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Preface
This thesis will discuss the physiological variation between two color morphs of
the European green crab, Carcinus maenas, in response to varying salinity conditions.
These assessments were conducted across sex as little work has focused on examining
female green crabs and how their physiological tolerances may vary compared to males.
The first chapter focuses on previous research conducted by Kelly Pennoyer as
part of her Masters research. I have worked to combine her male and female datasets into
one manuscript for future publication, which involved rewriting much of the paper to suit
this change as well as performing all new statistical and graphical analyses to
accommodate this new treatment factor. This chapter focuses on red and green color
morph exposure to low salinity within both sexes, which was gauged on both the whole
animal and molecular level. Low salinity was chosen, as it is a widely studied
environmental challenge in green crabs that allows for a direct comparison across sex to
determine if any variations exist between males and females of each color morph.
The second chapter addresses exposure to an oscillating salinity environment.
This has been my primary research focus for the last three years and seeks to compare
oscillating salinity, which is more representative of a natural intertidal environment, to
the widely studied low salinity condition across both sex and color morph. This was
conducted in a similar fashion to that of the previous chapter, where a variety of both
whole animal and molecular techniques were employed. As part of our molecular
analysis we conducted a pilot study using RNA sequencing to further our understanding
of the various molecular mechanisms involved in osmoregulation for this species. This
particular technique is the focus of the appendix.
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ABSTRACT
ION REGULATORY CAPABILITES OF THE EUROPEAN GREEN CRAB,
CARCINUS MAENAS, EXPOSED TO LOW SALINITY ENVIRONMENTS: AN
INVESTIGATION INTO THE PHYSIOLOGICAL DIFFERENCES BETWEEN TWO
COLOR MORPHS ACROSS SEX
by
Anthony Himes
University of New England, May 2015
The European green crab, Carcinus maenas, is a highly invasive species found
throughout the world with severe economic and ecological impacts on the regions it
invades. This species occurs in two color morphs: green after molting and red after
prolonged intermolt. Physiological variations between these two morphs are well
documented across various environmental conditions, but little work has focused on
female C. maenas. To assess if the variation between color morphs observed in males
persists in females, red and green morphs of each sex were exposed to a constant low
salinity environment. Constant low salinity exposure was chosen as it has been widely
used throughout the literature, but it is not representative of the tidal environment this
species inhabits. Therefore, we exposed morphs from each sex to an oscillating salinity
environment to better replicate natural conditions. We employed several whole animal
and molecular techniques to evaluate differences in physiological tolerance between each
color morph and sex when subjected to both low and oscillating salinity environments.
Our results for low salinity exposure were consistent with previous findings that green
morphs outperform red morphs in whole animal assessments and demonstrated increased
upregulation of the key enzymes involved in ion regulation, Na+K+-ATPase and two
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forms of carbonic anhydrase. However, we found that both red and green female morphs
outperformed their male counterparts in our whole animal assessments and demonstrated
higher overall gene expression levels than males. These patterns were also observed
under oscillating salinity conditions, but oscillating salinity was found to be less
strenuous than low salinity resulting in better whole animal performance and less gene
upregulation. We hoped our RNA sequencing pilot study would allow us to more
completely evaluate the osmoregulatory mechanism as well as any other secondary
mechanisms involved in response to these exposures, but our small-scale approach did
not yield enough sequencing coverage to accomplish this. The lower expression levels
observed for the osmoregulatory mechanism in the oscillating salinity exposure make it
difficult to accept that the new synthesis of these various proteins are directly involved in
the daily low salinity encounters for this species. Alternatively, our findings reveal the
possibility of a large cellular pool of these proteins that is available for short-term low
salinity exposures, or that an alternative osmoregulatory mechanism is employed. These
differential tolerances between color morphs could be key to management strategies as
our population survey data has revealed that the weaker red morphs are more abundant in
late spring and early summer where the population as a whole is more vulnerable to
environmental challenges. Overall, these data demonstrate that not only do the different
color morphs and sexes need to be accounted for in future physiological studies, but that
more representative environmental conditions need to be employed as well.
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CHAPTER I
SEXUAL VARIATIONS ACROSS COLOR-POLYMORPHISM IN CARCINUS
MAENAS: AN ORGANISMAL AND MOLECULAR APPROACH TO LOW
SALINITY EXPOSURE	
  
