4th largest area of
potato crops in Canada (51,814 acres) (Statistics Canada, 2016b, 2016c; PEI Department
of Agriculture and Fisheries, 2015). PEI also produces fruits, such as blueberries,
strawberries, cranberries, black currants, and apples, and vegetables such as cauliflowers,
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carrots, rutabaga, onions and cabbage. All three provinces produce significant crops of
corn, canola, and soybeans (Statistics Canada, 2016a; 2016b; 2016c).
Only 1.5, 2.3, and 3.1% of farms are certified organic in Nova Scotia, New
Brunswick, and PEI respectively (Statistics Canada, 2016a; 2016b; 2016c). Therefore, the
vast majority of the farms on these three provinces use pesticides or herbicides in crop
production. The runoff water from non-organic farms located in the 20 watersheds
draining into the Northumberland Strait can carry eroding soil as well as water soluble
fertilizers and pesticides (Grizard, 2014). Over 1 million kilograms of pesticides were
sold on PEI in 2014 and approximately 200,000 kilograms were insecticides (PEI
Department of Communities Land and Environment, 2015). Agricultural pesticides have
been known to impact non-target organisms when distributed onto cropland. These
pesticides may impact non-target organisms found in the vicinity of the treated crops or
the pesticide may migrate from cropland during rain events into nearby bodies of water
(Dunn et al. 2011; Islam and Tanaka, 2004).
1.5 Pesticides and runoff
Pesticide exposure to lobsters in the Northumberland Strait is one potential
anthropogenic stressor affecting the landings in recent years. Some pesticides of concern
are those used in potato farming on PEI such as endosulfan, chlorothalonil, carbofuran,
and metribuzin some of which have been confirmed as causing fish kills in previous years
(Dunn et al. 2011; Government of Prince Edward Island, 2016). Organophosphates such
as azinphos methyl, diazinon, and naled are commonly used as agricultural pesticides in
Canada. Organophosphates are used frequently due to their fast degradation times,
however their rate of degradation in soil is linked to temperature, pH, hydrolysis,
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photolysis, and microorganisms present in the environment (Gilani et al. 2010).
Therefore, organophosphates may not always degrade quickly enough to avoid affecting
non-target organisms. Approximately 0.1% of pesticides reach target organisms while the
rest of the applied pesticides are released into the environment (Gilani et al. 2010). In
particular, the organophosphate azinphos methyl was implicated in 11 out of 41 fish kills
in PEI rivers since 1994 (Government of Prince Edward Island, 2016).
Pesticides from agricultural fields can enter aquatic environments as runoff,
washed from the soil by rainfall. Total pesticide runoff varies depending on weather,
wind, method of application, and hydrophobicity of the pesticide. One study by Caux et
al. (1996) found the herbicide metribuzin in concentrations up to 47.1 mg/L in the Nicolet
River of Quebec, Canada after heavy rainfall (Caux et al. 1996). In 2001 the government
of PEI introduced legislation that farms are required have a grassed buffer zone between
their land and the water’s edge. These buffer zones were implemented to decrease soil
erosion and pesticide runoff (Dunn et al. 2011). Buffer zones have been shown to reduce
migration of pesticides which are strongly sorbed to soil particles (a minimum of 53%
reduction). Toxicants with high water solubility enter the aquatic ecosystem even with
presence of buffer zones, reduced by only 13% in some conditions. Reduction of
pesticide runoff depends on the ratio of field to buffer zone, slope of the farm, and width
of the buffer zone (Dunn et al. 2011).
Buffer zone legislation arrived as a result of 17 fish kills in waters near PEI
agricultural land experiencing pesticide runoff between 1994 and 2005 (Dunn et al.
2011). It was estimated that nitrogen loading in PEI was an average of 6.6 kg-N/ha
watershed/year compared to New Brunswick and Nova Scotia loading into the
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Northumberland Strait of 0.06 and 0.25 kg-N/ha watershed/year respectively.
Considering this nitrogen loading occurred during the years after buffer zone legislation,
2012 and 2013, it is possible that water soluble pesticides are also running off along with
the nitrogen fertilizer contributing to these numbers (Grizard, 2014).
1.6 Sublethal effects of pesticide exposure
Pesticides are known to lead to changes in community composition in freshwater
aquatic ecosystems (Schäfer et al. 2007). Pesticides are thought to be the cause of
disease, deformities, and tumours in fish found in the North Sea and coastal waters of the
United Kingdom. It is theorized that sublethal effects of pesticides, including
organophosphates, may significantly impact marine ecosystems through reproductive and
endocrine effects, immune system suppression, and increased mortality rates (Islam and
Tanaka, 2004).
Some of these effects may be observed using genomic analysis to assess sublethal
changes in gene expression. Changes in decapod gene expression from pesticide exposure
have been noted in stress and immune-related genes. In methoprene exposed adult
lobsters, gene expression was upregulated for ubiquitination pathway components,
ubiquitin conjugating enzyme and ubiquitin carboxyl terminal hydrolase (Horst et al.
2007). Organophosphate exposure was found to induce gene expression changes in
freshwater prawns Macrobrachium borellii and Macrobrachium rosenbergii resulting in
upregulation of superoxide dismutase required to protect against reactive oxygen species
and downregulation of the immune genes pro-phenoloxidase (proPO) required for the
melanization of the cuticle, lipopolysaccharide and β-1,3-glucan binding protein involved
in the induction of the proPO cascade, and α-2-macroglobulin a protease inhibitor (Chang
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et al. 2013; Lavarías, 2013). The proPO genes were also found to be downregulated in
lobster larvae exposed to endosulfan, an organochlorine pesticide (Bauer et al. 2013).
Little is known about the exact impact of agricultural runoff into estuaries and the
subsequent impact on marine organisms such as the American lobster.
1.7 Chlorpyrifos
1.7.1 Application and sales information
The broad-spectrum organophosphate pesticide, chlorpyrifos, is produced by Dow
Chemical Company in Midland, Michigan, USA (Grabusky et al. 2004). Chlorpyrifos is
used to reduce arthropod pests in turf, ornamental plants, and agricultural fields. Target
organisms include grubs, ants, aphids, maggots, and cutworms and historically
chlorpyrifos was used to eliminate aquatic larvae of flies and mosquitos (Grabusky et al.
2004; Health Canada Pest Management Regulatory Agency, 2003). The United States
Environmental Protection Agency banned residential use of the chlorpyrifos formulation
Dursban® in 2000 and the Canadian Government banned all residential use of
chlorpyrifos in 2001 (Grabusky et al. 2004). Recent annual provincial sales of
chlorpyrifos in PEI are approximately 1,000 kg (PEI Department of Communities Land
and Environment, 2015; PEI Department of Environment Energy and Forestry, 2009).
Agricultural use of chlorpyrifos in provinces surrounding the Northumberland
Strait would occur with crops such as rutabaga, cauliflower, cabbage, carrots, onions, and
potato. The pesticide would be used to combat organisms deleterious to these crops
including the Colorado potato beetle (Leptinotarsa decemlineata), cabbage maggot
(Delia radicum), darksided cutworm (Euxoa messoria), and the click beetle (wireworm)
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(Agriotes sputator) (Grabusky et al. 2004; Health Canada Pest Management Regulatory
Agency, 2007). Formulations of chlorpyrifos can be applied as a spray or directly to soil
and are either granular, encapsulated, emulsifiable concentrates, or wettable powders.
Name brands used in Canada are Dursban, Lorsban, and Pyrate insecticide (Grabusky et
al. 2004). Chlorpyrifos can persist over 100 days depending on organic content of soils,
application method, application rate, formulations, and environmental conditions.
Chlorpyrifos has been reported to have a log KOW of between 4.7 and 5.3 and water
solubility of 1.4 mg/L at 25°C (Grabusky et al. 2004; Toxicology Data Network, 2015).
Chlorpyrifos is non-polar with limited volatility. It has limited water solubility and can
therefore be adsorbed to soil particles (Dunn et al. 2011). Chlorpyrifos has a dissipation
half-life in the water column of <1 to 7 days and is most readily broken down into 3,5,6trichloro-2-pyridinol (TCP) by cleavage of the phosphorus ester bond (Grabusky et al.
2004). TCP is more polar than chlorpyrifos, has a water solubility of 49,000 mg/L and
log Kow of 1.35 to 3.21, and is more likely to migrate into the environment (Grabusky et
al. 2004). A second breakdown product, 3,5,6-trichloro-2-methoxypyridine, has a water
solubility of 20.9mg/L and a log Kow of 4.3, is likely to volatilize from the soil or water
surface (Grabusky et al. 2004).
Chlorpyrifos can be introduced into aquatic environments via soil erosion when
sorbed, through solving into rainwater runoff, or via spray drift during application
(Grabusky et al. 2004). Introduction into the environment is impacted by the mode and
timing of application to farmland (Caux et al. 1996). Granular and encapsulated
formulations may wash from soil more easily due to smaller surface area contact.
Wettable powders and emulsifiable concentrates may be more likely to enter the
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environment via spray drift. If rainfall occurs soon after application, the pesticide may
not have had a chance to sorb to the soil and may be more easily washed into runoff. Soil
components impact introduction to the environment as chlorpyrifos sorbs most readily to
soils high in peat moss and organic matter (Grabusky et al. 2004).
1.7.2 Toxicity
Chlorpyrifos is activated to chlorpyrifos-oxon by cytochrome P450-dependent
monoxygenases. This oxon inhibits with acetylcholinesterase leading to an accumulation
of free acetylcholine at cholinergic nerves leading to continual nerve stimulation resulting
in involuntary muscle contraction, loss of reflex action, and incoordination (Grabusky et
al. 2004; Toxicology Data Network, 2015).
Chlorpyrifos has been shown to be toxic to other crustaceans including estuarine
mysid (Americamysis bahia), daggerblade grass shrimp (Palaemonetes pugio), common
prawn (Palaemon serratus) and European spider crab (Maja squinado) as well as
freshwater Australian glass shrimp (Paratya australiensis). These studies calculated
chlorpyrifos median lethal concentration (LC50) values of 0.068 to 1.06 µg/L (24hr), 0.22
to 0.79 µg/L (48hr), and 0.029 to 0.69 µg/L (96 hr) (Bellas et al. 2005; Key et al. 2013;
Key and Fulton, 2006; Kumar et al. 2010a; Kumar et al. 2010b). Health Canada states an
LC50 value of 0.09 to 65 µg/L for aquatic invertebrates in general (Health Canada Pest
Management Regulatory Agency, 2003). It is hypothesized in Rubach et al. (2010), that
toxicokinetics and size of an organism are deciding factors of the toxic dose of
chlorpyrifos. Chlorpyrifos varies in its impact on aquatic arthropods. The variety in size,
uptake, biotransformation, and elimination of chlorpyrifos from species to species is vast
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and it is difficult to predict how a species will respond to this pesticide in terms of toxic
and lethal doses (Rubach et al. 2010).
Chlorpyrifos has been detected at > 0.900 µg/L in Chesapeake Bay and in
Californian rain and fog up to 0.600 µg/L (Mézin and Hale, 2004). In freshwater,
chlorpyrifos was found in two urban retention ponds in Guelph, ON (average
concentration of two water samples: 0.148µg/L) as well as in Ontario’s Niagara region
(12 water samples contained chlorpyrifos, the highest concentration found was 0.417
µg/L) (Grabusky et al. 2004). Considering the detection of chlorpyrifos in freshwater
aquatic environments there is potential risk of exposure for marine organisms, however
there is limited knowledge of the chlorpyrifos content in marine and estuarine
environments. During preliminary data collection of marine sediments, chlorpyrifos was
detected at a concentration of 0.054 ng/g in Summerside Harbour, Prince Edward Island,
Canada (D. Daoud, personal communication, 10 March2020).
Chlorpyrifos is used to target arthropodic organisms and has been used
historically to reduce numbers of aquatic mosquito larvae (Grabusky et al. 2004; Health
Canada Pest Management Regulatory Agency, 2003). Stage IV lobsters are both
arthropodic and aquatic larvae. Decapod larvae have been found to be especially sensitive
to chlorpyrifos (Grabusky et al. 2004). Stage IV larvae are found in both the pelagic and
benthic zones and may be at risk of chlorpyrifos exposure in the pelagic zone during
runoff events as well as in the benthic zone once settled where chlorpyrifos is likely to
partition once it has entered the aquatic environment. The specifics of chlorpyrifos
impacts on lobster mortality or sublethal effects have not been described in any previous

22

studies and information is lacking in regard to the impact of chlorpyrifos on the global
gene expression of crustaceans in general.
1.7.3 Acetylcholinesterase inhibition
Acetylcholine

is

synthesized

in

mechanoreceptors,

proprioceptors,

and

chemoreceptors in lobster and is required to stimulate lateral abdominal arteries
supplying hemolymph to abdominal and swimmeret muscles (Barker et al. 1972;
Davidson et al. 1998). Regulation of acetylcholine accumulation lies with the kinetic
properties of synthetic and degradation enzymes and the genetic regulation of those
enzymes as well as the amount of substrate present in cells (Barker et al. 1972).
Acetylcholinesterase (AChE) is an enzyme that breaks down acetylcholine; it is found in
the gills, digestive glands, muscle and hemolymph of aquatic invertebrates (SanchezHernandez, 2007). Synapses in the nervous system require AChE to hydrolyze
acetylcholine, preventing overstimulation of neurons. Inhibition of AChE results in
lengthening of the depolarization potential from muscle receptor neurons and increases
the frequency of excitation of the post-synaptic neuron (Barker et al. 1972). AChE
inhibition has been correlated to abnormal chemotaxis and is reported to cause
impairment of feeding and locomotion in the amphipod crustacean Gammarus fossarum
(Couillard and Burridge, 2015).
In freshwater Australian glass shrimp (P. australiensis), researchers found no
significant recovery of AChE activity 48 hours after exposure to chlorpyrifos and the
same species exposed to 0.025 to 0.1 µg/L for 96 hours continue to experience AChE
inhibition seven days after the end of exposure (Kumar et al. 2010b). Chlorpyrifos
exposure potentially decreases ability of a crustacean to feed and moult through effects to
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muscle contraction and chemotaxis. Considering the effect of chlorpyrifos on AChE
inhibition, chemotaxis, and potential impact to moulting ability, significant impact to the
survival of H. americanus larvae may occur.
1.8 Hypothesis and objectives
The survival of H. americanus is affected by sublethal levels of the
organophosphate pesticide chlorpyrifos. This study aims to determine the effects of the
agricultural organophosphate pesticide chlorpyrifos on the non-target organism, Homarus
americanus, in order to increase knowledge about the cause of the declining YOY in the
Northumberland Strait.
It was hypothesized that:

Chlorpyrifos affects H. americanus via decreasing acetylcholinesterase function,
disturbing growth and moulting cycles, as well as inducing changes to gene expression.

This study aims to provide clarity in these areas via the following goals to:
1. Determine at what chlorpyrifos concentration the survival of stage IV
American lobster is affected. In order to assess this, probit analysis was
performed to calculate the chlorpyrifos concentration that is lethal to 50% of
exposed organisms (LC50) as a representation of lethality to the average stage
IV lobster.
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2. Assess the sublethal effects of chlorpyrifos exposure to the function of
acetylcholinesterase, growth, and moulting when compared to non-exposed
lobsters.
3. Analyze changes to global gene expression through RNA sequencing and RTqPCR. RNA sequencing (RNA-seq) enables researchers to produce up to
hundreds of millions of RNA sequence reads from their sample in order to
view genes with low expression rates (Chu and Corey, 2012). These methods
may determine if sublethal chlorpyrifos exposure leads to potential difficulties
for the organisms in regard to stress responses and enzymatic functions.
This study used 48-hour acute exposures to a wide variety of chlorpyrifos
concentrations to determine an LC50 value for stage IV lobster larvae. Post-exposure,
surviving lobsters were sampled for sublethal effects including mortality during recovery,
impacts to growth and development, acetylcholinesterase inhibition, and changes to gene
expression levels. These parameters are important in developing an understanding how
chlorpyrifos may impact the growth, development, and survival of the American lobster
when exposed to this pesticide.
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CHAPTER 2
Effects of Sublethal Chlorpyrifos Exposure on Postlarval American Lobster
(Homarus americanus)
2.1 Abstract
The organophosphate pesticide chlorpyrifos has been introduced to the marine
environment via adsorption to agricultural soil runoff or as spray drift. Chlorpyrifos
affects the survival of some larval decapod crustaceans but no data exists on the impacts
to the American lobster, Homarus americanus. The purpose of this research was to assess
the levels at which chlorpyrifos affects the survival of postlarval H. americanus. Using
acute saltwater exposures, the 24 h and 48 h median lethal concentrations were
established for stage IV H. americanus (1.56 µg/L and 1.33 µg/L respectively).
Movement, acetylcholinesterase activity, intermoult period, specific growth rate, and
moult increment were measured during exposure to sublethal concentrations. Movement
patterns were assessed to establish a 48 h median inhibition concentration for cessation of
normal movement (0.66 µg/L). Acetylcholinesterase activity was found to be inhibited
immediately post-exposure to 0.50, 0.57, and 0.82 µg/L chlorpyrifos but could be
recovered within a period in clean seawater (9 to 15 d). Sublethal growth effects of
increased intermoult period, decreased specific growth rate, and decreased moult
increment were observed during exposure to an environmentally relevant concentration
(0.82 µg/L). The current study suggests that H. americanus stage IV larvae were
marginally less sensitive to chlorpyrifos compared to other decapods and that acute
lethality of H. americanus larvae is not likely to occur with chlorpyrifos concentrations
previously reported from aquatic environments.
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2.2 Introduction
Agricultural pesticides represent a concern for collateral damage to non-target
organisms inhabiting adjacent bodies of water as they have been found to be transported
into water sources via runoff during rain events as well as through aerosol spray
application misdirected by wind (Charizopoulos and Papadopoulou-Mourkidou 1999;
Islam and Tanaka 2004; Dunn et al. 2011). Moderately hydrophobic pesticides such as
organophosphates can also be transported on sediment from land to saltwater
environments via soil erosion. Fishes and invertebrates in marine ecosystems may be
deleteriously impacted by the sublethal effects of pesticides through reproductive and
endocrine disruption, immune system suppression, and increased mortality rates (Islam
and Tanaka 2004).
Organophosphates are of concern with regards to marine arthropods that may be
especially sensitive to this
Organophosphates

act

as

group of

inhibitors

of

compounds

(Grabusky et

acetylcholinesterase

al.

(AChE)

2004).
activity.

Acetylcholinesterase is a B-esterase that hydrolyzes the neurotransmitter acetylcholine.
Inhibition of this enzyme leads to an accumulation of free acetylcholine at cholinergic
nerve synapses. This accumulation results in continual nerve stimulation, involuntary
muscle contraction, incoordination, and loss of reflex action (Grabusky et al. 2004; Costa
2006; Toxicology Data Network 2015). Acetylcholinesterase inhibition after 96 h
exposure to a 1 µg/L chlorpyrifos treatment has been correlated to abnormal chemotaxis
and impairment of feeding and locomotion in the amphipod crustacean Gammarus
fossarum. (Xuereb et al. 2009). Organophosphate exposure has been shown to produce
abnormal limb movements, decreased spawning, morbidity, and death by hypoxia in the
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American lobster, Homarus americanus (Pahl and Opitz 1999; Burridge et al. 2008;
Daoud et al. 2016).
The American lobster represents an economically important resource for
communities on the Atlantic coast of Canada and the United States. Chlorpyrifos is a
relatively hydrophobic compound (log Kow of 4.96) and will adsorb to sediment,
allowing it to be transferred into the estuarine and marine environment during soil
erosion events. It has been detected in a tributary of Chesapeake Bay (USA) at over 0.900
µg/L and in freshwater urban retention ponds at 0.148 µg/L (Guelph, ON) and 0.417
µg/L (Niagara, ON) (Grabusky et al. 2004; Mézin and Hale 2004). The initial stages of
the life of a lobster are spent floating in the water column (stages I to III), they then settle
to the benthos where they spend time in shelters dug into the sediment or underneath
rocks (stages IV to adult). Therefore, lobsters could be exposed to chlorpyrifos in larval
stages when it is washed into the water column and during juvenile and adult stages in the
benthic zone where sediment settles. Considering the effects of organophosphates on
crustaceans, chlorpyrifos exposure may increase vulnerability in young H. americanus
and disrupt recruitment to benthic habitat. The ability of stage IV larvae to settle to the
benthic zone is integral to survival as it provides protection from predators (Ennis 1995;
Cobb and Castro 2006). The specific impacts of chlorpyrifos on H. americanus regarding
sublethal effects or mortality have not been previously described but if locomotion is
disrupted, their chances of survival in the wild may decrease.
The present study aims to determine the sensitivity of stage IV H. americanus
larvae to chlorpyrifos. Similar to other crustaceans, it was expected that lobsters would be
highly sensitive to acute chlorpyrifos exposure. Furthermore, it was hypothesized that the
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mortality of H. americanus exposed to chlorpyrifos would be similar to that of other
decapod larvae and that sublethal concentrations would be detrimental to survival.
Chlorpyrifos exposures (48 h) were used to determine median lethal concentration (LC50)
values, median inhibition concentration (IC50) for the cessation of normal movement, and
other sublethal effects for stage IV lobster larvae.
2.3 Materials and methods
2.3.1 H. americanus larvae husbandry
Stage IV lobsters were obtained from the Coastal Zone Research InstituteHomarus Inc. in Shippagan, NB, Canada. Ovigerous females, collected by members of
the Maritime Fishermen’s Union in May, were held in 800 L communal tanks at
Homarus Inc. with a flow-through seawater system (11°C, 28 to 30 PSU salinity, water
flow of 5 L/min) until stage I larvae were released, up to 24 h after hatching. Stage I
larvae were transferred to a 1200 L communal seawater tank (UV to treated, 2 µm
filtered, 20 ± 1°C, 28 to 30 PSU salinity, water flow of 1 L/min) with a photoperiod of 16
h light and 8 h dark. During larval rearing, lobsters were fed twice daily with a
combination of frozen brine shrimp (Artemia sp.) (Hikari Brand, Kyorin Food Industries
Ltd.) and Brine Shrimp Flakes (Salt Creek, Inc.) until all had reached stage IV (± 3 %).
For each exposure experiment (June to August 2016), 800 to 1000 stage IV larvae were
collected and transported in insulated containers with vigorous aeration to the Canadian
Rivers Institute facilities at the Department of Biology, University of Prince Edward
Island (Charlottetown, PE, Canada).
Larvae were acclimated in 250 L communal tanks connected to a recirculation
system supplied with artificial seawater (Instant Ocean, 28 PSU) for 5 to 8 d with a
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photoperiod of 16 h light and 8 h dark. Dissolved oxygen concentration, temperature,
salinity, and pH were measured daily using a YSI brand multi-parameter sonde (600QS
sonde with YSI brand 650 MDS display-datalogger; Valox Ltd.). Water quality during
acclimation was as follows: temperature 17.2 ± 0.55°C, pH 8.10 ± 0.07, DO 9.79 ± 2.4
mg/L (approximately 100 % saturation), salinity of 28 ± 1.6 PSU. Ammonia (< 2 mg/L)
and nitrite (< 2 mg/L) were measured daily using a saltwater master test kit (API Marine
product #401M, Mars Fishcare). Larvae were fed twice daily for a total of 30 g frozen
brine shrimp (Artemia sp.) (Hikari Brand, Kyorin Food Industries Ltd.) per 1000 stage IV
larvae. Lobsters were handled in accordance with the University of Prince Edward Island
Animal Care Committee approved animal care protocol # 15-022.
2.3.2 Chlorpyrifos exposure
Effects of chlorpyrifos on lobsters were assessed during four experiments using
48 h static exposures. The number of biological replicates (N) per concentration ranged
from 15 to 29 for each experiment. Before each trial, all exposure vessels were cleaned
by rinsing with a 2% HCl solution, acetone, and methanol. Clean vessels were rinsed
with distilled water, followed by artificial seawater (28 PSU) as a precaution against
solvent residues from the washing process. Water quality was assessed prior to exposures
and every 24 h during exposure to ensure appropriate pH, DO, salinity, and ammonia
levels. Ammonia and nitrite levels were monitored to ensure levels remained below 2
mg/L respectively.
Individual lobsters were placed in 1 L glass vessels containing nominal
chlorpyrifos (Pestanal® Analytical Standard, Fluka Analytical) concentrations of 0.375,
0.47, 0.56, 0.75, and 1.5 µg/L. Chlorpyrifos stock solutions and dilutions corresponding
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to each exposure concentration were made in methanol (Caledon Laboratory Chemicals),
and water was spiked such that all treatments received less than 0.0003 % (v/v) methanol,
with the exception of the salt water control. A methanol control, spiked with the highest
volume of methanol used in chlorpyrifos dilutions, was included in each experiment to
determine if the solvent would cause any effects unrelated to chlorpyrifos exposure.
Exposure vessels were aerated overnight before chlorpyrifos was administered prior to
exposure and again for 5 to 10 min prior to the addition of lobsters to ensure proper
mixing of chlorpyrifos within the vessel. Lobsters were fed 2 mg dry Brine Shrimp
Flakes (Salt Creek, Inc.) and 2 mg frozen brine shrimp (Artemia sp.) (Hikari Brand,
Kyorin Food Industries Ltd.) homogenized for 30 s in artificial seawater (28 PSU) at
approximately 1 h and 24 h after exposure. Morbidity, mortality, and water quality were
noted at 24 h and 48 h. Morbidity was defined as larval body position either ventraldorsal or lateral with either movement of appendages or a clear response (appendage
movement, swimming, or tail-flick) to stimulation (gentle agitation of water). Mortality
was defined as larva lying in a ventral-dorsal or lateral position with no appendage
movement and no response to stimulation. Larvae were considered to be normal when
they maintained a dorsal-ventral body position and exhibited normal walking, swimming,
or tail-flick behaviour with or without stimulation.
At 48 h of exposure, a sample of up to six surviving lobsters from each treatment
were transferred to cryotubes, flash frozen using liquid nitrogen, and stored at -80°C for
subsequent analysis of acetylcholinesterase (AChE) activity. All remaining live test
organisms were measured for carapace length (CL) and briefly rinsed with artificial sea
water before being placed into individual recovery vessels (See Appendix A). Carapace
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length was determined by photography with a PixeLINK Megapixel FireWire Camera
and its associated PixeLINK software (PL-A662, PixeLINK) mounted on a stereo
microscope (Stemi 2000-CS, Zeiss). Open access photo analysis software ImageJ
(National Institutes of Health; Accessed October 2015, August 2016) was used for image
measurement. Lobsters were relocated to artificial seawater (28 PSU) in a tank connected
to a recirculation system (previously described) until moult occurred.
2.3.3 Sublethal effects and storage
To simulate the variety seen in a natural diet, lobsters in recovery were each fed
one piece of seafood daily. The seafood for recovery feeding was purchased as a varietypack of fresh seafood (Atlantic-sourced) which contained shrimp (Pandalus borealis),
fish (Atlantic cod, Gadus morhua, Atlantic salmon, Salmo salar, and/or rainbow trout,
Oncorhynchus mykiss), and sea scallops (Placopectin magellanicus). The seafood was
portioned and frozen to store, and then one or two chunks were thawed immediately
before presenting pieces (approximately 0.3 cm3) to lobsters during feeding times.
Recovery lobsters were monitored once daily for mortality and moult. Lobsters were
collected for measurement 3 to 5 days post-moult at stage V to ensure completion of
carapace hardening prior to handling (a total of 9 to 15 days in recovery). Stage V lobster
carapace length (CL) was measured before freezing in liquid nitrogen prior to storage at
to 80°C. Growth parameters were analyzed including: CL, intermoult period (IP), moult
increment (MI), specific growth rate (SGR) and ability to moult successfully. Moult
increment (MI = [CLV to CLIV] / CLIV) and SGR (SGR = [log10CLV to log10CLIV] / IP)
calculations use both CL of stage IV (CLIV) and stage V (CLV) for individual lobsters.
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2.3.4 Acetylcholinesterase activity
Frozen whole lobster samples were then analysed for acetylcholinesterase activity
using the Amplex® Red Acetylcholine/Acetylcholinesterase Assay Kit (A12217,
Invitrogen, Life Technologies Inc.) following the manufacturer’s instructions (Appendix
B) (Invitrogen Detection Technologies 2004). Whole stage IV lobsters (0.02 to 0.07 g)
were homogenized using an OMNI International TH electric homogenizer (OMNI
International) at high speed for approximately 30 s. Acetylcholinesterase reactions were
incubated at room temperature for 30 min, protected from light, and then measured using
an excitation wavelength of 528 nm and emission detected at 590 nm on an FLX 800
microplate florescence reader (Bio-Tek Instruments Inc.). Assays were conducted using
Amplex® Red reagent (400 µM), horseradish peroxidase (2 U/mL), choline oxidase (0.2
U/mL), acetylcholine (100 µM). A 0.2 U/mL acetylcholinesterase solution and 20 mM
hydrogen peroxide in 10 µM Tris-HCl (pH 8.0) were used as the positive controls.
Sample protein content was measured in phosphate buffered saline (pH 7.4), according to
Bio-Tek Instruments methods, using a 10.8 mM fluorescamine solution in acetonitrile
(Caledon Laboratory Chemicals) (Appendix C) (Held 2006). Fluorescence was measured
at an excitation filter of 360 nm and emission filter of 460 nm on the same instrument,
FLX 800 microplate florescence reader (Bio-Tek Instruments Inc.). Acetylcholinesterase
activity was calculated as fluorescence units per mg of protein per minute.
2.3.5 Chlorpyrifos water concentration
Water samples for the measurement of chlorpyrifos, approximately 950 mL
volume, were obtained at t = 0 h and prepared in physically separated vessels to represent
initial pesticide exposure concentration. Vessels containing water samples for chemical
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analysis were processed concurrently and identically to exposure vessels. No lobster
exposure took place in initial water chemistry vessels. A composite water sample was
obtained at the end of exposure (t = 48 h) in order to assess loss of chlorpyrifos levels
throughout exposure. Chlorpyrifos was extracted from water samples using liquid-liquid
extraction

with

dichloromethane

(DCM)

(Caledon

Laboratory

Chemicals).