Introduction
The green crab, Carcinus maenas, has become a ubiquitous member of many
subtidal and intertidal communities worldwide due to repeated global introductions
(reviews in Carlton and Cohen, 2003; Darling et al., 2008). As this species continues to
spread it warrants more attention due to its known ecological impacts on the regions it
invades (Compton et al., 2010; Floyd and Williams, 2004; Garbary et al., 2014).
Recent studies on C. maenas have focused on its polymorphic ventral coloration
ranging from green to yellow through orange and dark red. These differences in
coloration reflect intermolt duration, with red morphs in intermolt longer than green
morphs (Crothers, 1968; Lee et al., 2005; Styrishave et al., 2004; Wolf, 1998). This
ventral color polymorphism has been correlated to changes in the life history of adult
male C. maenas, with a shift in energy towards either growth (green morphs) or
reproductive capacity (red morphs). Large males decrease the frequency of molting in
order to allocate more energy towards reproductive output. This process also results in
greater chelae strength and thicker carapaces, compared to similar sized green morphs,
allowing them to better compete for females (Kaiser et al., 1990; McGaw et al., 1992;
Reid et al., 1997; Styrishave et al., 2004).
Several studies have demonstrated polymorphism in not just the ecology but also
whole animal physiology of this species, where red morph males are less tolerant to
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environmental challenges. Red morph males have been found to have lower tolerance to
changes in oxygen availability, starvation, exposure to various toxins, and salinity (Dam
et al., 2006; Lee et al., 2003; McGaw and Naylor, 1992a; McGaw and Naylor, 1992b;
Reid and Aldrich, 1989; Reid et al., 1989; Styrishave and Andersen, 2000). The majority
of these studies have focused on the tolerances of male C. maenas, where the life history
shift from growth oriented to reproduction is easily suggested by the morphometric and
behavioral differences in male green and red morphs. This shift in strategies results in a
trade off between having a potentially higher reproductive capacity at the cost of lower
physiological tolerance. However, these tradeoffs are less apparent in females since C.
maenas mate shortly after the female molts and still has a soft shell (Crothers, 1967).
Consequently, a prolonged intermolt would not be advantageous for females, as it is in
males. It has also been observed, however, that some females will remain red after
molting (Reid et al., 1997). With few studies conducted on female C. maenas it is
necessary to determine if differences exist between female color morphs similar to that of
their male counterparts, and what advantages each phase provides (Lee et al., 2003).
This study focuses on cellular and molecular level changes that occur in the
osmoregulatory mechanism in the posterior gills, which are the primary site of ion
regulation in crustaceans (reviews in Mantel and Farmer, 1983; Péqueux, 1995; Henry et
al., 2012). Ion transport is driven by the need to absorb NaCl to maintain internal ion
concentrations when exposed to a low salinity environment (Figure 1.1). NaCl moves
into the cell across the apical membrane through several ion transporters. The first
transporter that enables this movement is the Na+-K+-2Cl—cotransporter (NK2Cl), which
draws both Na+ and Cl- ions into the cell along with K+ to maintain the electrochemical
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gradient across the cellular membrane. Na+ is also brought into the cell in exchange for
H+ via the Na+-H+ antiporter (NHX). Further Na+ absorption into the cell is accomplished
by the Na+-NH4+ cotransporter that exchanges NH4+ from inside the cell for external Na+.
One transporter that aids in Cl- transport is the Cl--HCO3- antiporter that functions in a
similar way to NHX by bring Cl- into the cell in exchange for HCO3- (Péqueux, 1995;
Henry et al., 2012). Several ions that are used to exchange for external Na+ and Cl- are
supplied by carbonic anhydrase, which catalyzes the hydrolysis of CO2 as it diffuses
through the gills, and therefore acts to maintain the ion gradient within the cell (Henry et
al., 2006). In particular, this study examined both the cytoplasmic form of carbonic
anhydrase (cCA) and the membrane-bound form (mCA). The cytoplasmic form is
known to function in the generation of H+ and HCO3- to drive absorption of NaCl, but the
functioning of the membrane bound form is less clear (Henry et al., 2003). mCA has
been shown to function in the equilibration of post-bronchial CO2 and H+ to maintain
proper respiratory functioning in fish, but some crustacean studies have noted moderate
increases in mCA expression from various salinity exposures, so it was included here
(Henry et al., 1997; Gervais and Tufts, 1998; Henry et al., 2003).
Once Cl- ions have entered the cell they are able to passively diffuse through the
basolateral membrane into the circulatory system of the organism, but Na+ ions must be
actively transported out of the cell via Na+/K+-ATPase (NKX). NKX actively pumps Na+
ions out of the cell to generate the Na+ ion gradient that regulates cellular volume and
stores energy in the form of the resting potential of the cell (Geck and Heinz, 1986;
Krarup et al., 1998; reviews in Mantel and Farmer, 1983; Péqueux, 1995). In order to
maintain this gradient, energy must be supplied to NKX, which is accomplished in part
	
  

	
  

3	
  

by arginine kinase (AK). AK catalyzes the transfer of a phosphate group from the energy
storage molecular arginine phosphate to ADP generating arginine and ATP, which can be
used to drive processes throughout the cell (Holt and Kinsey, 2002).
In addition to this ion regulatory mechanism, we also examined changes to
various known cellular stress markers such as heat shock protein 70 (HSP70) and AMPactivated protein kinase (AMPK) as these are known to play a role in a variety of cellular
stress response mechanisms (Drew et al., 2001; Gonzalez and Bradley, 1994; Meng et al.,
2011; Hardie and Sakamoto, 2006; Sokolova et al., 2012).
One potential issue that could arise during our molecular analysis is a result of the
documented accumulation of a thick coating of material over the surface of the gills of
red morphs that is not present in green morphs. This coating can trap a wide variety of
foreign material that could potentially affect the outcome of our analysis (Martin et al.,
1993; Legeay and Massabuau, 2000). To determine if this coating resulted in any
potential PCR inhibition or decreases in the efficiency of reverse transcription we tested
expression levels of an external RNA control (Cicinnati et al., 2008; Walton et al., 2010)
in various tissues using multiple RNA extraction techniques previously applied in other
organisms where inhibitory compounds co-precipitated with RNA (Arnal et al., 1999;
Coombs et al., 1999; Gambino et al., 2008; Shiaw et al., 2010).
In this study, methods of classical physiology and ecological proxies were
employed to determine organismal level responses in both male and female C. maenas
exposed to low salinity. Changes in gene expression, protein expression, and activity
levels of key stress markers and ion transporters in the osmoregulatory mechanism of
crustaceans were also assessed. By evaluating both organismal and cellular level
	
  

	
  

4	
  

responses we provide a comprehensive study characterizing salinity tolerance in red and
green color morph C. maenas. A low salinity exposure was chosen as it has been widely
studied in male C. maenas and allows us to make direct comparisons between the sexes
to determine if differences between color morphs are consistent across sex. We
hypothesized that 1) all cellular and molecular parameters will indicate poorer tolerance
in red morphs of both sexes, and that 2) females will be less tolerant to low salinity than
male morphs as they have a larger energy requirement for reproduction and therefore
cannot invest as much energy into ion regulation.
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Figure 1.1. Functional model of ion transport in hyperosmoregulating crustacean gills with energy
modulating enzymes and cellular stress proteins. Gene and protein expression was assessed for each
component labeled 1-7. 1) Na+/K+-ATPase, 2) Carbonic anhydrase, 3) Na+/H+ antiporter, 4) Na+-K+2Cl—cotransporter, 5) AMPK, 6) arginine kinase, 7) HSP70.

Materials and Methods
Overview
Male and female crabs of both red and green color morphs were exposed to low
salinity for up to 72 hours during which we monitored hemolymph osmolarity, righting
response, oxygen consumption, and running performance on a treadmill. At the cellular
level we assessed the mRNA expression and protein levels of ion transporters and
associated enzymes in ion regulatory gill tissue. We also assessed stress markers and
indicators of cellular energy levels.