Decachlorobiphenyl was added to the sample as a recovery surrogate and chlorpyrifos
concentrations were adjusted according to the surrogate percentage recovery for each
concentration and trial.
For each treatment, a water sample was transferred to a 1000 mL separatory
funnel along with a 60 mL aliquot of DCM and shaken vigorously for a minimum of 2
min and allowed to separate for approximately 5 min. The DCM fraction containing
chlorpyrifos was then collected into a 250 mL glass vessel. This process was repeated for
a total of three 60 mL aliquots per water sample (pooled total of 180 mL DCM extract).
Upon complete extraction, each collection vessel was wrapped in tin foil to avoid
chlorpyrifos photodegradation.
Dichloromethane extracts of water samples were submitted to Research and
Productivity Council (Moncton, NB) for gas chromatography and electron capture
detector (GC-ECD) analysis. Extracts were dried using sodium sulfate before being
transferred to a concentrator tube using DCM washes (3 x 10 mL). The sample was
concentrated to 1 mL in a Turbovap® nitrogen evaporator before being exchanged to
hexane for GC-ECD analysis using an Agilent gas chromatographer and µECD detector
with DB-5 column (30 m x 0.53 mm, 1.5 µm film thickness) (7890A, Agilent
Technologies) with an injection volume of 1 µL and helium as carrier gas. Calibration of
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the standard curve for chlorpyrifos was performed using six chlorpyrifos calibration
standards ranging in concentration from 0.01 to 2.0 µg/L. Detection limit was assessed to
be 0.02 µg/L.
2.3.6 Statistical analysis
The median lethal concentration (LC50) of chlorpyrifos for stage IV lobster larvae
was determined using measured concentrations for four experiments via probit analysis
with maximum likelihood estimation (α 0.05) in Minitab 17 software (Minitab Inc.) and
presented as mean ± standard error of the four replicate experiments. Morbidity data was
used to determine a median inhibition concentration (IC50) for the cessation of normal
movement. Normal movement was defined as swimming and/or displaying a distinct
swimming response to gentle agitation of water.
Generalized Linear Model analysis (α 0.05) was performed on sublethal growth
parameters: CL IP, MI, and SGR using Statistica 13 (Dell Statistica). Only one trial had
sufficient surviving individuals in at least three concentrations (experiment four), so only
this experiment was analyzed for sublethal endpoints. For parameters displaying
significant effects of pesticide concentration, a non-linear curve fit was used to determine
median inhibition concentrations (IC50). Normality of the data was assessed using normal
probability plots and equality of variance was confirmed using the Brown-Forsythe and
Levene’s tests.
2.4 Results
2.4.1 Water chemistry
Chlorpyrifos concentration decreased over the 48-h exposure time (Table 2-1).
Seawater and methanol controls did not contain chlorpyrifos concentrations above the
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Table 2-1. Summary of data used for analysis of growth and recovery. Carapace length (CL), intermoult
period (IP), moult increment (MI), and specific growth rate (SGR) are reported as mean ± SD
Measured Chlorpyrifos
Concentration (µg/L)

0

0

b

0.5

0.57

0.82

N (t = 0 h)

24

24

24

24

24

3.94 ± 0.13

4 ± 0.20

4.01 ± 0.16

3.97 ± 0.12

3.93 ± 0.10

N (t = 48 h)

12

12

10

7

5

N Moulted to stage V

11

12

9

3

3

4.69 ± 0.25

4.86 ± 0.51

4.66 ± 0.42

4.64 ± 0.42

4.17 ± 0.27

16 ± 2

16 ± 2

17 ± 2

16 ± 4

21 ± 0

0.19 ± 0.06

0.22 ± 0.13

0.19 ± 0.06

0.16 ± 0.06

0.06 ± 0.05

4.6 ± 1.3

5.2 ± 2.5

4.3 ± 1.4

4.2 ± 1.9

1.3 ± 1.3

CL (stage IV) (mm)

CL (stage V) (mm)
IP (days)
MI (%)
-3

SGR (x 10 )
a

a

Seawater control

b

Solvent control
N = Number of biological replicates
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detection limit (0.02 µg). Water quality during exposures was as follows: temperature
19.1 ± 0.6°C, pH 8.14 ± 0.13, DO 7.5 ± 0.8 mg/L (approximately 100 % saturation), and
salinity of 30 ± 0.2 PSU. Ammonia and nitrite were measured to be less than 2 mg/L
throughout the exposure.
2.4.2 Effect of chlorpyrifos on morbidity and survival
Lobsters used in the present study were considered to be healthy, as they
possessed all appendages and were actively swimming in holding tanks at the initiation of
each exposure trial. Chlorpyrifos exposure of stage IV lobster larvae displayed a doseresponse relationship at 24 and 48 h. Lobsters that survived the exposure were found to
have no statistically significant increase in mortality during recovery. The LC50 values of
the combined experimental data were calculated to be 1.56 ± 0.50 µg/L at t = 24 h and
1.33 ± 0.78 µg/L at t = 48 h. Individual experiment LC50 calculations displayed good fit
to their corresponding curves with standard errors between 5.72 and 10.76 %. A doseresponse relationship also occurred with regards to morbidity. The median inhibition
concentration (IC50) values for the cessation of normal movement were 0.98 and 0.66
µg/L at t = 24 h and t = 48 h respectively (Figure 2-1).
2.4.3 Sublethal effects of chlorpyrifos
Only data from a single experiment (Table 2-1) was considered for this portion of
the study as the treatment concentrations used allowed for adequate numbers of survivors
for monitoring sublethal effects.
2.4.3.1 Effect of chlorpyrifos on growth
The average carapace length (CL) of lobsters used in the present study was 3.91 ±
0.19 mm. There was no significant difference between the CL of stage IV lobsters
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a)

b)

Figure 2-1. Inhibition curve depicting cessation of normal movement with increased chlorpyrifos concentration, at 24 h (A)
and 48 h (B). Concentrations correspond to those measured during four experiments. In order to display the control value
within the log function it is given a low number (0.1 µg/L)
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between treatments at t = 0 (Table 2-1). Post-moult, stage V lobsters had an average CL
of 4.65 ± 0.34 mm. At t = 48 h there was a trend of decreased CL in the stage V lobsters
that had previously been exposed to 0.82 µg/L chlorpyrifos, but the decrease was not
statistically significant when compared to the control group. There was a significant
decrease in SGR and MI as well as an increase in IP when lobsters were exposed to 0.82
µg/L chlorpyrifos treatment (α = 0.05). The IC50 values for SGR and MI were calculated
to be 0.70 and 0.70 µg/L respectively (Figures 2-2 and 2-3).
2.4.3.2 Effect of chlorpyrifos on AChE activity
Chlorpyrifos-exposed lobsters sampled at t = 48 h displayed statistically
significant AChE inhibition in comparison to control lobsters. Increased exposure
concentration did not correlate to an increase in percentage inhibition. Stage V lobsters
sampled after the recovery period (3-5 days post-moult) displayed a trend towards
increased AChE inhibition as the exposure concentration increased (Figure 2-4).
However, the level of inhibition after moult to stage V was not statistically significant for
any treatment in comparison to the control group.
2.5 Discussion
American lobsters are marginally less sensitive to chlorpyrifos when compared to
other decapod crustaceans. The calculated chlorpyrifos LC50 value for the present study
of stage IV lobster (1.56 ± 0.50 µg/L at t = 24 h and 1.33 ± 0.78 µg/L at t = 48 h) are
marginally higher than those reported in the literature. For decapods of similar size to
stage IV lobsters, chlorpyrifos LC50 ranges of 0.068 to 1.06 µg/L (24 h), 0.22 to 0.79
µg/L (48 h), and 0.029 to 0.69 µg/L (96 h) have been reported. These ranges are
summarized from data established during studies of chlorpyrifos-exposed estuarine mysid
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Figure 2-2. Inhibition curve depicting trend of decreased mean moult increment (MI) with increased chlorpyrifos concentration in
post-moult lobsters (Experiment four). Points displayed are mean MI per treatment. Number of lobsters assessed for each exposure
concentration displayed above each point. In order to display the control value within the log function it is given a low number (0.1
µg/L).

53

Figure 2-3. Inhibition curve depicting trend of decreased specific growth rate (SGR) with increased chlorpyrifos concentration in
post-moult lobsters (Experiment four). Points displayed are mean SGR per treatment. Number of lobsters assessed for each exposure
concentration displayed above each point. In order to display the control value within the log function it is given a low number (0.1
µg/L).
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Figure 2-4. Acetylcholinesterase activity of chlorpyrifos-exposed lobsters (Experiment four). Striped bars represent lobsters sampled
at t = 48 h. Solid bars represent lobsters collected post-moult. Mean ± SD. Number of lobsters assayed for each exposure
concentration displayed above bar. a Methanol control did not exceed the limit of detection (0.02 µg) for chlorpyrifos. b Lobsters in
this treatment group did not survive to moult.
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(Americamysis bahia), Daggerblade grass shrimp (Palaemonetes pugio), common prawn
(Palaemon serratus) and European spider crab (Maja squinado), as well as freshwater
Australian glass shrimp (Paratya australiensis) (Bellas et al. 2005; Key and Fulton 2006;
Kumar, et al. 2010a; Kumar, et al. 2010b; Key et al. 2013). Considering the Health
Canada LC50 range for aquatic invertebrates is 0.09 to 65 µg/L chlorpyrifos, a slight
increase from these ranges is not an unexpected result (Pest Management Regulatory
Agency 2003).
Chlorpyrifos has been detected at over 0.900 µg/L in a tributary of Chesapeake
Bay (USA), 0.148 µg/L in freshwater urban retention ponds (Guelph, ON), and 0.417
µg/L (Niagara, ON) (Grabusky et al. 2004; Mezin and Hale 2004). In California,
chlorpyrifos has been detected at concentrations up to 0.600 µg/L in rain and fog (Mezin
and Hale 2004). Mortality data and LC50 calculations suggest that acute lethality of H.
americanus larvae is not likely to occur during chlorpyrifos exposures at these
concentrations. However, it is difficult to assess through acute assays how these
concentrations may affect long-term survival. Additionally, the concentrations of
chlorpyrifos in sediment that H. americanus may be exposed to are unknown.
Maintenance of chlorpyrifos levels during the exposure period was not performed due to
the need to outsource chlorpyrifos concentration tests. Chlorpyrifos loss from media
during the exposure period (48 h) was expected considering uptake by the organism
(Rubach et al. 2010). Photolysis, hydrolysis, and volatilization of chlorpyrifos is well
known to cause degradation which, along with uptake by the test organism in a static
media, account for the total loss over the 48 h exposure time (Kale et al. 1999; Liu et al.
2001; Pinto et al. 2015).
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To clarify sublethal effects that may impact the survival of stage IV larvae, IC 50
values were calculated for normal movement patterns. These IC50 values are lower than
the LC50 values and are within the range of chlorpyrifos levels detected in the field. The
cessation of normal movement patterns observed during chlorpyrifos exposure may
reduce the lobster’s control of swimming and hiding behaviour when confronted with the
threat of predation. Lobster exposed to the organophosphate pesticide azamethiphos, used
in the treatment of sea lice in the salmon aquaculture industry, have shown abnormal
movements similar to those in the present study (Pahl and Opitz 1999; Daoud et al.
2014). Azamethiphos exposure resulted in loss of muscle control in stage II lobsters
(twitching and morbidity) in concentrations as low as 0.1 µg/L and death by hypoxia in
adult male lobsters due to decreased volume of water crossing the gills (Pahl and Opitz
1999; Daoud et al. 2014).
Lobsters exposed to control conditions and concentrations lower than 0.82 µg/L
displayed SGR and MI within the expected range (Cobb and Castro 2006; Daoud et al.
2014). Exposure to 0.82 µg/L chlorpyrifos significantly affected growth by decreasing
specific growth rate (SGR) and moult increment (MI) as well as increasing intermoult
period (IP) when compared to control lobsters, decreasing the amount of growth while
increasing the time to reach moult. These effects occurred at a chlorpyrifos concentration
lower than what has been detected in nature (> 0.900 µg/L) (Grabusky et al. 2004).
Chlorpyrifos has been found to increase IP in freshwater shrimp Palaemonetes
argentinus, possibly due to impairment of the y-organ and sinus gland thereby affecting
production and storage of the growth-related hormone MIH (Montagna and Collins
2007). Similarly, chlorpyrifos exposed Opossum shrimp (Neomysis integer) had an
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increased energy expenditure-to-acquisition ratio, suggestive that post-exposure less
energy was available for growth (Roast et al. 1999). Chronic exposure (552 h) to the
organophosphate dichlorvos (1.25 µg/L) has been shown to decrease the ability of H.
gammarus to moult successfully after an 11 d recovery period in clean water (McHenery
et al. 1996). Evidence from these and the present study therefore suggest that
organophosphates impair crustacean growth through decreased size increment and
increased time to reach moult.
Acetylcholinesterase activity in stage IV lobsters was significantly inhibited (~ 80
% decrease) in all chlorpyrifos concentrations when compared to the control group but
evidence of recovery of AChE activity was observed in lobsters placed in clean seawater
until moulting to stage V occurred. Acetylcholinesterase inhibition has been noted as an
effect of chlorpyrifos in various other crustacean species including H. gammarus
(McHenery et al. 1996). Recovery of AChE activity has also been noted in P.
australiensis exposed to 0.025 to 0.1 µg/L chlorpyrifos after a 7-d recovery period in
clean water. Acetylcholinesterase inhibition was significantly reduced to a range of 22 to
42 % from 80 to 85 % in samples analyzed immediately after 24 h exposure (Kumar et al.
2010b).
Acetylcholinesterase inhibition after 96 h exposure to a 1.00 µg/L chlorpyrifos
treatment has been correlated with abnormal chemotaxis and deterioration of feeding and
locomotion in the amphipod crustacean Gammarus fossarum (Xuereb et al. 2009).
Chlorpyrifos exposures of the freshwater amphipods Gammarus pulex and G. fossarum,
adult and postlarval P. pugio, and adult A. bahia have provided AChE IC50 values of
0.027 to 1.23 µg/L (24 h) and 0.35 to 0.87 µg/L (96 h) (Key and Fulton 2006; Xuereb et
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al. 2007; Key et al. 2013). The IC50s for cessation of normal movement calculated during
the present study are comparable to these amphipod AChE IC50s, clarifying the link
between AChE inhibition and survival-related movements further.
2.6 Conclusions
Sublethal effects have been observed at environmentally relevant chlorpyrifos
concentrations which may have detrimental effects on the survival of stage IV larvae by
altering normal movement patterns, decreased growth rates (SGR and MI), and increased
time to moult (IP). AChE activity in stage IV lobsters was significantly inhibited relative
to the control group in all chlorpyrifos concentrations, but recovery of AChE activity was
possible once larvae were placed in clean seawater. The results of the present study
suggest that H. americanus were marginally less sensitive to chlorpyrifos compared to
other decapod crustaceans and that acute lethality of H. americanus larvae is not likely to
occur with chlorpyrifos concentrations previously reported from aquatic environments.
Further research should focus on the long-term consequences of the sublethal impacts of
the present study as well as address the effects of chlorpyrifos via sediment exposure.
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CHAPTER 3
Sublethal Effects of Chlorpyrifos on the Gene Expression of American Lobster
(Homarus americanus) Larvae
3.1 Abstract
Chlorpyrifos is an organophosphate that is currently used to reduce arthropod
pests to protect agricultural crops. Coastal marine ecosystems may be exposed to
agricultural pesticides via runoff. Sublethal effects of pesticide exposure can impact the
health and survival of economically important non-target species such as the American
lobster (Homarus americanus). In the current study, the gene expression changes of H.
americanus stage IV larvae were evaluated to understand the physiological mechanisms
affected by exposure to sublethal chlorpyrifos. After 48 h chlorpyrifos exposure,
surviving lobsters were processed for Illumina RNA sequencing (RNA-seq). Genes of
interest that showed significant changes using RNA-seq were verified using reverse
transcriptase quantitative polymerase chain reaction (RT-qPCR). Analysis of RNA-seq
and the confirmation of gene expression patterns via RT-qPCR results found altered
expression in genes related to stress response (glutathione peroxidase 3 and heat shock
protein 60), hypoxia response (hairy, astakine 2, hemocyanin), moulting (cytochrome
P450 307a1-like and chitinase), and immunity (astakine 2) pathways. Changes to gene
expression were most notable in lobsters exposed to 0.57 µg/L chlorpyrifos.
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3.2 Introduction
Coastal marine ecosystems may be exposed to agricultural pesticides in the form
of runoff during rain events and by misdirected aerosol spray application due to wind
(Dunn et al. 2011; Islam and Tanaka, 2004). Non-target organisms within these affected
areas may experience sublethal effects of pesticide exposure including reproductive and
endocrine disruption, immune system suppression, and increased mortality rates (Islam
and Tanaka, 2004). These sublethal effects can impact the health and survival of
economically important non-target species such as the American lobster (Homarus
americanus) that may have negative consequences for the economies of lobster-fishing
communities on the Atlantic coast of Canada and the United States (Bauer et al. 2013;
Taylor et al. 2019).
Chlorpyrifos is an organophosphate that is currently used to reduce arthropod
pests on a variety of plants including turf and agricultural fields and has historically been
used to reduce aquatic larvae of flies, including mosquitos (Grabusky et al. 2004; Pest
Management Regulatory Agency, 2003). Chlorpyrifos is relatively hydrophobic, with a
log Kow of 4.96, and will adsorb to soil and sediment allowing for transport to estuarine
and marine environments via agricultural runoff. Lobster larvae may therefore be
exposed to chlorpyrifos in the water column, as well as in the benthic zone where
sediment settles.
Chlorpyrifos from agricultural runoff and sediment field samples is known to be
toxic to crustaceans, and decapod larvae have been found to be especially sensitive
(Grabusky et al. 2004; Hunt et al. 2008; Taylor et al. 2019). Inhibition of
acetylcholinesterase (AChE) by organophosphates like chlorpyrifos leads to continual
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nerve stimulation, involuntary muscle contraction, incoordination, and loss of reflex
action due to the accumulation of free acetylcholine at cholinergic nerve synapses (Costa,
2006; Grabusky et al. 2004; Toxicology Data Network, 2015). Toxicity identification and
risk assessment evaluations have often implicated chlorpyrifos as a pesticide responsible
for toxicity in estuarine and marine sediments (de Castro-Català et al. 2016; Hunt et al.
2008).
The measurement of gene expression in response to toxicants is an emerging
technique to further the understanding of the mechanisms of toxicity and measure the
effects of environmental exposure on animals. While this area remains understudied in
crustaceans, there are examples that have increased our understanding of responses to
pesticide exposure in decapods. In methoprene-exposed adult lobsters, gene expression
was upregulated for ubiquitination pathway components, ubiquitin conjugating enzyme
and ubiquitin carboxyl terminal hydrolase (Horst et al. 2007). The ubiquitination pathway
is also affected in chlorpyrifos-exposed freshwater field crab (Oziotelphusa senex senex)
(Horst et al. 2007; Walker et al. 2005). Endosulfan exposure has been found to decrease
expression of enzymes required for biotransformation of xenobiotics and protection
against reactive oxygen species in larval lobsters (Bauer et al. 2013).
Previous research indicated that H. americanus stage IV larvae exposed to
chlorpyrifos concentrations previously reported from aquatic environments were
marginally less sensitive compared to other decapods (Chapter 2, Taylor et al. 2019). In
the current study, we evaluate gene expression changes in H. americanus stage IV larvae
exposed to sublethal chlorpyrifos concentrations in order to understand the underlying
physiological mechanisms involved in organophosphate exposure.
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3.3 Materials and methods
3.3.1 Homarus americanus larvae husbandry
Collection of egg-bearing lobsters and husbandry of larvae was carried out as in
Taylor et al. (2019). Stage IV larvae were obtained in July 2016 and maintained at the
Canadian Rivers Institute facilities, Department of Biology at the University of Prince
Edward Island (Charlottetown, PE, Canada). An acclimation period was carried out for 5
to 8 d in 250 L communal tanks. Acclimation tanks were connected to a recirculation
system supplied with Instant Ocean® artificial seawater (28 PSU) and dissolved oxygen
concentration, temperature, salinity, and pH were measured daily using a YSI multiparameter sonde (600QS sonde with YSI 650 MDS display-datalogger). The photoperiod
during acclimation was 16 h L to 8 h D and mean ± SD water quality parameters were as
follows: temperature 17.2 ± 0.55°C, pH 8.10 ± 0.07, DO 9.8 ± 2.4 mg/L (approximately
100 % saturation), salinity of 28.0 ± 1.6 PSU. Ammonia (< 2 mg/L) and nitrite (< 2
mg/L) were measured daily using saltwater master test kit (API Marine product #401M,
Mars Fishcare). Larvae were fed twice daily a total of 30 g frozen brine shrimp (Artemia
sp.) (Hikari Brand, Kyorin Food Industries Ltd.) per 1000 stage IV larvae.
3.3.2 Chlorpyrifos exposure
Lobsters were exposed to chlorpyrifos (Pestanal® Analytical Standard, Fluka
Analytical) in 1 L glass vessels, one lobster per vessel, during 48 h acute exposures. Prior
to use, exposure vessels were cleaned by rinsing with a 2% HCl solution, acetone, and
methanol. Clean vessels were rinsed with distilled water, followed by artificial seawater
(Instant Ocean®, 28 PSU) as a precaution against solvent residues from the washing
process. Nominal chlorpyrifos concentrations of 0.375, 0.47, 0.56, 0.75 and 1.5 µg/L
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were prepared as in Taylor et al. (2019). Water in vessels was aerated overnight before
exposure to ensure oxygen saturation. Chlorpyrifos was administered to vessels prior to
exposure and vessels were aerated again for 5 to 10 min before lobsters were added to
ensure homogenous mixing within the vessel.
Salinity, pH, DO, salinity, and ammonia levels were assessed before exposure and
at 24 h and 48 h of exposure. Water quality parameters during exposures were:
temperature 19.1 ± 0.6°C, pH 8.14 ± 0.13, DO 7.5 ± 0.8 mg/L (approximately 100 %
saturation), and salinity of 30.0 ± 0.2 PSU. Ammonia and nitrite levels were monitored to
ensure levels remained below 2 mg/L respectively. Lobsters were fed a homogenized
slurry consisting of 2 mg dry Brine Shrimp Flakes (Salt Creek, Inc.) and 2 mg frozen
brine shrimp (Artemia sp.; Hikari Brand, Kyorin Food Industries Ltd.) in Instant Ocean at
approximately 1 h and 24 h after exposure.
3.3.3 Chlorpyrifos water concentration
Water samples (950 mL) were obtained at 0 and 48 h for chlorpyrifos analysis. At
the beginning of an experiment (t = 0 h), water samples, physically separated from active
test vessels, were processed concurrently and identically to exposure samples. At 48 h, a
composite of two water samples was created from two randomly selected exposure
vessels for each treatment. Each water sample was treated with a surrogate spike of
decachlorobiphenyl to assess recovery and measured treatment concentrations were
adjusted accordingly.
Chlorpyrifos was extracted from water samples using liquid-liquid extraction with
dichloromethane (DCM, Caledon Laboratory Chemicals). Water samples for each
treatment were transferred to 1000 mL separatory funnels along with a 60 mL aliquot of
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DCM. Funnels were shaken vigorously for a minimum of 2 min and left to separate for
approximately 5 min. The DCM fraction containing chlorpyrifos was then collected into
a 250 mL glass vessel. This process was repeated for a total of three 60 mL aliquots per
water sample (pooled total of 180 mL DCM extract). Upon completed extraction, each
DCM sample was wrapped in tin foil to avoid photodegradation of chlorpyrifos and
stored at 4°C.
Dichloromethane extracts of water samples were submitted to Research and
Productivity Council (Moncton, NB) for gas chromatography and electron capture
detector (GC-ECD) analysis. The DCM extracts were dried using sodium sulfate before
being transferred to a concentrator tube using DCM washes (3 x 10 mL). The sample was
concentrated to 1 mL in a Turbovap® nitrogen evaporator before being exchanged to
hexane for GC-ECD analysis. Gas chromatography and electron capture detector analysis
was performed using an Agilent gas chromatography and µECD detector with DB-5
column (30 m x 0.53 mm, 1.5 µm film thickness) (7890A, Agilent Technologies) with an
injection volume of 1 µL and helium as carrier gas. Calibration of the standard curve for
chlorpyrifos was performed using six chlorpyrifos calibration standards ranging in
concentration from 0.01 to 2.0 µg/L. Detection limit was assessed to be 0.02 µg/L.
Surrogate spike recovery varied between 75 and 107 % and chlorpyrifos concentrations
were adjusted according to the surrogate percentage recovery for each concentration and
trial.
3.3.4 RNA extraction and sequencing
At 48 h of exposure, a sample of up to six surviving lobsters from each treatment
were transferred to cryotubes containing 1 mL of RNAlaterTM (Invitrogen, Burlington,
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ON, Canada), stored at 4°C for 24 h and then transferred to -80°C. Extraction of RNA
was performed on whole larvae. Lobster tissue was homogenized in 1 mL Tri Reagent
(1.4 M guanidine isocyanate, 38% phenol, 5% sterile glycerol, 0.1 M sodium acetate)
using an OMNI International TH electric homogenizer (OMNI International, Kennesaw,
GA, USA) (Appendix D and E). Samples were then treated with 200 µL chloroform and
centrifuged at 4°C 12,000 g (Beckman Coulter Allegra 25R centrifuge, Indianapolis, IN,
USA). The aqueous phase was mixed with equal parts 70 % ethanol and RNA was
collected using an RNeasy® Mini Kit (Qiagen, Toronto, ON, Canada) spin column
according to manufacturer’s instructions with an on-column DNase I (Qiagen, Valencia,
CA, USA) digestion to remove contaminating DNA. RNA was eluted from the column
with RNase-free water and quantified via spectrophotometry (Nanodrop ND-1000,
Thermofisher, Ottawa, ON, Canada) (Appendix E). Quality was determined using an
Agilent Bioanalyzer 2100 (model G2939A, Agilent, Santa Clara, CA, USA) using an
Agilent RNA 6000 Nano chip (Agilent, Santa Clara, CA, USA) following manufacturer’s
instructions (Appendix F). RNA samples were stored for up to 6 weeks at -80°C prior to
use. RNA samples were submitted to the Génome Québec Innovation Centre (McGill
University, Montreal, QC, Canada) for preparation of TruSeq Stranded Total RNA
libraries. Extracted RNA was run on an Illumina HiSeq2500 with PE125 sequencing with
16 samples per lane.
3.3.5 Gene expression analysis
Raw RNA-seq reads were mapped to a previously assembled transcriptome using
the HiSAT2 alignment tool (http://usegalaxy.org) (Clark and Greenwood, 2016; Afgan et
al. 2018; Kim et al. 2015). Transcript assembly was done using StringTie and StringTie
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Merge (Pertea et al. 2015). Read counts were normalized using the FeatureCounts tool
(Liao et al. 2014). Finally, the DESeq2 tool was used to determine differentially
expressed genes between each population (Liu et al. 2015; Love et al. 2014). Functional
annotation was performed using Blast2GO, KEGG, and KAAS, and differentially
expressed genes (DEGs) were identified for each treatment group (Götz et al. 2008;
Kanehisa et al. 2017; Moriya et al. 2007).
3.3.6 Selection of genes of interest and primer design
Nine genes of interest (GOIs) were selected for reverse-transcriptase quantitative
polymerase chain reaction (RT-qPCR) verification from the list of DEGs based on
expression patterns and biological relevance of annotated genes. Genes of interest were
chosen based on their involvement in biological functions such as stress response, cuticle
development, neuron function, and muscle contraction. Primers were designed for five
reference genes and GOIs using PrimerQuest (IDT, Integrated DNA Technologies,
http://www.idtdna.com/Primerquest/Home/Index, Coralville, IA; Appendix G).
3.3.7 RT-qPCR optimization and analysis
Synthesis of cDNA was performed on 1 µg extracted total RNA using Invitrogen
SuperScript® III First Strand Synthesis Super Mix (Invitrogen, Burlington, ON, Canada)
as per the manufacturer’s instructions (Appendix H). The optimal annealing temperature
for each primer set was determined by completing a temperature gradient of 52 to 70°C
on a Chromo4™ Peltier Thermal Cycler (PTC-200, MJ Research Inc., Bio-Rad,
Hercules, CA, USA) with Opticon Monitor 3 software (version 3.1, Bio-Rad, Hercules,
CA, USA; Appendix I). The PCR cycling conditions were as follows: denaturation at
95°C for 2 min followed by 40 cycles of 95°C for 10 s, a gradient of 52 to 70°C for 15 s,
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and 72°C for 15 s. A melt curve of 65 to 90°C was then run using 0.5°C increments for 2
s at each temperature interval. Amplification efficiency of primers was assessed with a
five step 1 in 5 dilution series. Each well contained a 15 µL reaction mixture 10 µL of 2X
SYBR® GreenER™ (Invitrogen, Burlington, ON, Canada) qPCR Supermix (a final
concentration of 1.33X), 1.33 µmol each of forward and reverse primers, 2.6 µL nuclease
free water, and 2 µL of cDNA template. Reactions were carried out in transparent
Neptune™ low profile 96 well PCR plates (Biotix, Inc., San Diego, CA, USA) sealed
with an optical microseal (Microseal ‘B’, Bio-Rad, Hercules, CA, USA). Amplicons were
separated on a 1% agarose gel to confirm single amplicons of the appropriate size.
Reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR) for each
gene of interest was completed using a Chromo4™ Peltier Thermal Cycler (PTC-200, MJ
Research Inc., Bio-Rad, Hercules, CA, USA) with Opticon Monitor 3 software (version
3.1, Bio-Rad, Hercules, CA, USA). Thermal cycling for PCR followed a 3-step protocol
with 95°C for 2 min followed by 40 cycles of 95°C for 10 s, assay specific annealing
temperature (Table 3-1) for 15 s, and 72°C for 15 s. Each well contained a 15 µL reaction
mixture containing 10 µL of 2X SYBR® GreenER™ (Invitrogen, Burlington, ON,
Canada) qPCR Supermix (a final concentration of 1.33X), 1.33 µmol each of forward and
reverse primers, 2.6 µL nuclease free water, and 2 µL of cDNA template. Reactions were
carried out in transparent Neptune™ low profile 96 well PCR plates (Biotix, Inc., San
Diego, CA, USA) sealed with optical microseals (Bio-Rad, Hercules, CA, USA).
3.3.8 Statistical analysis
Amplification efficiency of primers, determined via a five step 1:5 dilution series,
was considered acceptable if the mean efficiency was between 100 and 115 % with a SD
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Table 3-1. Primer sequences for RT-qPCR of Genes of Interest (GOI) including annealing temperature, amplicon length (bp), and efﬁciency.
Genes of Interest
Gene name

Forward primer

Amplicon

Annealing

length (bp)

Temp. (°C)

Reverse primer

(protein name)