Animals
Adult green crabs were collected by hand in the intertidal zone near Biddeford
Pool, Maine, USA (43°26'39.36"N, 70°20'24.59"W) , and by trap in the harbor of
Scarborough, Maine (43°32'42.78"N, 70°20'2.12"W). Animals were kept in a flow
through seawater system at 12-15ºC in the Marine Science Center at the University of
New England and fed mussels and fish ad libitum. Animals were sorted into “red” and
“green” by comparing the color of the sternal plates to paint swatches (Lee et al., 2005).
The shades “summer field”, “lemonade” and “sundrop” (WalMart color number 91274,
91254, and 91253) were defined as the “green” group, the shades “pumpkin”, “jungle
orange”, and “roasted pepper” (WalMart color number 91171, 91121, and 91111) were
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defined as the “red” group. To account for size variation effects, we used animals of
similar size in experiments (mean carapace width ± SEM; green 5.21 ± 0.08 cm, red 5.23
± 0.09 cm).

Incubations
Animals were incubated at 12ºC for 0 h, 24 h, or 72 h in a 100 L tank in either 3031 ppt (control) or 10 ppt salinity. At the end of the incubation animals were killed with
a cut through the cerebral ganglion and tissue was sampled from the most posterior gill.
The right gill was flash frozen with tongs pre-cooled in liquid nitrogen and the left gill
was stored in RNAlater® solution (Ambion, Austin, TX, USA). The flash frozen
samples were stored at –80ºC for later protein analysis. The gills in RNAlater® solution
were stored at 4ºC until an analysis of mRNA expression was conducted.

Whole animal responses
Whole animal response was determined based on righting response, treadmill
endurance, oxygen consumption, and hemolymph osmolarity. Whole animal responses
were measured at 0 h, 12 h, 24 h, 48 h and 72 h. Crabs were sub sampled at 0 h, 24 h,
and 72 h for cellular and molecular level responses.
Righting response. To investigate the ability of the animals to respond to experimental
stimulation at different salinities, crabs were turned upside down and placed on a flat
surface underwater. The time to return to an upright position was recorded.
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Treadmill endurance. The crabs’ ability to walk after salinity incubation was assessed
as treadmill walking. The treadmill consisted of a motor-driven belt (30 x 20 cm),
submerged in a sealed 19 L acrylic aquarium. A perforated acrylic box (20 x 19 x 14 cm;
L x W x H) kept the animals centered on the belt. Aerated and temperature controlled
water was pumped through the setup throughout the experiment and water salinity was
matched to the incubation salinity. The speed of the treadmill belt was slowly increased
initially and then set to 20 cm/s, which is 50% of their average maximum speed under
control conditions (12ºC, 30 ppt). The time that crabs could walk was recorded
(maximum run time of 600 s). If a crab walked the maximum time, then 600 s was used
as the time for that individual when calculating the mean.
Oxygen consumption. Oxygen consumption was measured in a closed vessel
respirometer at 12ºC and the respective incubation salinity. Animals were placed in a
sealed 250 ml glass vessel and the drop in oxygen tension was monitored using an
OxySense 210T system. Measurements were stopped when the oxygen partial pressure
dropped below 17 kPa to prevent the animal from switching to anaerobic metabolism.
Oxygen consumption was calculated from the drop in oxygen over time and the animals’
wet weight. Oxygen solubility in seawater was corrected for using barometric pressure
and temperature.
Hemolymph osmolarity. Fifty µl of hemolymph was drawn from the arthropodial
membrane of the fourth walking leg. Osmolarity was measured using a Micro-Osmette™
freezing point depression osmometer (Precision Systems Inc, Natick, MA, USA).
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Western blotting
AMPK activity, HSP70, NKX, NK2Cl and AK protein levels were quantified by
western blotting. Gills were individually homogenized in a tissue grinder with 1.0 ml of
ice-cold homogenization buffer (in mmol L-1: Tris-HCl 100, NaCl 100, NaF 200, Na4O7
P2 10, sucrose 500, ZnCl2 10, sodium vanadate 100, DTT 2, PMSF 50, pepstatin A 5 and
leupeptin 5, with 0.4 mg/ml digitonin; pH 7.4 at 4°C). The homogenate was then
transferred to a microcentrifuge tube and centrifuged at 14,000 rpm for 30 minutes.
Protein concentration in the supernatant was measured according to Bradford assays
(1976). Proteins were separated on an 8% polyacrylamide/SDS gel at 120 V and
transferred to a nitrocellulose membrane at 70 V for 2 h. Primary rabbit anti-pT172
antibody (activated AMPK; Millipore, Temecula, CA, USA), mouse anti-HSP70
(constitutive HSP73 and inducible HSP72; SIGMA, St Louis, MO, USA), mouse anti-α
subunit of an avian Na+/K+ -ATPase antibody, mouse anti-Na+- K+-2Cl- -cotransporter
antibody, mouse anti-creatine kinase antibodies (species specificity to lobster arginine
kinase; Developmental Studies Hybridoma Bank, The University of Iowa, Iowa City, IA,
USA), and the secondary donkey-anti-rabbit or goat-anti-mouse antibodies (LiCOR,
Lincoln, NE, USA) were probed for infrared fluorescent signal after blocking with 3%
non-fat dry milk. Anti-actin antibodies (Developmental Study Hybridoma Bank, The
University of Iowa, Iowa City, IA, USA) were used as a loading control. Each gel was
loaded with samples of the various treatment groups to allow for comparisons between
blots. Digital images of the membranes were analyzed using Image-J software (NIH,
Bethesda, MD, USA). Protein expression normalizations were performed on each sample,
where all were normalized to actin and to the respective red control group.
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RNA extraction techniques
To remove the differential inhibitory effects found in gill tissue that was observed
when we normalized transcripts to a putative housekeeping gene (e.g. actin, 18S RNA)
where red morph gill mRNA expression was extremely low compared to green morphs in
both sexes despite high purity of RNA, we used three different RNA extraction
techniques. Gill tissue was flash frozen, 10 gills of a color morph were pooled, ground
under liquid nitrogen, and aliquoted to 0.1 g for the different extraction techniques to
remove any potential inter-animal variation. Gill tissue was further homogenized using a
Bullet Blender (NextAdvance, Averill Park, NY, USA) with the respective extraction
buffer. During the course of the experiment any crabs that had melanized spots on the
gills were removed from all analyses as these are likely the result of prior infections
(Martin et al., 2000). It should be noted that crabs removed from analysis due to spots on
the gills were always red morphs.
Phenol extraction. The phenol extraction followed manufacturer’s protocols (Promega,
Madison, WI, USA). Tissue was ground in 1.2 ml RNAgents Denaturing Solution
(Promega, Madison, WI, USA), 120 µl of 2 M sodium acetate (pH 4) was added, and
mixed by inversion. 1.2 ml phenol (phenol/chloroform 5:1, pH 4.3) was added, mixed
vigorously, and chilled on ice for 15 minutes before centrifugation at 4,000 rpm for 50
minutes at 4°C. The aqueous phase was transferred to a clean 15 ml centrifuge tube and
an equal volume of isopropanol was added, mixed thoroughly, and incubated overnight at
-20°C. RNA was pelleted by centrifugation at 4,000 rpm for 40 minutes at 4°C. The
pellet was resuspended in 2.5 ml of denaturing solution. mRNA was precipitated with
2.5 ml isopropanol for one hour at -20°C and then pelleted by centrifugation at 4,000 rpm
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for 40 minutes at 4°C. The pellet was washed with ethanol, dried and re-suspended in
RNAse free water.
CTAB extraction. Tissue was ground in 900 µl of cetylmethylammonium bromide
(CTAB) extraction buffer (2% cetylmethylammonium bromide, 2.5%
polyvinylpyrrolidone, 2 M NaCl, 100 mM Tris HCl, 25 mM EDTA, 2% βmercaptoethanol) and incubated at 65°C for 10 minutes (after Gambino et al., 2008). An
equal volume of chloroform: isoamyl alcohol 24:1 was added and vortexed briefly.
Samples were centrifuged at 11,000 g for 10 minutes at 4°C. The supernatant was
transferred to a new tube and an equal volume of 6 M LiCl was added and then incubated
on ice for 30 minutes. Samples were pelleted by centrifugation at 21,000 g for 20
minutes at 4°C. The pellet was resuspended in 500 µl of Sodium dodecyl sulfate–TrisHCl–EDTA buffer (SSTE; 10 mM Tris HCl pH 8.0, 1 mM EDTA pH 8.0, 1% SDS, 1 M
NaCl) at 65°C, before an equal volume of chloroform: isoamyl alcohol 24:1 was added.
Samples were then vortexed and centrifuged at 11,000 g for 10 minutes at 4°C. The
supernatant was washed with an equal volume of cold isopropanol, and pelleted at 21,000
g for 15 minutes at 4°C. The pellet was washed with 1 mL of 75% ethanol, dried and resuspended in RNAse free water.
Chelex extraction. Tissue was ground in 800 ul of Chelex extraction buffer (2 M NaCl,
100 mM Tris HCl, 25 mM EDTA, 2% β-mercaptoethanol) at 65°C. 100 ul of 30%
Chelex (w/v) solution was added to each tube, samples were vortexed, and incubated at
56°C for 30 min (Arnal et al., 1999). Samples were vortexed again before incubating at
100°C for 5 min. An equal volume of chloroform: isoamyl alcohol 24:1 was added and
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vortexed briefly. The remaining steps followed the CTAB extraction protocol starting
with centrifuging at 11,000 g for 10 minutes at 4°C.