Efficiency

Astakine

Asta

CTT GTT CCA CTC GTC CAC TAT AC

CTA TCC AAC CAG GAG CGA AAT

116

62.8

100.49 ± 1.86

Chitinase 1*

Chit1

CTC ATC CCA GGA ACA GGA AAC

GTT CCG CAC CTT CTT CAC TAA

77

59.7

114.22 ± 1.91

Cytochrome P450 307a-like CYP307a

CGG TTG CCA CCG AAG TAT AA

GGC ACA TAC GAG ACG ATC AA

101

59.7

103.65 ± 3.14

Glutathione peroxidase 3

GPx3

CTT GCA GCT CAT TCA GTT GTT G

AAT GTC TCA CTG GCC GAT TAC

103

62.8

110.41 ± 0.96

Hairy

Hairy

CGT CGT GTG AGT CAG TGT TT

GGC GGT CAG GTA ACA ACA ATA

100

59.7

104.22 ± 2.84

Heat shock protein 60

HSP60

GGA TCT TCA GAG GTC GAA GTT AAT 94

62.8

104.03 ± 2.39

CAG GGA CAA TAC CTT CCT CAA
TAG
Hemocyanin subunit

HemCyn

CTG CTA AGA TGA CCC AGA CAC

CGA TCT GTT CTC ACC GAA GTA G

101

55.1

100.66 ± 2.16

MHC17

AAC TTG GGA GGG TTG ACT TG

GGC GAC TTG ATC ACC GTT TA

83

59.7

114.22 ± 1.91

MHC5

GGC ACT TCA TTA CGC CTC TTA

CCT ACT CCG GTC TCT TCT GTA T

106

59.7

105.39 ± 1.50

R209

TCT CAG CCT TCA CAT TTG AT

AAT AGC CCA ATC ATG GTC A

82

57.0

105.88 ± 0.57

Myosin heavy chain,
muscle-like 17*
Myosin heavy chain,
muscle-like 5*
Lysosomal protein trans 4
alpha*
* Reference gene
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of less than 5 from three technical replicates. Biogazelle qBase+ software was used to
analyze qPCR results for each primer set. Reference genes were assessed for stability (M)
and pairwise variation (V) and four reference genes above met the selection criteria of M
values of < 1.25 and V values of ≤ 1.5 (Vandesompele et al. 2002). The geometric means
of four primer sets were used as reference genes: chitinase 1, myosin heavy chain 5,
myosin heavy chain 17, and lysosomal protein trans 4 alpha (Table 3-1). These had the
lowest score on geNorm and therefore were the most stable across samples. One-way
ANOVA was used to determine whether there were significant differences (alpha 0.05) in
expression level (fold changes) between treatments. Those treatments deemed to be
significantly different were then compared to the RNA-seq results.
3.4 Results
3.4.1 Water chemistry
Chlorpyrifos concentration decreased over the time of exposure from 0.5, 0.57,
0.82, and 1.0 µg/L at t = 0 h to 0.25, 0.11, 0.15, and 0.30 µg/L at t = 48 h, respectively.
Seawater and methanol controls did not contain chlorpyrifos concentrations above the
detection limit (0.02 µg). During exposures, water quality parameters were: temperature
19.1 ± 0.6°C, pH 8.14 ± 0.13, DO 7.5 ± 0.8 mg/L (approximately 100 % saturation), and
salinity of 30 ± 0.2 PSU. Ammonia and nitrite were measured to be less than 2 mg/L
throughout the exposure.
3.4.2 RNA Sequencing and genes of interest
RNA-seq and subsequent analyses assessed gene expression of sampled lobsters
in the three chlorpyrifos treatment groups, measured concentrations at t = 0 h were 0.50,
0.57, and 0.82 µg/L. Gene expression was quantified as a log2(fold change) from those
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genes expressed in lobsters from the control group that were not exposed to chlorpyrifos.
More differentially expressed genes (DEGs) (p < 0.05) were found to occur in the 0.57
µg/L treatment group in comparison to both of the 0.5 and 0.82 µg/L treatments (274, 1,
and 4 genes respectively; Figure 3-2). Of the total differentially expressed transcripts,
annotations were obtained for 117 unique transcripts. Of those 117 transcripts, the
corresponding BRITE pathways able to be attributed by KEGG and KAAS were mostly
related to genetic information processing (66 genes), with a smaller number
corresponding to metabolism (9 genes) and to signaling and cellular processes (7 genes)
(Figure 3-3; Appendix J).
Nine genes of interest were chosen from the 117 annotated DEGs based on their
involvement in biological functions such as stress response, cuticle development, neuron
function, and muscle contraction. The GOIs chosen were hairy, heat shock protein 60
(HSP60), astakine 2 (Asta), hemocyanin (HemCyn), cytochrome P450 307a1-like
(CYP307a1), glutathione peroxidase 3 (GPx3), chitinase 1 (Chit1), myosin heavy chain
(MHC) 5, and MHC 17. All GOIs were significantly downregulated in chlorpyrifosexposed lobsters at the concentration 0.57 µg/L with GPx3 also significantly
downregulated at 0.82 µ g/L (Table 3-2).
3.4.3 RT-qPCR analysis of study samples
Though found to be DEGs using RNA-seq, during RT-qPCR it was determined
that Chit1, MHC5, and MHC 17 had no significant gene expression changes across
treatments and were stable enough to be considered reference genes. One-way ANOVA
(p < 0.05) of the RT-qPCR data determined that hairy and HSP60 were the only two
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Figure 3-1: Comparison of gene expression levels of Genes of Interest (GOI) (mean ± standard error) as relative abundance values
between chlorpyrifos treatment and control. Statistically significant gene expression changes are indicated on each graph (α = 0.05; ǂ
indicates significance in RNA-seq; * indicates significance in RT-qPCR). Positive values indicated upregulation while negative values
indicate downregulation. Corresponding GOIs: (a) Heat shock protein 60 (HSP60), (b) Hemocyanin subunit, (c) Cytochrome P450
307a-like, (d) Glutathione peroxidase 3, (e) Hairy, and (f) Astakine.
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Figure 3-2: Comparison of gene expression across treatment concentrations. a: Venn diagram depicting the number of unique
transcripts with significantly different gene expression (p < 0.05) in lobsters exposed to chlorpyrifos treatments when compared to a
control group. Numbers in overlapping segments correspond to the number of transcripts with significant expression found in more
than one treatment group. b, c, d: Volcano plots depicting fold change of gene expression in each treatment group. Grey and black
points represent samples with adjusted p value (FDR) of < 0.05 and > 0.05 respectively.
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Figure 3-3: BRITE pathways attained from annotated differentially expressed gene transcripts using KEGG and KAAS. a) Genetic
information processing (66 genes). b) Metabolism (9 genes). c) Signaling and cellular processes (7 genes).
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Table 3-2: RNA sequencing results (mean fold change ± SE) for nine genes of interest hairy, heat shock protein
60 (HSP60), astakine 2 (Asta), hemocyanin (HemCyn), cytochrome P450 307a1-like (CYP307a1), glutathione
peroxidase 3 (GPx3), chitinase 1 (Chit1), myosin heavy chain (MHC) 5, and MHC17.
Chlorpyrifos concentration (µg/L)
Gene of Interest
0.00

0.50

0.57

0.82

HSP

0.00 ± 1.16

- 1.56 ± 0.43

- 2.45 ± 0.62*

- 1.76 ± 0.47

CYP307a1

0.00 ± 0.34

- 0.84 ± 0.28

- 0.29 ± 0.09

- 0.49 ± 0.16

Hairy

0.00 ± 0.36

- 1.12 ± 0.31

- 2.73 ± 0.71*

- 1.30 ± 0.35

HemCyn

0.00 ± 0.34

- 0.16 ± 0.07

- 0.12 ± 0.05*

- 1.57 ± 0.73

GPx3

0.00 ± 2.03

- 5.81 ± 2.62

- 3.62 ± 1.56

- 6.82 ± 3.03*

Asta

0.00 ± 0.40

- 0.82 ± 0.36

- 0.24 ± 0.10*

- 0.29 ± 0.13

Chit1

0.00 ± 46.50

- 1.36 ± 0.63

- 5.39 ± 2.54*

- 5.06 ± 2.37

MHC5

0.00 ± 0.21

- 0.51 ± 0.08

- 0.60 ± 0.09*

- 0.69 ± 0.10

MHC17

0.00 ± 0.19

- 0.55 ± 0.10

- 0.49 ± 0.08*

- 0.70 ± 0.12

* Significantly different from control (0.00 µg/L)
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targets with statistically significant change to gene expression, displaying downregulation
in lobsters exposed to the 0.57 µg/L chlorpyrifos treatment (Figure 3-1). The RT-qPCR
results for these two genes were followed the expression pattern as seen in the RNA-seq
displayed similar results between the two methods of analysis with both displaying a
downregulation in expression however the RTqPCR results had a lower amplitude when
compared to RNA-seq results (Figure 3-1). Astakine 2 and CYP307a1 both showed
downregulation in RNA-seq results for all treatments while RT-qPCR results displayed
an upregulation in the higher concentrations, 0.57 and 0.82 µg/L, with the largest
amplitude of upregulation being in the 0.57 g/L treatment (Figure 3-1).
3.5 Discussion
Chlorpyrifos exposure resulted in significant changes to expression of genes
involved in biological pathways such as stress response (glutathione peroxidase 3 (GPx3)
and heat shock protein 60 (HSP60)), hypoxia response (hairy, astakine 2 (Asta),
hemocyanin (HemCyn)), moulting (cytochrome P450 307a1-like (CYP307a1) and
chitinase), and immunity (Asta) physiological pathways. These pathways found to be
affected in the current study are in keeping with current literature on other pesticides
including methoprene, endosulfan, heptachlor and teflubenzuron (Olsvik et al. 2015;
Bauer et al. 2013; Daoud et al. 2016; Snyder and Mulder, 2001).
Initial chlorpyrifos concentrations used for exposures of stage IV larvae (< 0.02
(control), 0.5, 0.57 and 0.82 µg/L) were environmentally relevant. Chlorpyrifos was
detected at over 0.900 µg/L in the marine Chesapeake Bay (USA) and at 0.148 µg/L and
0.417 µg/L in freshwater urban retention ponds (Guelph, ON and Niagara, ON
respectively) (Grabusky et al. 2004; Mezin and Hale, 2004). In Californian rain and fog,
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chlorpyrifos was detected at concentrations up to 0.600 µg/L (Mezin and Hale, 2004).
The degradation pathways photolysis, hydrolysis, and volatilization of chlorpyrifos are
well known to cause chlorpyrifos concentrations to decline which, along with uptake by
the test organism in a static media, account for the total loss over the 48 h exposure time
(Kale et al. 1999; Liu et al. 2001; Pinto et al. 2015). With the use of static exposure
vessels, chlorpyrifos loss from media during the exposure period was expected. Due to
the need to outsource chlorpyrifos concentration tests, maintenance of chlorpyrifos levels
during the exposure period was not performed. This method of pulse exposure followed
by a decline in environmental concentration may best reflect a pattern of exposure
lobsters may experience in their natural habitat.
In response to chlorpyrifos exposure, specific growth rate and moult increment
decreased and intermoult period increased in H. americanus stage IV larvae. These
changes may be due to changes in energy allocation (Chapter 2, Taylor et al. 2019).
Stress is known to inhibit growth and moulting via changes to energy prioritization in
American and European lobsters (Olsvik et al. 2015; Snyder, 1998; Snyder and Mulder,
2001). Stress in response to pesticides can be evaluated by significant gene expression
changes. Teflubenzuron was found, via RT-qPCR, to affect mechanisms linked to
oxidative and cellular stress, drug detoxification, moulting, and exoskeleton regulation in
the European lobster (Olsvik et al. 2015). This disruption included the upregulation of
genes for toxin metabolism proteins as well as oxidative stress markers glutathione
peroxidase 3 (GPx3), heat shock protein 70, and heat shock protein 90 (Olsvik et al.
2015). Oxidative stress response is considered a reliable measure of the negative impact
of toxicants, since reactive oxygen species (ROS) damage cellular macromolecules
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(Olsvik et al. 2015). In the present study, oxidative stress effects were seen in the
downregulation of GPx3. Glutathione peroxidase 3, downregulated in both the 0.57 and
0.82 µg/L chlorpyrifos treatments, is a plasma glutathione peroxidase with antioxidant
properties (Mirochnitchenko et al. 2000; Ottaviano et al. 2008).

Exposure to

organophosphates fenitrothion and trichlorfon was also found to induce gene expression
changes in freshwater prawns Macrobrachium borellii and Macrobrachium rosenbergii
including an upregulation of superoxide dismutase which protects the organism against
reactive oxygen species (Chang et al. 2013; Lavarías, 2013). The ROS generated by
xenobiotics can lead to the damage of cellular macromolecules including proteins, lipids,
and DNA (Ottaviano et al. 2008). A decrease in GPx3 in the current study may make the
lobster vulnerable to an increase of ROS from the chlorpyrifos exposure. In the case of
this study, the immune system was shown to be compromised via downregulation of
astakine 2, which combined with a decrease of GPx3 may mean that the organism is
unable to protect itself from both infection and damage due to ROS.
Astakine 2, a gene related to the lobster immune response, was downregulated
following chlorpyrifos exposure at 0.57 µg/L using RNA-seq. Astakine 2 has immune
function by differentiating and stimulating release of hemocytes and maturation of
granular hemocytes, differentiation in semigranular cells in haematopoeitic tissue of P.
monodon, and increases total hemocyte number in crayfish Pacifastacus leniusculus (Lin
et al. 2010; Watthanasurorot et al. 2011; Lin and Söderhall, 2011). The role of Astakine 2
in differentiating hemocytes is integral to crustacean immune function. There are three
types of hemocytes: hyaline cells which are involved in phagocytosis; semigranular cells
which are involved in encapsulation, non-self-recognition, melanization, and coagulation;
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and granular cells which are involved in melanization, antimicrobial peptides,
cytotoxicity (Lin and Söderhall, 2011; Söderhall, 2016). Injury and infection response has
been found to decrease free hemocyte levels in the hemolymph as they are consumed
during the process of phagocytosis and encapsulation, therefore continual formation of
new hemocytes is intergral to survival of crustaceans, including H. americanus (Lin and
Söderhall, 2011; Söderhall, 2016). Downregulation of the immune genes prophenoloxidase (proPO) required for the melanization of the cuticle, lipopolysaccharide
and β-1,3-glucan binding protein involved in the induction of the proPO cascade, and α2-macroglobulin a protease inhibitor was observed in freshwater prawns Macrobrachium
borellii and Macrobrachium rosenbergii exposed to organophosphates fenitrothion and
trichlorfon (Chang et al. 2013; Lavarías, 2013). The downregulation of expression of
immune-related genes provides evidence that lobsters exposed to chlorpyrifos may
become vulnerable to disease due to a decreased immune function.
Heat shock protein 60 has been proposed as an indicator of stress as it plays a role
in protein chaperone activity, apoptosis protection, steroidogenesis, and stress tolerance
(Mahmood et al. 2014). Induction of HSP60 has been observed in mussels and fish
collected from polluted areas, during salinity stress in horse crab (Portunus
trituberculatus) and temperature stress in the sponge Tetilla sp. (Mahmood et al. 2014;
Xu and Qin, 2012; Choresh et al. 2004). Environmental stress induced HSP60 has also
been observed in 23 species of marine invertebrates including demospongiae, hydrozoa,
scyphozoa, anthozoa, and the chordate Ascidia sp. (Choresh et al. 2004).
In the present study, expression of HSP60 was downregulated in response to the
0.57 µg/L chlorpyrifos treatment, however HSP60 expression has been found to change
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over time during exposure to stressors. For example, 1.5 h after initial exposure to grampositive bacteria, Litopenaeus vannamei hepatopancreas HSP60 expression significantly
increased but by 12 h post infection (p.i.) the HSP60 expression levels returned to control
levels (Zhou et al. 2010). In the same species and tissue, infection with gram-negative
bacteria caused a decrease in HSP60 expression at 1.5 h p.i. followed by a significant
upregulation by 12 h (Zhou et al. 2010). This example shows that not only different
stressors but sampling time can drastically impact what level of expression of HSP60 is
observed. It is possible that there was a significant upregulation of HSP60 earlier in the
exposure or perhaps would have occurred after longer exposure time.
In the current study, hemocyanin was downregulated in response to chlorpyrifos
exposure. Hemocyanin levels impact oxygen carrying capacity and respiration and lead to
hypoxic responses (Horst et al. 2007). Methoprene, a pesticide that acts as a juvenile
hormone analog, was also found to reduce hepatopancreatic hemocyanin levels,
decreasing oxygen-carrying capacity in lobsters (Horst et al. 2007). Adult lobsters
exposed in repeated exposures to 5% of recommended treatment (5 µg/L) of
azamethiphos (as Salmosan®), an organophosphate pesticide used to treat sea lice in
salmon farms, resulted in significant mortality (Daoud et al. 2016). Hypoxia was
considered the most probable cause of death in lobsters exposed to Salmosan® as they
were made weak and limp and therefore may not have been able to move enough water
across gills (Daoud et al. 2016). An inability to process oxygen via decreased
hemocyanin levels can increase oxygen consumption and respiration rates as observed in
chlorpyrifos-exposed mysids (Neomysis integer) (Verslycke et al. 2004). The
downregulation of the hemocyanin gene in the current study may be related to hypoxic
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response suspected in chlorpyrifos-exposed crustaceans. Also, a promoter of GPx3 is
regulated by hypoxia which may explain the upregulation of GPx3 in chlorpyrifos
exposed lobsters (Ottaviano et al. 2008).
In the fruit fly D. melanogaster, hairy acts as a “metabolic switch” to coordinate
downregulation of metabolic enzymes in order to survive long lasting hypoxic conditions
(Liu et al. 2006; Zhou et al. 2008). In the present study, hairy was found to be
downregulated in the 0.57 µg/L chlorpyrifos treatment. When under oxygen stress, hairy
is thought to allow animals to undergo processes that lead to a decreased need for oxygen
while increasing their ability to access it (Liu et al. 2006). If hairy plays a similar role in
H. americanus, the downregulation of hairy observed during the current study could shed
light on an inability of chlorpyrifos-exposed lobsters to adapt when experiencing
hypoxia. In D. melanogaster, hypoxia also induced changes to the expression of genes
involved in: immune response, heat stress response, and toxin metabolism (Liu et al.
2006). Similar patterns of gene expression in the lobster were observed during the present
study.
Thought to be involved in the pathway of ecdysteroid synthesis in D.
melanogaster, the CYP307 family of genes is highly conserved (Niwa and Niwa, 2014;
Rewitz et al. 2007). Cytochrome P450 307a1 is involved in biosynthesis pathway of 20hydroxyecdysone (20E) (Ono et al. 2006). Cytochrome P450 307a1 mRNA expression
positively correlate to hemolymph ecdysteroid titers in the silkworm Bombyx mori but is
not thought to be regulated by ecdysteroids (Namiki et al. 2005). Mutants of D.
melanogaster without the gene for CYP307a1 have low ecdysteroid titers (Ono et al.
2006). A downregulation of this enzyme, or a similar enzyme, in the American lobster,
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could cause a disruption to moulting as seen in Chapter 2 (Taylor et al. 2019). Prior to
moulting to stage V, stage IV lobsters begin bottom-testing to initiate the transition to a
benthic lifestyle (Charmantier and Aiken, 1987; Ennis, 1995; Factor, 1995). Once
lobsters encounter the appropriate substrate, they settle to the benthos and seek protection
from predators, an integral aspect to survival (Ennis, 1995; Wahle and Fogarty, 2006).
Interruption to moulting may prevent settlement and therefore increases the chance of
mortality by predation (Cobb and Castro, 2006; Ennis, 1995).
Due to the hydrophobic nature of chlorpyrifos, cryptic lobster stages may be more
vulnerable when exposed to sediment-bound chrlopyrifos. Lobster that have settled to the
benthos and become cryptic will potentially be exposed to higher concentrations and
longer duration of chlorpyrifos exposure when compared to counterparts in pelagic or
non-cryptic stages which can freely move from a contaminated region. Chlorpyrifos has
been detected in marine sediment during preliminary data collection in Summerside
Harbour, Prince Edward Island, Canada at a concentration of 0.054 ng/g (D. Daoud,
personal communication, March 10 2020). The chlorpyrifos concentrations that H.
americanus may be exposed to in sediment has not been addressed fully and as this
aspect was beyond the scope of the current study, sediment exposure represents a logical
area to explore further.
3.6 Conclusions
Chlorpyrifos exposure was found to induce significant changes to gene expression
in biological pathways such as stress response (glutathione peroxidase 3 (GPx3) and heat
shock protein 60 (HSP60)), hypoxia response (hairy, astakine 2 (Asta), hemocyanin
(HemCyn)), moulting (cytochrome P450 307a1-like (CYP307a1) and chitinase), and
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immunity (Asta). The affected pathways discovered in the current study are in keeping
with current literature on other pesticides including methoprene, endosulfan, heptachlor
and teflubenzuron (Olsvik et al. 2015; Bauer et al. 2013; Daoud et al. 2016; Snyder and
Mulder, 2001). This study provides further evidence for the mechanism of action of
chlorpyrifos on the American lobster via inducing a decrease in lobster immune function
as well as inducing hypoxia and the stimulation of ROS. These impacts lead to a decrease
in growth and an increase of the likelihood of mortality via hypoxia or predation. Future
research concentrating on the effects of sampling time, sediment exposures, chronic vs
acute exposures, and pulse exposures should provide further insight to impacts on gene
expression in the American lobster. The interaction of chlorpyrifos exposure and hypoxia
in the American lobster is also an avenue that would benefit greatly from further
research.
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CHAPTER 4
General Discussion

This study aimed to determine the effects of the agricultural organophosphate
pesticide chlorpyrifos on the non-target organism, Homarus americanus. It was
hypothesized that the survival of H. americanus is affected by sublethal levels of the
organophosphate pesticide chlorpyrifos. This study used 48-hour acute exposures to a
wide variety of chlorpyrifos concentrations to determine a median lethal concentration
(LC50) value for stage IV lobster larvae. Post-exposure, surviving lobsters were sampled
for sublethal effects including mortality during recovery, impacts to growth and
development, acetylcholinesterase inhibition, and changes to gene expression levels.
These parameters are important in developing an understanding of how chlorpyrifos may
impact the growth, development, and survival of the American lobster when exposed to
this pesticide.
Stage IV H. americanus larvae were chosen for this study because they have the
potential to be exposed to chlorpyrifos in both the pelagic and benthic zones. Stage IV
larvae may be a more vulnerable stage in lobster development due to the importance of a
successful transition to a benthic lifestyle (Cobb and Castro, 2006; Ennis, 1995).
Decapod larvae have been found to be especially sensitive to chlorpyrifos, which can be
expected considering this pesticide targets arthropodic organisms as well as aquatic insect
larvae (Grabusky et al. 2004; Health Canada Pest Management Regulatory Agency,
2003).
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Approximately 0.1% of pesticides reach target organisms while the rest of the
applied pesticides are released into the environment (Gilani et al. 2010). Pesticides have
been found to lead to imbalances in community composition in freshwater aquatic
ecosystems (Schäfer et al. 2007). Though organophosphates are used frequently due to
short degradation times, their rate of degradation in soil is linked to environmental
conditions such as temperature, pH, and light exposure (Gilani et al. 2010). Chlorpyrifos
in particular can persist over 100 days depending on organic content of soils, application
method, application rate, formulations, and environmental conditions (Grabusky et al.
2004). Considering the effect of chlorpyrifos on acetylcholinesterase (AChE) inhibition,
chemotaxis, and potential impact to moulting ability, a significant impact to the survival
of H. americanus larvae may occur (Cobb and Castro, 2006; Ennis, 1995; Barker et al.
1972; Couillard and Burridge, 2015; Grabusky et al. 2004).
Chlorpyrifos has been reported in marine bay and freshwater urban retention
ponds in North America at concentrations between 0.148 and 0.900 µg/L (Grabusky et al.
2004; Mezin and Hale, 2004). Median inhibition concentration (IC50) values for the
cessation of normal movement in the current study were within this environmental
concentration range. The cessation of normal movement patterns observed during
chlorpyrifos exposure may reduce the postlarval lobster’s control of swimming and
hiding behaviour when confronted with the threat of predation. Lobsters exposed to the
organophosphate pesticide azamethiphos have shown abnormal movements similar to
those in the present study (Daoud et al. 2014; Pahl and Opitz, 1999). Azamethiphos
exposure resulted in loss of muscle control in stage II lobsters (twitching and morbidity)
and death by hypoxia in adult male lobsters due to decreased volume of water crossing
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the gills (Daoud et al. 2014; Pahl and Opitz, 1999). Hypoxia as an effect of chlorpyrifos
on the American lobster is supported by the RNA-seq data from the current study which
showed an alteration to the genes hairy and hemocyanin.
Growth was also affected in the current study, in particular a significant decrease
in lobster specific growth rate and moult increment and a significant increase in
intermoult period were observed in lobsters exposed to 0.82 µg/L. Chlorpyrifos has been
found to increase intermoult period in freshwater shrimp Palaemonetes argentinus,
thought to be due to impairment of the y-organ and sinus gland leading to alteration in the
production and storage of a growth-related hormone, moult inhibiting hormone
(Montagna and Collins, 2007). Similarly, chlorpyrifos exposed Opossum shrimp
(Neomysis integer) were reported to have an increased energy expenditure-to-acquisition
ratio, suggestive that less energy was available for growth (Roast et al. 1999). Evidence
from these and the present study therefore suggest that chlorpyrifos impairs the growth
and moulting cycle of crustaceans. Genetic and biochemical disruption from chlorpyrifos
exposure may disrupt recruitment to the benthos, decreasing survival in the wild.
A considerable alteration in gene expression was noted in lobsters treated with
0.57 µg/L chlorpyrifos including impacts to stress response (heat shock protein 60
(HSP60)), hypoxia response (hairy, hemocyanin), moulting (cytochrome P450 307a1-like
and chitinase), and immunity (astakine 2). The 0.57 µg/L chlorpyrifos treatment also
corresponded to an increase in the number of moribund lobsters which was expected as
this treatment concentration approaches the cessation of normal movement IC50 of 0.66
µg/L. This finding parallels changes observed in acetylcholinesterase activity which was
significantly inhibited in all chlorpyrifos concentrations when compared to the control
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group. Acetylcholinesterase inhibition greatly impacting movement has been noted as an
effect of chlorpyrifos in various other crustacean species including H. gammarus
(McHenery et al. 1996).
Acetylcholinesterase inhibition after 96 h exposure to a 1.00 µg/L chlorpyrifos
treatment has been correlated with abnormal chemotaxis and deterioration of feeding and
locomotion in the amphipod crustacean Gammarus fossarum (Xuereb et al. 2009).
Chlorpyrifos exposures of the freshwater amphipods Gammarus pulex and G. fossarum,
adult and postlarval Palaemonetes pugio, and adult Americamysis bahia have provided
AChE IC50 values of 0.027 to 1.23 µg/L (24 h) and 0.35 to 0.87 µg/L (96 h) (Key et al.
2013; Key and Fulton, 2006; Xuereb et al. 2007). The IC50s for cessation of normal
movement calculated during the present study are comparable to these amphipod AChE
IC50s, clarifying the link between AChE inhibition and survival-related movements
further.
Surviving lobsters exposed to 0.82 µg/L of chlorpyrifos had only one gene
differentially expressed, glutathione peroxidase 3, which is associated with endotoxemia
and inflammation in response to stress (Mirochnitchenko et al. 2000; Ottaviano et al.
2008). This is an example of how the toxicology and RNA-seq technology combined
provide a clearer estimate of the action of this pesticide on the American lobster. It is
possible that when exposed to this concentration of chlorpyrifos there is an increased
effort to maintain homeostasis represented as a decrease in gene expression changes. This
may explain the observed decrease in growth parameters (MI and SGR) and increase of
intermoult period as maintenance of homeostasis can be energetically costly. These
effects occurred at a chlorpyrifos concentration lower than what has been detected in
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nature (> 0.900 µg/L) (Grabusky et al. 2004). Stress is thought to perturb growth and
moulting via changes to energy prioritization in the organism (Olsvik et al. 2015; Snyder,
1998; Snyder and Mulder, 2001; Verslycke et al. 2004). This alteration to gene
expression may therefore lead to stage IV larvae becoming more vulnerable to predation
due to the importance of a successful transition to a benthic lifestyle at this stage. Ability
settle in the benthos as larvae is integral to survival as the organisms seek protection from
predators (Cobb and Castro, 2006; Ennis, 1995). This theory is supported by the
increased number of mortalities at this test concentration but larger scale data trends from
a study of more individuals for RNA-seq analysis may support this theory further.
Increased cytochrome p450 307a1 levels, as seen in the current study, can also
disrupt the moulting process and has led to a delay of ecdysis by 3 to 4 days in stage I
lobsters exposed to heptachlor in the first 48 hours (Snyder and Mulder, 2001). More
information is needed to clarify why this limited number of DEGs occurred and whether
it is correlated to homeostasis maintenance and energy expenditure.
Mortality data and LC50 calculations suggest that acute lethality of H. americanus
larvae is not likely to occur during chlorpyrifos exposures at environmental
concentrations. The calculated chlorpyrifos LC50 values from the present study of stage
IV lobster are marginally higher than those reported for similarly sized estuarine and
freshwater decapod crustaceans (Bellas et al. 2005; Key et al. 2013; Key and Fulton,
2006; Kumar et al. 2010a, 2010b). Unfortunately, it is difficult to assess through acute
assays how these concentrations may affect long-term survival. The impact of
chlorpyrifos on lobster moulting and movement patterns however suggests that exposure
to environmental concentrations could significantly affect survival of lobster larvae prior
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to settlement to the benthos. Chlorpyrifos was detected in marine sediment during
preliminary data collection in Summerside Harbour, Prince Edward Island, Canada at a
concentration of 0.054 ng/g (D. Daoud, personal communication, March 10 2020). The
effects of sediment exposure to chlorpyrifos have not been assessed, therefore research in
that area would lead to further understanding of the full effects of chlorpyrifos on this
species. Future research concentrating on the effects of sampling time, sediment
exposures, chronic vs acute exposures, and pulse exposures should provide further insight
to impacts on gene expression in the American lobster. The interaction of chlorpyrifos
exposure and hypoxia in the American lobster is also an avenue that would benefit
greatly from further research on the metabolic and respiration rates of chlorpyrifosexposed lobster.
Accomplishments during the writing of this thesis include the second chapter
being published in Environmental Toxicology and Chemistry in March 2019 (Taylor et
al. 2019). The toxicology and genomic data has been presented in poster sessions at both
national and international conferences including the Society of Environmental
Toxicology and Chemistry (SETAC) North America 38th Annual Meeting; the 44th
Canadian Ecotoxicity Workshop; 11th International Conference and workshop on
Lobster Biology and Management; UPEI Multidisciplinary Graduate Research
Conference; Atlantic Canada Coastal and Estuarine Science Society Conference; and The
American Lobster in a Changing Ecosystem II: A US-Canada Symposium. Next steps to
further understanding of the impact of chlorpyrifos exposure on lobster larvae would
include assessing the effects of sediment exposure to chlorpyrifos through laboratory
testing with either field collected or artificially contaminated sediment. More information

105

is also needed to clarify whether responses and number of differentially expressed genes
(DEGs) correlate to energy expenditure and homeostasis maintenance. This can be
clarified through sampling for RNA-seq at more time points of exposure and through
examining physiological responses including oxygen consumption, feeding rate and
absorption efficiency to assess scope for growth and lipid, protein, and sugar fractions to
assess cellular energy allocation (Roast et al. 1999; Verslycke et al. 2004). The
combination of classic toxicology with modern gene expression techniques was valuable
as the toxicology data provided direction for bioinformatics analysis and both techniques
proved to support each other.
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Appendix A: Sample Ns for all experiments and endpoints

Experiment 1

Total N
N sampled for growth
measurements
N sampled for genomic analysis

Time
0h
48 h
Post-moult
0h
Post-moult
48 h

Stage
IV
IV
V
IV
V
IV

a

0
15
13
7
15
7
6

Measured Chlorpyrifos Concentration (µg/L)
0b
0.60
1.12
15
15
15
15
14
3
9
6
0
15
15
15
9
6
0
6
6
3

2.01
15
0
0
15
0
0

Measured Chlorpyrifos Concentration (µg/L)
Experiment 2

Total N
N sampled for growth
measurements
N Sampled for AChE activity
N sampled for genomic analysis

Time
0h
48 h
Post-moult
48 h
Post-moult
48 h
48 h

Stage
IV
IV
V
IV
V
IV
IV

0a
29
27
15
15
14
6
6
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0b
29
27
14
15
12
6
6

0.64
29
29
16
17
15
6
6

1.21
29
9
0
0
0
4
5

1.70
29
0
0
0
0
0
0

Measured Chlorpyrifos Concentration (µg/L)
Experiment 3

Total N
N sampled for growth
measurements
N Sampled for AChE activity
N sampled for genomic analysis

Time
0h
48 h
Post-moult
48 h
Post-moult
48 h
48 h

Stage
IV
IV
V
IV
V
IV
IV

a

0
29
29
17
17
15
6
6

0b
29
28
15
16
14
6
6

0.49
29
20
8
8
5
6
6

0.80
29
3
0
0
0
3
0

0.88
29
0
0
0
0
0
0

Measured Chlorpyrifos Concentration (µg/L)
Time
Stage
0a
0b
0.50
0.57
0.82
1
0h
IV
24
24
24
23
24
24
48 h
IV
12
12
11
7
5
6
Total N
Post-moult
V
12
12
10
3
3
0
48 h
IV
12
12
11
7
5
0
N sampled for growth
measurements
Post-moult
V
12
12
10
3
3
0
48 h
IV
6
6
6
6
6
2
N Sampled for AChE activity*
Post-moult
V
6
6
6
3
3
0
N sampled for genomic analysis*
48 h
IV
6
6
6
6
6
4
* Due to more consistent sample sizes and more sublethal concentrations, only tissue from Experiment 4 was used for AChE and
genomic testing
a Seawater control
b Methanol control
Experiment 4
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Appendix B: Amplex Red Acetylcholinesterase Fluorescence Assay
Based on Manufacturer’s instructions (Invitrogen Detection Technologies 2004).