Reverse transcription and quantitative real-time PCR
Total RNA used for determining mRNA expression was purified from gills stored
in RNAlater® solution using a phenol chloroform extraction as described above. Total
RNA was tested for purity, quality, and quantity in a UV/VIS spectrophotometer at 260
and 280 nm. For reverse transcription into cDNA, the Invitrogen Super-Script First
Strand Synthesis System (Carlsbad, CA, USA) was used. Quantitative real-time PCR
was conducted using the Stratagene Brilliant SYBR Green QPCR Kit (La Jolla, CA,
USA) on a Stratagene MX3005p Real-Time PCR instrument. One sample (undiluted and
diluted 1:10, 1:100, 1:1000) with high Na+/K+-ATPase-α mRNA expression served as an
internal standard. The respective primers used are listed in Table 1. We used Alien
QRT-PCR Inhibitor Alert (Agilent Technologies, La Jolla, CA, USA) as a nonendogenous RNA sample in place of a housekeeping gene for transcript normalization.
Gene expression results were normalized to these internal alien RNA levels for each
sample and all data were then normalized to the red control group. The benefit of using a
non-endogenous RNA transcript is that the addition of a known quantity of transcript
provides a means to detect and correct for PCR inhibition.
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Table 1.1 Oligonucleotide primers used to amplify Carcinus maenas cDNA. Specific primer sequences
derived from complete or partial mRNA sequences available from GenBank or primers were used from
published literature.	
  	
  
Primer	
  
Source	
  
Nucleotide	
  sequence	
  (5’→ 3’)	
  
	
  
Na+/K+-‐ATPase-‐α	
  
	
  
CMX-‐04F	
  
	
  
CMX-‐05R	
  
Carbonic	
  anhydrase	
  
	
  	
  	
  	
  	
  Membrane	
  
CMX-‐08F	
  
	
  	
  bound	
  isoform	
   CMX-‐09R	
  
	
  	
  	
  Cytoplasmic	
  
CMX-‐10F	
  
	
  	
  	
  	
  	
  	
  isoform	
  
CMX11R	
  
Na+-‐	
  K+-‐2Cl-‐	
  -‐cotransporter	
  
	
  
CMX-‐12F	
  
	
  
CMX-‐13R	
  
Na+/H+	
  antiporter	
  
	
  
CMX-‐16F	
  
	
  
CMX-‐17R	
  
Arginine	
  kinase	
  
	
  
CMX-‐24F	
  
	
  
CMX-‐25R	
  
	
  

HSP70	
  
	
  
	
  

MF-‐F51	
  
MF-‐R52	
  

	
  