1. Prepare according to manufacturer’s instructions:
20 mM Amplex Red reagent
1X Reaction buffer (working solution)
100 U/ml horseradish peroxidase (HRP) (aliquot and store at -20°C)
5 mM H2O2 (working solution)
20 U/L choline oxidase (aliquot and store -20°C)
100 mM acetylcholine (working solution)
100 U/mL acetylcholinesterase (AChE) (aliquot and store -20°C)
2. Prepare AChE standards of 0.0, 1.56, 3.13, 6.25, 12.5, 25, and 50 mU/ml in
reaction buffer.
3. Prepare Resorufin standards of 0.0, 17.00, 34.01, 68.01, 136.03, 272.05, 544.1,
and 1088.2 pmol resorufin in reaction buffer.
4. Homogenize and dilute samples: Homogenize lobsters in 500 µl cold PBS (pH
7.5) using an OMNI TH homogenizer. Centrifuge 4°C @ 7000 x g, 10 mins.
Dilute 1:10 in PBS. Store on ice.
5. Prepare 0.2 U/mL AChE positive control
1.2 µl 100 U/mL AChE
98.8 µl 1X reaction buffer).
6. Prepare negative control (100 µl 1X reaction buffer).
7. Prepare 10µM H2O2 positive control
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1.2 µl H2O2 working solution
598.8 µl 1X reaction buffer
8. Pipette 20 µl diluted sample into 80 µl 1X reaction buffer (3 wells per sample)
and 100 µl of controls into wells of plate (5 wells per plate).
9. Prepare 400 µM Amplex red reagent working solution (make once per plate):
200 µl Amplex red reagent
100 µl HRP
100 µl choline oxidase
10 µl acetylcholine
9.59 ml 1X reaction buffer
10. Add 100 µl of Amplex red reagent working solution to each sample and control
well.
11. Measure fluorescence (Kinetic setting, read every 3 mins for 30 mins). Excitation:
528 nm; Emission: 590 nm. Correct values to remove noise by subtracting
average of negative control values.

Reference: Invitrogen Detection Technologies. 2004. Amplex® Red
Acetylcholine/Acetylcholinesterase Assay Kit (A12217). Mol. Probes Man.:1–4.
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Appendix C: Fluorescamine Protein Assay
Based on (Held, 2006).

1. Prepare BSA standards (in PBS buffer, pH 7.4) of 0.0, 0.019, 0.038, 0.075, 0.15,
0.3, 0.6 mg/ml.
2. Prepare 10.8 mM fluorescamine solution:
750 mg fluorescamine
25 ml acetonitrile
3. Homogenize and dilute samples: Homogenize lobsters in 500 µl cold PBS (pH
7.5) using an OMNI TH homogenizer. Centrifuge 4°C @ 7000 x g, 10 mins.
Dilute 1:100 in PBS. Store on ice.
4. Aliquot 150 µl of standards and diluted samples in triplicate.
5. Microplate placed on shaker.
6. 50 µl fluorescamine solution added to each well.
7. Shake plate for 60 seconds.
8. Read fluorescence with a 400 nm excitation filter (30 nm bandwidth) and 460 nm
emission filter (40 nm bandwidth). Sensitivity setting: 29. Probe: 5 mm, static
sampling, 0.35 second delay, 50 reads per well.

Reference: Held PG. 2006. Fluorometric quantitation of protein using the reactive
compound fluorescamine. :1–5. doi:10.1038/an1794
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Appendix D: SOP# Tri Reagent Recipe v1.1
Atlantic Veterinary College Lobster Science Centre SOP (May 2010)

Tri Reagent is the original nucleic acid extraction solution used by Chomsky et al
(1987) for the purification of nucleic acids from animal tissues. This chemical solution
was later modified and sold as the proprietary TRIzol solutions used for the same
purpose. Tri Reagent contains the chaotrophs phenol and guanidine isothiocyaine, both of
which will cause burns to the skin and respiratory system and can cause acute toxicity
(read MSDS). As such, Tri Reagent should always be handled with care, only opened in
the fume hood and you should always wear extra long gloves. When handled
appropriately, Tri Reagent is a very effective tool for the extraction and purification of
RNA.

Tri Reagent

Conc

Guanidine Isocyanate (Biotechnology Grade)

16.54 g

1.4M

38 mL

38%

5 mL

5%

0.8203 g

0.1M

(BioShop # GUA004.500)
Phenol (Biotechnology Grade) Saturated pH 4.5
(BioShop # PHE511.400)
Glycerol (Sterile)
(BioShop GLY003.500)
Sodium Acetate
(BioShop SAA 310.500)
diH2O (start with 25 mL) up to100 mL
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Make up Tri Reagent no more that 24h before you intend to use it, and store it in the
fridge. Be sure to properly label Tri Reagent with the appropriate warnings.

Chomczynski P (1987) Anal Biochem 162:1, 156-159
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Appendix E: SOP# Trizol/RNeasy® Mini RNA Extraction v2.1
Atlantic Veterinary College Lobster Science Centre SOP by K Fraser Clark (November
2015)

Always wear protective clothing and eyewear when working with Trizol and chloroform
as both are highly toxic. All pipetting of these chemicals will take place in the fume hood
as the fumes are noxious. If you are beginning with a frozen homogenate, thaw samples
at room temperature and proceed to step 3.
1. Quickly excise tissue from lobster and cut into pieces weighing ~250 mg. Now
place tissues into a 15 mL tube containing 2.5 mL of Trizol reagent (1 mL/ 100 g
of tissue).
2. Immediately homogenize tissue with the Omni homogenizer and allow the
homogenate to sit at room temperature for 5 minutes. Note: Thorough washing of
the homogenizer probe is required after each tissue. Rinse the probe with 3 x 2
mL of nanopure diH2O in a 15 mL tube and turn on homogenizer. Next rinse the
probe with 3-5 mL of Tri Reagent in a 15 mL tube.
3. Add 200 μL of chloroform for every 1 mL of homogenate in TRIzol and shake
well to mix. Allow the mixture to sit at room temperature for 3 minutes.
4. Centrifuge @ 4°C for 15 minutes @ 12,000 x g with the Allegra 25R centrifuge
using a prechilled (4°C) A-10-250 rotor.
5. In the fume hood, carefully remove 600 μL of the top aqueous phase and place it
into a clean 1.5 mL tube.
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6. Slowly add an equal volume (600 μL) of 70% EtOH (Molecular Biology Grade)
to the aqueous phase and mix via pipetting or inversion.
The following steps require a Qiagen RNeasy Kit
7. Proceed to Step 6 of the RNeasy® Mini handbook as follows: Add 600 μL the
aqueous phase/EtOH solution to a labeled spin column. Centrifuge at 8,000 x g
for 30s. Discard the flow through. Add the remaining 600 μL the aqueous
phase/EtOH solution to a labeled spin column. Centrifuge at 8,000 x g for 30s.
Discard the flow through.
8. Add 350 μL of RW1 buffer to the column. Centrifuge at 8,000 x g for 30s.
Discard the flow through.
9. Take a DNaseI aliquot out of the freezer or make by adding 550 μL of water from
the kit to the lyophilized DNasI with a sterile 1 mL needle. You need 10 μL of
DNaseI and 70 μL of Buffer RDD for every column. Mix only by inversion to
DNaseI is very sensitive to physical degradation.
10. Add 80 μL of DNaseI reaction buffer to column. Incubate at room temperature for
15 min. Centrifuge at 8,000 x g for 30s. Discard flow-though.
11. Add 350 μL of RW1 buffer to the column. Centrifuge at 8,000 x g for 30s.
Discard flow-though.
12. Add 500 μL of RPE buffer to the column. Centrifuge at 8,000 x g for 30s. Discard
flow-though.
13. Add 500 μL of RPE buffer to the column. Centrifuge at 8,000 x g for 30s. Discard
flow-though. Centrifuge again at 8,000 x g for 30s.
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14. For the elution step place, the column in a new 1.5 mL tube and place 30 μL of
nuclease free H2O onto the column. Let column sit for ~ 1 minute and then
centrifuge @ 6,000 x g for 2 minutes.
15. Aliquot 1 μL of RNA into a sterile 0.5 mL microfuge tube, containing 4 μL of
nuclease-free H2O for Nanodrop quantification. Aliquot 3 x 2 μL and 2 x 10 μL
of RNA into additional 0.5 μL tubes (on ice) and store the remaining RNA should
be stored immediately at -20°C or -80°C. Place a small dot on the top of the tubes
containing 2 μL aliquots.
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Appendix F: RNA Qualification with BioAnalyzer 2100 and Agilant RNA 6000 Nano
Kit
1. Turn on computer and open “2100 Expert”  click on the instrument when serial
number shows, check that all checkmarks are green.
2. Add 65 µl filtered gel to 1 µl blue dye and centrifuge briefly.
3. Add 1 µl RNA sample to 5 µl Nanomarker.
4. Add 9 µl gel/dye mix to (G) on microchip (make sure there are no bubbles).
5. Move plunger in chip station to 1 ml mark, close and click.
6. Push plunger until it clips and let sit for 30 sec.
7. Unclip the plunger and let it rise slowly to 1 ml, and then slowly pull the plunger
all the way up.
8. Open chip station, add 9 µl gel/dye mix to all G wells.
9. Add 5 µl RNA/nanomarker mix to sample wells (if there are empty wells, add 5
µl gel/dye mix).
10. Add 1µl ladder to 10ul nanomarker  mix via pipette 5x.
11. Add 5 µl of ladder/nanomarker mix to ladder well on chip.
12. Vortex chip 1 min at 2400 rpm.
13. Put chip in chip reader and push start on 2100 Expert (computer program).
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Appendix G: Primer design SOP
IDTDNA.com Tools: PrimerQuest

1. Choose name for primer. Make it short (must fit on small tube), unique, and
identifiable (e.g. HemCyn instead of Hemocyanin)
2. Paste full sequence for GOI into PrimerQuest. Select option for primers for qPCR
using intercalating dye.
3. Pick two primers, preferably close to top of list that do not completely overlap.
Melting temperature ™ of ~ 62°C, GC% of ~ 50 %.
4. Click on blast option (to the right of each forward/reverse set) to align primers to
Homarus americanus expressed sequence tags (ESTs). If ESTs have high
alignment scores retrieve full sequence from the EST’s GenBank link (click
FASTA to copy sequence) to Blast against full GOI sequence using “Align 2 or
more sequences” function. If the sequences align then it is an EST for the GOI.
Ideally the primer will have as few hits as possible on the 3’ end. If there are hits
on 3’ end, choose another primer with least amount which contain nucleotide
matches for over ½ of the sequence.
5. Once appropriate primers are chosen, add two primers to order/cart. Include
Forward and Reverse primers as oligos in tubes (25 nmole DNA oligo and
standard desalting). Save primers over long term by selecting cart contents and
clicking “Add to wishlist”.
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Appendix H: SOP# cDNA Synthesis for RT-qPCR v1.1
Reagent Kits Required: Invitrogen SuperScript® III First Strand Synthesis SuperMix
(Cat # 18080-400)

cDNA Synthesis
1. Prepare the following:
1 μg of total RNA
1μL of oligo(dT)20 Primer (50 μM)
1 μL Annealing Buffer
DEPC-treated H2O to 8 μL
2. Mix, spin and Incubate at 65°C for 5 min. Use thermocycler with heated lid. Place
reactions on ice for at least 1 min.
3. Add the following to each tube on ice:
10 μL of 2X First strand reaction mix
2.0 μL SuperScriptIII/ RNaseOUT Enzyme Mix
Mix solution and spin briefly
4. Incubate solution at 50°C for 50 min. Use thermocycler with heated lid.
5. Terminate the reactions at 85°C for 5 min. Chill on ice.
6. Aliquot the cDNA (on ice) and store at -80°C.
Aliquot cDNA
1. Add 40 μL nuclease-free water. Mix to resuspend completely.
2. Aliquot 2 μL to 30 x 0.5 mL (non-PCR) tubes
3. Store at -80°C.