ATTGGTGACCAGACTGTGATGGGT	
  
GGAACACAACAGCATCCAGCCAAT	
  
	
  

	
  
CGCTCAGTTCCACTTCCA	
  
ACATCTCAGCATCCGTCA	
  
GGGATGACGAGTATGTGC	
  
GTAGGATTTCAGGATGC	
  
	
  

	
  
TTCACACTGGCTAACTCCATCGCT	
  
TACGAGTGTCATTCACAGCACCGT	
  
	
  

	
  
TGGATGTGGCTGAGCTGGAATACA	
  
TTTGACCGCGTGTCTCTTGTAGGT	
  
	
  

This	
  study	
  
	
  
(Henry	
  and	
  Campoverde,	
  
2006)	
  
(Serrano	
  and	
  Henry,	
  2008)	
  
AY035548.1	
  
This	
  study	
  
U09274.1	
  
This	
  study	
  

	
  
TGCAGTAAAGTTCGGCTCTTCCCT	
  
TCACTGCCTAATCCAGCGCCTAAT	
  

AF167313.1	
  

	
  
ATCACTGTCCCAGCCTACT	
  
TCACCG	
  CCCACTTTCT	
  

AM116767.1	
  

	
  

AMPK-‐α	
  
	
  
AMPK-‐F1	
  
	
  
AMPK-‐R1/3	
  

AY035550.1	
  

	
  
TATCCTCAATGGTGGCTCGCTTCA	
  
TCCGCAAGATTAAGTCGGGTGTGT	
  

This	
  study	
  

This	
  study	
  
	
  
(Frederich	
  et	
  al.,	
  2009)	
  

	
  
Statistics
Data were tested with GraphPad Prism version 6 (San Diego, CA, USA) and R
version 3.1.1 (Vienna, Austria) for significant differences. Running the fully interactive
three-way ANOVA model resulted in significant interaction terms. To investigate the
nature of significance within these interactions, individual one-way or two-way
ANOVAs were run with a Sidak post hoc test to reduce the type I error rate among
orthogonal comparisons. Student t-tests were used to conduct comparisons between
tissue types and extraction methods for evaluating PCR inhibition effects. A p<0.05 was
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considered significant. Significance is denoted on each graph using capital letters for
green morphs and lower case letters for red morphs. Different letters indicate a
significant difference between those points, while the same letter indicates no significant
difference across points. Differences between the two color morphs are indicated with an
asterisk.
Results
Whole animal response
Righting response. A significant increase in righting times was observed for both
female color morphs (green: p=0.0069, red: p=0.0003) by 72h (Figure 1.2a). The two
color morphs were only significantly different from one another at 24h (p<0.0001) where
red morphs showed a large increase in righting times, which decreased by 48h. For male
C. maenas, green morphs showed a slight, yet significant, increase by 12h (p=0.0211)
that stabilized for the remainder of the trial, while red morphs showed a large increase at
48h (p=0.0109) (Figure 1.3a). Red morphs showed significantly greater righting times
than green morphs at both 48h (p=0.0006) and 72h (p=0.0001). Overall, both male green
(p=0.0309) and red (p<0.0001) morphs were found to have significantly greater righting
times than female morphs.
Treadmill endurance. Female green morphs showed no change in treadmill endurance
during low salinity exposure, but red morphs showed a significant decrease in endurance
(p=0.0019) by 24h that persisted for the rest of the salinity exposure (Figure 1.2b). Green
morphs where found to have greater treadmill endurance than red morphs throughout the
trial. Similar trends were observed in male C. maenas, where green morphs showed no
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change in endurance, but red morphs showed a significant decrease (p<0.0001) by 12h
before stabilizing for the rest of the trial (Figure 1.3b). Male green morphs showed
significantly greater endurance than red morphs from 24h onward. No difference was
found between male and female green morphs, but male red morphs were found to have
significantly lower treadmill endurance (p=0.0188) than female red morphs.
Oxygen consumption. A marginally significant decrease (p=0.0464) in oxygen
consumption rate was detected in female red morphs by 72h, but no change was observed
in female green morphs (Figure 1.2c). Female green morphs were found to have a
significantly greater consumption rate at 72h than red morphs (p=0.0062). While no
significant differences were detected for either male color morph (Figure 1.3c), both
morphs were found to have significantly lower oxygen consumption rates than female
morphs (green: p<0.0001, red: p=0.0066).
Hemolymph osmolarity. Female C. maenas showed a significant decrease in
hemolymph osmolarity when subjected to low salinity in both color morphs (p<0.0001
for red and green morphs) as seen in Figure 1.2d. Green morphs showed a significant
decrease at 12h, and continued to decrease until 48h, whereas red morphs showed a
significant decrease by 12h and then remained stable for the remainder of the exposure.
While both morphs showed similar hemolymph osmolarities at 0h, green morphs had
significantly higher levels than red morphs during the rest of the trial. Male C. maenas
showed similar trends to their female counterparts, where both morphs showed a
significant decrease in hemolymph osmolarity (p<0.0001 for red and green morphs) when
exposed to low salinity (Figure 1.3d). For males, both morphs showed a significant
decrease in osmolarity at 12h that continued to decrease before stabilizing at 24h.
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Similarly to females, green morph males showed greater hemolymph osmolarity than
their red counterparts after the initial time point. However, when comparing both sexes it
was found that female color morphs showed significantly higher hemolymph osmolarities
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Figure 1.2 Whole animal responses to low salinity exposure in female green and red morph crabs
transferred from 31 ppt seawater to 10 ppt for a) righting response time, b) treadmill running endurance, c)
oxygen consumption rate, and d) hemolymph osmolarity. Mean ± SEM (A-D N=12-22). Different capital
letters indicate significant differences (p<0.05) for the green morphs and different lowercase letters indicate
significant differences for the red morphs.. * indicate significant differences (p<0.05) at a given time point
between morphs.
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Figure 1.3. Whole animal responses to low salinity exposure in male green and red morph crabs transferred
from 31 ppt seawater to 10 ppt for a) righting response time, b) treadmill running endurance, c) oxygen
consumption rate, and d) hemolymph osmolarity Mean ± SEM (A-D N=5-16). Different capital letters
indicate significant differences (p<0.05) for the green morphs and different lowercase letters indicate
significant differences for the red morphs. * indicate significant differences (p<0.05) at a given time point
between morphs.

Differential PCR inhibition
Of the three RNA extraction techniques used here both the phenol and CTAB
methods repeatedly revealed significantly less Alien QRT-PCR Inhibitor Alert cDNA in
the gills of red morphs than expected. The Chelex extractions did not show this
difference between morphs, but this method consistently resulted in RNA yields too low
for reverse transcription. The CTAB method also resulted in depressed RNA levels,
leading us to select the phenol extraction method for further analysis.
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To determine if this PCR inhibition occurred in other tissues commonly used for
RNA extraction, we measured the Alien mRNA expression levels in the liver, muscle,
heart, and gills (Figure 1.4a). Significant inhibition was found in red morphs in both
heart and gill tissue. This difference was not found in muscle or liver tissue, but it is
important to note the elevated variation in liver tissue samples could mask potential
inhibitory effects.
To alleviate the effects of this differential PCR inhibition between the two color
morphs, we decreased the amount of total RNA used for reverse transcription from 3 to
1.8 µg and the difference in mRNA expression between morphs disappeared (Figure
1.4b). Because the total RNA yield was higher and produced more consistent extractions,
1.8 µg of total RNA from a phenol extraction using gill tissue was used in all subsequent
experiments.
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Figure 1.4. Relative alien RNA mRNA expression in female green (solid bars) and red morphs (hashed
bars). a) Alien RNA expression in liver, muscle, heart, and gill tissue using the phenol extraction method in
red and green morphs with 3µg total RNA concentration, values normalized to phenol extracted green
morph (value of 1) mean ± SEM (N=2-4). b) Alien RNA expression in green and red morph gill tissue
reverse transcribed with different total RNA concentration, values normalized to green morph expression
value for both RNA concentrations, mean ± SEM (N=4). Asterisks indicate significant differences between
color morphs using a student’s t-test (p<0.05).