FC Feb 2012
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Appendix I: RT-qPCR SOP
1. Reconstitute primers to 100 µM (i.e. X nM will be labelled on tube, add 10X µl
water).
2. Dilute to 10 µM (180 µL water and 20 µL reconstituted primer).
3. Combine 2 µl tube of cDNA from each sample to create representative cDNA for
testing optimal reaction conditions for each primer and re-aliquot (2 µl)
(TcDNA).
4. Dilute TcDNA. 2 µl TcDNA in 218 µl water (enough for one full 96-well plate)
5. Make No Reverse Transcriptase (NRT) control. Perform cDNA synthesis using a
random RNA sample (make note of which one). Do not add SuperScript
III/RNaseOUT Enzyme Mix (use 2 µl water instead).
6. Make No Template control (NTC). Perform cDNA synthesis using 6 µl water
instead of using RNA.
7. Defrost tube(s) of cDNA on ice (2 µl of sample cDNA per well)
8. Make reaction master mix (per well):
5 µl SYBR Green Supermix (2x)
0.2 µl reconstituted forward primer
0.2 µl reconstituted reverse primer
2.6 µl water
9. Use robot to fill three plates at a time (refrigerate plates when not in us
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Temperature optimization: Two horizontal rows of each primer (P) on each plate
1

2

3

4

5

6

7

8

9

10

11

12

A

P1

P1

P1

P1

P1

P1

P1

P1

P1

P1

P1

P1

B

P1

P1

P1

P1

P1

P1

P1

P1

P1

P1

P1

P1

C

P2

P2

P2

P2

P2

P2

P2

P2

P2

P2

P2

P2

D

P2

P2

P2

P2

P2

P2

P2

P2

P2

P2

P2

P2

E

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

F

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

P3

G

P4

P4

P4

P4

P4

P4

P4

P4

P4

P4

P4

P4

H

P4

P4

P4

P4

P4

P4

P4

P4

P4

P4

P4

P4
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Plate design for calculating amplification efficiency: Two horizontal rows of each primer (P), two vertical
rows of each cDNA dilution, one vertical row each of NTC and NRT
1

2

3

4

5

6

7

8

9

10

11

12

P1

A

1:5

1:5

1:25

1:25

1:125

1:125

1:625

1:625

1:3125

1:3125

NTC

NRT

P1

B

1:5

1:5

1:25

1:25

1:125

1:125

1:625

1:625

1:3125

1:3125

NTC

NRT

P2

C

1:5

1:5

1:25

1:25

1:125

1:125

1:625

1:625

1:3125

1:3125

NTC

NRT

P2

D

1:5

1:5

1:25

1:25

1:125

1:125

1:625

1:625

1:3125

1:3125

NTC

NRT

P3

E

1:5

1:5

1:25

1:25

1:125

1:125

1:625

1:625

1:3125

1:3125

NTC

NRT

P3

F

1:5

1:5

1:25

1:25

1:125

1:125

1:625

1:625

1:3125

1:3125

NTC

NRT

P4

G

1:5

1:5

1:25

1:25

1:125

1:125

1:625

1:625

1:3125

1:3125

NTC

NRT

P4

H

1:5

1:5

1:25

1:25

1:125

1:125

1:625

1:625

1:3125

1:3125

NTC

NRT
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Plate design when performing RT-qPCR on sample cDNA: Three replicates of each sample (S) and three
replicates of NRT and NTC, one plate per primer at optimized temperature and cDNA dilution
1

2

3

4

5

6

7

8

9

10

11

12

A

S1

S3

S6

S9

S11

S14

S17

S19

S22

S25

S27

S30

B

S1

S4

S6

S9

S12

S14

S17

S20

S22

S25

S28

S30

C

S1

S4

S7

S9

S12

S15

S17

S20

S22

S25

S28

NRT

D

S2

S4

S7

S10

S12

S15

S18

S20

S23

S26

S28

NRT

E

S2

S5

S7

S10

S13

S15

S18

S21

S24

S26

S29

NRT

F

S2

S5

S8

S10

S13

S16

S18

S21

S24

S26

S29

NTC

G

S3

S5

S8

S11

S13

S16

S19

S21

S24

S27

S29

NTC

H

S3

S6

S8

S11

S14

S16

S19

S22

S25

S27

S30

NTC
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10. Set up reaction on thermal cycler:
95°C for 2 min
95°C for 10 s
Annealing temperature gradient: 52 to 70°C 15 s OR Optimal
temperature for the primer(s) being used
72°C 15 s
Read plate
Cycle back to second step and repeat 39 x (total of 40 cycles)
Melt curve: 65 to 90°C by 0.5°C, 2 s at each temperature
11. Determine optimal annealing temperature (Tm) for each primer. This will be the
highest temperature with single melt curve peak with lowest CT.
12. Determine amplification efficiency using Tm. Run one primer set per plate, three
plates (separate master mixes) per primer set. Use a five-fold dilution curve of
cDNA, 5 dilutions (1:5, 1:25, 1:125, 1:625).
13. Calculate amplification efficiency from slope of CT vs Log10Conc for each plate
using online calculator (http://dharmacon.gelifesciences.com/resources/tools-andcalculators/qpcr-efficiency-calculator/). Ideally 80 to 115 % efficiency, all three
plates should be within 6 % of each other.
14. Run RT-qPCR using optimal conditions for each primer for all samples (3 wells
each sample).
RT-qPCR Analysis (using Opticon Monitor 3):
1. Set baseline. Choose range of early cycles where the fluorescence is relatively
flat. Set to use average over that cycle range.
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2. Set threshold. Maximize precision of replicates by finding the point at which
replicates are closest together. Be sure to place the threshold within the range of
exponential increase by changing to log scale and make sure within mid to upper
range.
3. Ensure separation of dilutions in amplification efficiency plates.
4. Click Calculations and “Copy to clipboard” to export data to Excel.
5. Create curves for amplification efficiency calculations. Insert scatterplot, select
data: log10(dilution) on x-axis and C(t) on y-axis. Insert trendline and show R2 and
equation. Use slope from equation in online calculator (above) to get %
efficiency.
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Appendix J: All Differentially expressed genes (DEGs) identified via Blast2GO, KEGG, and KAAS
Metabolism
Trancript ID

KEGG
Orthology #

Gene name

Protein name

K08858

SBK

serine/threonine-protein kinase SBK

0.0004

p value

Protein kinases
TRINITY_DN80417_c0_g2_i3

Protein phosphatases and associated proteins
TRINITY_DN76120_c0_g1_i1

K02210

MCM7, CDC47

DNA replication licensing factor MCM7

0.0095

TRINITY_DN87076_c1_g8_i1

K14165

K14165

atypical dual specificity phosphatase

0.0096

TRINITY_DN85314_c1_g1_i1

K11850

USP26_29_37

ubiquitin carboxyl-terminal hydrolase 26/29/37

0.0356

TRINITY_DN64460_c0_g1_i1

K01277

DPP3

dipeptidyl-peptidase III

0.0276

TRINITY_DN88704_c9_g1_i1

K01362

OVCH

ovochymase

0.0398

TRINITY_DN76933_c0_g1_i1

K07151

STT3

dolichyl-diphosphooligosaccharide---protein
glycosyltransferase

0.0091

TRINITY_DN71621_c0_g1_i1

K16055

TPS

trehalose 6-phosphate synthase/phosphatase

0.0015

K14939

spo, spok, CYP307A

cytochrome P450 family 307 subfamily A

0.0106

KEGG Orthology
#

Gene name

Protein name

TRINITY_DN38840_c0_g1_i1

K10048

CEBPB

CCAAT/enhancer binding protein (C/EBP), beta

0.0365

TRINITY_DN83295_c0_g1_i1

K12114

VRI

vrille

0.0102

TRINITY_DN95080_c0_g1_i1

K09083

ATOH1_7

atonal protein 1/7

0.0339

TRINITY_DN76864_c0_g1_i1

K09090

HESN

hairy and enhancer of split, invertebrate

0.0138

Peptidases and inhibitors

Glycosyltransferases

Cytochrome P450
TRINITY_DN74862_c0_g1_i1
Genetic information processing
Trancript ID

p value

Transcription factors
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TRINITY_DN78300_c1_g1_i1

K06620

E2F3

transcription factor E2F3

0.0472

TRINITY_DN63135_c0_g1_i1

K09442

SPDEF

SAM pointed domain-containing ETS transcription factor

0.0335

TRINITY_DN82575_c6_g3_i2

K03016

RPB8, POLR2H

DNA-directed RNA polymerases I, II, and III subunit
RPABC3

0.0392

TRINITY_DN54533_c0_g1_i2

K15223

UAF30, SPP27

upstream activation factor subunit UAF30

0.0319

TRINITY_DN67982_c0_g1_i1

K14405

FIP1L1, FIP1

pre-mRNA 3'-end-processing factor FIP1

0.0356

TRINITY_DN76864_c0_g1_i1

K09090

HESN

hairy and enhancer of split, invertebrate

0.0138

TRINITY_DN86859_c0_g1_i2

K14443

TOB

protein Tob/BTG

0.0118

TRINITY_DN54804_c0_g1_i1

K13288

orn, REX2, REXO2

oligoribonuclease

0.0118

TRINITY_DN63169_c0_g1_i1

K04077

groEL, HSPD1

chaperonin GroEL

0.0290

TRINITY_DN67781_c0_g1_i1

K12896

SFRS7

splicing factor, arginine/serine-rich 7

0.0308

TRINITY_DN73104_c0_g1_i1

K11086

SNRPB, SMB

small nuclear ribonucleoprotein B and B'

0.0242

TRINITY_DN63581_c0_g1_i1

K11087

SNRPD1, SMD1

small nuclear ribonucleoprotein D1

0.0078

TRINITY_DN69667_c0_g1_i1

K11099

SNRPG, SMG

small nuclear ribonucleoprotein G

0.0220

TRINITY_DN86594_c5_g1_i6

K12823

DDX5, DBP2

ATP-dependent RNA helicase DDX5/DBP2

0.0084

TRINITY_DN6579_c0_g1_i1

K12834

PHF5A

PHD finger-like domain-containing protein 5A

0.0084

TRINITY_DN68619_c0_g1_i1

K12836

U2AF1

splicing factor U2AF 35 kDa subunit

0.0314

TRINITY_DN70825_c0_g3_i1

K02951

RP-S12e, RPS12

small subunit ribosomal protein S12e

0.0002

TRINITY_DN43496_c0_g1_i2

K02930

RP-L4e, RPL4

large subunit ribosomal protein L4e

0.0345

TRINITY_DN85237_c0_g1_i1

K17406

MRPS27

small subunit ribosomal protein S27

0.0237

TRINITY_DN60936_c0_g1_i1

K02906

large subunit ribosomal protein L3

0.0218

TRINITY_DN88334_c4_g1_i1

K02888

RP-L3, MRPL3, rplC
RP-L21, MRPL21,
rplU

large subunit ribosomal protein L21

0.0205

Transcription machinery

Messenger RNA biogenesis

Spliceosome

Ribosome
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Ribosome biogenesis
TRINITY_DN80070_c0_g1_i1

K14563

NOP1, FBL

rRNA 2'-O-methyltransferase fibrillarin

0.0434

TRINITY_DN87201_c9_g1_i1

K11128

GAR1, NOLA1

H/ACA ribonucleoprotein complex subunit 1

0.0260

TRINITY_DN86594_c5_g1_i6

K12823

DDX5, DBP2

ATP-dependent RNA helicase DDX5/DBP2

0.0084

TRINITY_DN54804_c0_g1_i1

K13288

orn, REX2, REXO2

oligoribonuclease

0.0118

TRINITY_DN81926_c1_g2_i1

K14826

FPR3_4

FK506-binding nuclear protein

0.0078

K06176

truD, PUS7

tRNA pseudouridine13 synthase

0.0231

TRINITY_DN63169_c0_g1_i1

K04077

groEL, HSPD1

chaperonin GroEL

0.0290

TRINITY_DN84294_c1_g1_i2

K09542

CRYAB

crystallin, alpha B

0.0115

TRINITY_DN54068_c0_g1_i1

K04078

groES, HSPE1

chaperonin GroES

0.0116

TRINITY_DN78735_c0_g1_i1

K08057

CALR

calreticulin

0.0496

TRINITY_DN74752_c0_g1_i2

K09557

BAG3

BCL2-associated athanogene 3

0.0267

TRINITY_DN82525_c7_g1_i1

K23569

EMC8_9

ER membrane protein complex subunit 8/9

0.0314

TRINITY_DN49192_c0_g1_i1

K22556

MANF, ARMET

mesencephalic astrocyte-derived neurotrophic factor

0.0420

TRINITY_DN74752_c0_g1_i2

K09557

BAG3

BCL2-associated athanogene 3

0.0267

TRINITY_DN105500_c0_g1_i1

K1068

4 UBLE1A, SAE1

ubiquitin-like 1-activating enzyme E1 A

0.0414

TRINITY_DN83901_c0_g1_i1

K13345

PEX12, PAF3

peroxin-12

0.0290

TRINITY_DN85314_c1_g1_i1

K11850

USP26_29_37

ubiquitin carboxyl-terminal hydrolase 26/29/37

0.0356

TRINITY_DN78966_c3_g1_i1

K03035

PSMD12, RPN5

26S proteasome regulatory subunit N5

0.0245

TRINITY_DN76131_c0_g1_i1

K03038

PSMD7, RPN8

26S proteasome regulatory subunit N8

0.0249

TRINITY_DN46737_c0_g1_i1

K03039

PSMD13, RPN9

26S proteasome regulatory subunit N9

0.0267

Transfer RNA biogenesis
TRINITY_DN68951_c0_g1_i1
Chaperones and folding catalysts

Membrane trafficking

Ubiquitin system

Proteasome
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DNA replication proteins
TRINITY_DN78616_c2_g1_i1

K02212

MCM4, CDC54

DNA replication licensing factor MCM4

0.0160

TRINITY_DN61736_c0_g1_i1

K02209

MCM5, CDC46

DNA replication licensing factor MCM5

0.0398

TRINITY_DN71240_c0_g1_i1

K02542

MCM6

DNA replication licensing factor MCM6

0.0267

TRINITY_DN76120_c0_g1_i1

K02210

MCM7, CDC47

DNA replication licensing factor MCM7

0.0095

TRINITY_DN71291_c0_g1_i1

K06628

CDC45

cell division control protein 45

0.0414

TRINITY_DN81565_c0_g5_i2

K10743

RNASEH2A

ribonuclease H2 subunit A

0.0175

TRINITY_DN48777_c0_g1_i1

K04802

PCNA

proliferating cell nuclear antigen

0.0267

TRINITY_DN87201_c9_g1_i1

K11128

GAR1, NOLA1

H/ACA ribonucleoprotein complex subunit 1

0.0260

TRINITY_DN73104_c0_g1_i1

K11086

SNRPB, SMB

small nuclear ribonucleoprotein B and B'

0.0242

TRINITY_DN63581_c0_g1_i1

K11087

SNRPD1, SMD1

small nuclear ribonucleoprotein D1

0.0078

TRINITY_DN69667_c0_g1_i1

K11099

SNRPG, SMG

small nuclear ribonucleoprotein G

0.0220

TRINITY_DN50138_c0_g1_i1

K11251

H2A

histone H2A

0.0232

TRINITY_DN89865_c0_g1_i1

K10753

ASF1

histone chaperone ASF1

0.0263

TRINITY_DN84389_c0_g1_i1

K23398

TRIP4

activating signal cointegrator 1

0.0420

TRINITY_DN61736_c0_g1_i1
DNA repair and recombination
proteins

K02209

MCM5, CDC46

DNA replication licensing factor MCM5

0.0398

TRINITY_DN48777_c0_g1_i1

K04802

PCNA

0.0267

TRINITY_DN82575_c6_g3_i2

K03016

RPB8, POLR2H

proliferating cell nuclear antigen
DNA-directed RNA polymerases I, II, and III subunit
RPABC3

TRINITY_DN88168_c1_g2_i1

K02261

COX2

cytochrome c oxidase subunit 2

0.0003

TRINITY_DN53958_c0_g1_i1

K18156

ATP23, XRCC6BP1

mitochondrial inner membrane protease ATP23

0.0299

TRINITY_DN63169_c0_g1_i1

K04077

groEL, HSPD1

chaperonin GroEL

0.0290

TRINITY_DN54068_c0_g1_i1

K04078

groES, HSPE1

chaperonin GroES

0.0116

Chromosome and associated proteins

0.0392

Mitochondrial biogenesis
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Signaling and cellular processes
KEGG
Orthology #

Gene name

Protein name

K09481

SEC61B, SBH2

protein transport protein SEC61 subunit beta

0.0390

K17751

MYH6_7

myosin heavy chain 6/7

0.0346

TRINITY_DN63169_c0_g1_i1

K04077

groEL, HSPD1

chaperonin GroEL

0.0290

TRINITY_DN50138_c0_g1_i1

K11251

H2A

histone H2A

0.0232

TRINITY_DN59541_c1_g1_i1

K01915

glnA, GLUL

glutamine synthetase

0.0346

TRINITY_DN84294_c1_g1_i2

K09542

CRYAB

crystallin, alpha B

0.0115

K08057

CALR

calreticulin

0.0496

Trancript ID

p value

Secretion system
TRINITY_DN95226_c0_g1_i1
Cytoskeleton proteins
TRINITY_DN88893_c3_g3_i7
Exosome

Lectins
TRINITY_DN78735_c0_g1_i1
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