mRNA expression
No significant changes in gene expression were detected in either female color
morph for AK, however green morphs were found to have significantly greater
expression than red morphs at 24h (p<0.0001) and 72h (p=0.0478) as seen in Figure 1.5a.
No significant differences for AK were observed in either male color morphs over the
duration of the trial as seen in female morphs, however red morphs did show slightly
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higher expression levels overall (Figure 1.6a). This observed higher expression level in
male red morphs was significantly greater than that of female red morphs (p<0.0001).
AMPK gene expression was not found to change for either female color morph
although a nonsignificant increasing trend was observed for both morphs (Figure 1.5b).
Female green morphs were found to have greater gene expression than red morphs at 24h
(p=0.009) and 72h (p=0.0313). Male green morphs showed a significant increase in
AMPK expression at 24h (p=0.0138) that remained for the duration of the trial, whereas
the male red morphs showed no significant change in expression, similar to their female
counterparts (Figure 1.6b). Male red morphs did show significantly greater gene
expression than green morphs at 0h (p<0.0001), however this difference dropped below
the threshold for significance once the expression levels increased in green morphs at 24h.
Female green morphs showed a greater level of gene expression than male green morphs
(p<0.0001), however the opposite was observed for red morphs where males showed
greater expression levels than females (p=0.0002).
Similar trends were observed for HSP70 gene expression as for the previously
discussed stress markers. No significant differences were observed between female color
morphs (Figure 1.5c). Male green morphs were found to have a significant increase in
expression by 72h (p=0.0293), while male red morphs showed an overall decreasing
trend in expression although this was not significant (Figure 1.6c). Female green morph
expression was significantly greater than male green morphs at 0h (p=0.001) and 24h
(p=0.0017), but the increase in male expression levels by 72h reduced the difference
between the sexes to nonsignificant levels.
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The most substantial increase observed in any gene was found in cytoplasmic
carbonic anhydrase (cCA), one of the driving forces for maintaining the ion gradient
within the cell. Female green morphs showed a significant increase by 72h (p<0.0001)
with an increasing trend persisting throughout the trial, but only a slight increase was
observed in red morphs by 24h (p=0.0252), which then subsided by 72h (Figure 1.5d).
Male green morphs showed a similarly large increase in cCA gene expression by 72h
(p=0.004) as seen in Figure 1.6d like that observed in female green morphs. However,
male red morphs showed a significant increase in expression (p=0.0148) that was much
greater than that observed in females (p<0.0001).
Both female color morphs showed increasing trends in membrane-bound carbonic
anhydrase (mCA) gene expression similar to the cytoplasmic form of this enzyme,
although neither was found to be significant (Figure 1.5e). Green morph females did
show significantly greater expression levels than red morphs throughout the exposure
(p<0.0001). Male green morphs showed a significant increase in mCA gene expression
at 24h (p=0.0227) while red morph males showed no change in expression (Figure 1.6e).
Although female green morphs did not show a significant change in gene expression,
they were found to have greater expression levels than male green morphs at each of our
three time points (0h p=0.0356, 24h p=0.0216, 72h p=0.0006).
No significant trends were detected in female morphs for NKX (Figure 1.5f),
however both morphs showed a decreasing trend in expression over the course of the trial.
No significant trends were detected in male morphs either (Figure 1.6f), however red
morphs do show an increasing trend that results in significantly greater expression at 72h
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than green morphs (p=0.0055). Both male color morphs show significantly greater NKX
expression than female morphs by 72h (green: p=0.0002, red: p<0.0001).
While increasing trends were predominantly observed for these driving forces for
ion transport, few changes were observed for the two ion transporters involved in
osmoregulation that were evaluated here. Female green and red morphs showed no
significant changes in the expression of the NHX (Figure 1.5g), however, green morphs
did show significantly greater gene expression than red morphs at 24h (p=0.006) and 72h
(p=0.002). No change in expression was found in male red morphs either, as seen in
Figure 1.6g, but male green morphs showed a significant increase in expression levels by
72h (p=0.0231). Overall, female green morphs showed greater expression than male
green morphs (p=0.0069), but the opposite was observed for red morphs where males
showed greater expression levels than females (p=0.0002).
No significant trends were found in either female morph for the NK2Cl (Figure
1.5h). Male green morphs showed a significant increase in expression at 24h (p=0.0087),
but this increase subsided by 72h (Figure 1.6h). No changes were observed in male red
morphs.
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Figure 1.5. Relative mRNA expression in female green and red morph crabs transferred from 31 ppt
seawater to 10 ppt for a) arginine kinase, b) AMPK, c) HSP70, d) cytoplasmic carbonic anhydrase, e)
membrane bound carbonic anhydrase, f) Na+/K+-ATPase, g) Na+/H+ antiporter, and h) Na+-K+-2Cl- cotransporter. Mean ± SEM (N=8-11). Different capital letters indicate significant differences (p<0.05) for
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the green morphs and different lower case letters indicate significant differences for the red morphs. *
indicate significant differences (p<0.05) at a given time point between morphs.
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Figure 1.6. Relative mRNA expression in male green and red morph crabs transferred from 31 ppt
seawater to 10 ppt for a) arginine kinase, b) AMPK, c) HSP70, d) cytoplasmic carbonic anhydrase, e)
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Protein and activity level
No significant changes were observed in female C. maenas AK protein levels in
either morph (Figure 1.7a). A significant decrease was found for male red morphs at 72h
(p=0.0152), but no changes were detected for male green morphs, as seen in Figure 1.8a,
which support the lack of changes in gene expression observed in both sexes. Female
green morphs showed greater overall AK protein levels compared to male green morphs
(p<0.0001).
Female green morphs showed a very slight significant increase in AMPK activity
at 24h (p=0.0310) that subsided by 72h (Figure 1.7b), whereas female red morphs
showed a significant decrease by 72h (p=0.0006). Initially, female red morphs had
significantly greater activity levels (p<0.0001) than green morphs, but this difference was
diminished by 72h. No differences were detected between male color morphs for AMPK
activity (Figure 1.8b); however male green morphs did show significantly greater activity
than females (p<0.0001) over the duration of the exposure. As no large significant
changes were detected by qPCR for AMPK expression it follows that no increases were
observed in activity level for either sex.
The other major stress marker we evaluated, HSP70, showed similar results to
that of AMPK activity, that is, we observed little change in gene expression over time
and, following from that, little change in protein levels. No change in protein level was
found in female green morphs (Figure 1.7c), but female red morphs did show a
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marginally significant decrease (p=0.0453). Green morphs showed greater levels than
red morphs over the duration of the experiment. Male green morphs showed an overall
decreasing trend in HSP70 expression, although this was not significant (Figure 1.8c).
Male red morphs showed a significant increase at 24h (p<0.0001), but this increase
returned to baseline levels at 72h. Male green morphs were found to have significantly
greater protein levels at 0h (p<0.0001) and 24h (p=0.032) than red morphs. No
differences were found between male and female green morphs, but female red morphs
were found to have significantly greater expression than male red morphs (p<0.001)
throughout the trial.
As few changes were observed in the gene expression results for NKX, we
expected to find little in the way of significant changes in the protein expression for this
key enzyme. Aside from a slight significant decrease in female (Figure 1.7d) red morphs
at 72h (p=0.0122) this was the case for both sexes. Female green morphs were found to
have a significantly greater expression level than red morphs, and males showed a similar
trend (Figure 1.8d), but it was not significant. Male red morphs did, however, show
significantly greater NKX protein levels than female red morphs (p<0.0001).
For the one ion transporter we were able to evaluate, NK2Cl, female green
morphs showed a marginally significant decrease in protein levels by 72h (p=0.0485),
shown in Figure 1.7e. No significant changes were found for red morphs, although an
increasing tend was observed. Male green morphs were also found to have no significant
changes in NK2Cl protein expression (Figure 1.8e), which conflicts with the significant
increase in gene expression observed for this ion transporter. Male red morphs showed a
significant decrease by 72h (p=0.0054). Overall, both female morphs were found to have
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greater protein expression levels than their male counterparts (green: p<0.0001, red:
p=0.0003).
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Figure 1.7. Protein and activity levels measured by western blotting for ion regulatory, cellular energy and
cellular stress markers in female green and red morph crabs transferred from 31 ppt seawater to 10 ppt for
a) arginine kinase, b) AMPK, c) HSP70, d) Na+/K+-ATPase, e) Na+K+-2Cl--cotransporter. Mean ± SEM
(N=7-10). Different capital letters indicate significant differences (p<0.05) for the green morphs and
different lower case letters indicate significant differences for the red morphs. * indicate significant
differences (p<0.05) at a given time point between morphs.
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Figure 1.8. Protein and activity levels measured by western blotting for ion regulatory, cellular energy and
cellular stress markers in male green and red morph crabs transferred from 31 ppt seawater to 10 ppt for a)
arginine kinase, b) AMPK, c) HSP70, d) Na+/K+-ATPase, e) Na+K+-2Cl--cotransporter. Mean ± SEM
(N=7-10). Different capital letters indicate significant differences (p<0.05) for the green morphs and
different lower case letters indicate significant differences for the red morphs. * indicate significant
differences (p<0.05) at a given time point between morphs.

Discussion
Low salinity exposure
The results of the whole animal experiments confirm the hypothesis that green
morphs are more tolerant to low salinity exposure than red morphs for both sexes, similar
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to the differences observed between male color morphs in the literature (Styrishave et al.,
2004; Lee et al., 2003; Reid et al., 1989). The large difference between hemolymph
osmolarity between color morphs could potentially explain the observed performance
differences due to varying ion regulatory capabilities. However, it is important to note
that green morphs apparent water permeability decreases with decreasing salinity, while
red morphs show no change, thus allowing green morphs to maintain higher internal ion
concentrations (Styrishave et al., 2004). While this difference is most likely not the sole
cause for the differences between color morphs it is important to mention as it certainly
plays a role in the ability of green morphs to better maintain a stable internal environment
closer to their resting state.
Under control conditions, we observed no difference in oxygen consumption rates
between color morphs, contradicting previous findings that red morphs have higher
oxygen consumption rates in males (Reid and Aldrich, 1989; Reid et al., 1997). We are
aware that using closed vessel respirometry without a period of adaptation to the confined
vessel leads to an excited or elevated behavioral state and does not resemble a resting
metabolism. This approach, however, measures the oxygen consumption in an
ecologically more relevant situation and makes the data comparable with previously
published work (Reid and Aldrich, 1989). The depressed oxygen consumption rate
detected in red morphs in our current study could be related to the decreased activity
levels observed in the incubation tanks by 72 hours.
We observed that female color morphs outperformed their male counterparts in
treadmill endurance and righting response, while maintaining higher hemolymph
osmolarities across the duration of low salinity exposure. These differences in osmolarity
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between color morphs across sex suggest that while differences in apparent water
permeability due exist, there must be some active regulatory mechanism that differs
between males and females, and most likely between red and green morphs as well,
because no major morphological differences are known to exist between the sexes that
would account for differences in permeability.
Our gene expression data supports the findings from our whole animal data that
green morphs have a greater tolerance to low salinity than red morphs. Female green
morphs show significantly greater expression levels of the driving forces behind ion
transport, NKX and the two forms of carbonic anhydrase, compared to red morphs
(Mantel and Farmer, 1983; Péqueux, 1995; Havrid et al. 2013). In particular, a large
increase in cCA was observed in female green morphs, which is similar to that reported
for males (Serrano and Henry, 2008), although not to as great an extent. Female green
morphs also showed greater expression levels of the NHX, which is an ion channel
known to function in osmoregulation (Mantel and Farmer, 1983; Péqueux, 1995; Havrid
et al. 2013). It is important to note that green morph females showed increased levels of
HSP70 protein expression and AMPK gene expression compared to red morphs,
indicating that other indirect stress response mechanisms may be involved that give green
morphs greater physiological tolerances than red morphs.
Gene expression results from our male data were similar to our female data,
however some key differences were observed. For males, both color morphs showed
similar increases in cCA, with red morphs showing significantly more gene expression
than female red morphs. Where female morphs showed no significant changes in mCA,
male green morphs did show a significant increase by 24h, although this increase was
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small, and overall females showed significantly higher expression levels. A similar trend
was observed for AMPK and NHX where green males showed a significant increase in
gene expression, but overall females still showed significantly greater expression levels.
Unique to male green morphs were the observed significant increases in HSP70 by 72h,
supporting the potential for the activation of alternative stress response mechanisms in
green morphs, and the significant increase in NK2Cl by 24h. In no other groups were
any significant changes detected for these genes.
Taking all of our gene expression results into account would suggest that
increased female performance may be do to overall higher expression levels compared to
male morphs, however this becomes less clear when we consider that male red morphs in
fact show greater gene expression than female red morphs for cCA, NKX, AMPK, and
NHX. It is necessary to note here that increased variability in our male dataset due to
diminished sample sizes may be responsible for these conflicting results.
While few results were significant for protein expression levels, our results for
both sexes support the performance variations observed from our whole animal results
between color morphs. Female green morphs showed significantly greater protein
expression for NKX and HSP70, while male green morphs also showed this significant
increase in HSP70 and greater, although not significant, expression of NKX.
Taken as a whole, our molecular results suggest that increased performance by
female morphs is most likely do to increased levels of protein and gene expression
compared to male morphs, where females maintain a sufficiently high expression level so
that further upregulation is not necessary to cope with low salinity. These elevated
baseline expression levels would be less energy efficient for the organism, but may allow
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for faster adaptation to changing environments and better performance in physiologically
taxing conditions.
Our results for both sexes show an increasing trend in various components
necessary for increasing ion regulatory ability. Our findings support those from literature
studies that have demonstrated a greater increase in gene expression for the enzymes
necessary to drive ion transport across the cellular membrane, like NKX and the two
forms of carbonic anhydrase, as apposed to increases in the expression of the ion
transporters involved in osmoregulation (Péqueux, 1995; Henry, et al., 2006; Serrano and
Henry, 2008; Stillman, et al., 2008; Towle et al., 2011). However, the observed greater
resting expression levels of key markers in females would reduce the need for increased
gene expression as observed on many occasions in male C. maenas. Differences between
these various studies indicate that upregulation of the ion transporters in response to low
salinity exposure could be dependent on sex, animal condition, season, or other factors.

Life history implications
The differential osmoregulation between the color morphs agrees with previously
published data on both females (Lee et al., 2003) and males (Reid et al., 1989). Our
finding that females perform better than male morphs in our whole animal assessments
has important implications for our understanding of the roles these two color morphs play
in the life history of this highly invasive species.
Our understanding that green morphs are in a growth phase where having greater
physiological tolerances allows them to exploit the resources found throughout the
intertidal region seems to fit well for both sexes as an increased energy budget would
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allow for faster maturation (Reid et al., 1997). However, our understanding that red
morphs are in a reproductive phase only seems to follow for male C. maenas. In males
this period allows for the development of thicker carapaces and stronger chelae that
allows them to survive aggressive interactions with other males while pursuing a
potential mate (Kaiser et al., 1990; McGaw et al., 1992; Reid et al., 1997; Styrishave et
al., 2004). In females this phase does not seem required, as they do not aggressively
compete for mating rights, but evolutionarily speaking, if any selection pressure exists on
this phase then it must serve some purpose or it would have been lost long ago.
While it is not known what advantages this red phase provides females, there are
a variety of testable possibilities. One of which is that this red phase is required for egg
development. As females mate soon after molting it seems likely that the period leading
up to this molt is associated with egg formation, which requires a large energy allocation
and thus a prolonged intermolt period as little energy would be devoted towards growth.
Another possibility is that transitioning to this weaker physiological stage is necessary to
increase egg survival rates. It is documented that egg development and larval survival
are dependent upon much narrower salinity and temperature ranges than those that are
easily traversed by adults (Péqueux, 1995; Compton et al., 2010). It would follow then
that gravid females in the physiologically weaker phase would have greater egg survival,
as they would avoid more taxing environments. A final possibility that we suggest here
is that this prolonged period of intermolt is beneficial to females in a similar manner as it
is to males, that is by increasing carapace thickness and chelae strength. This could be a
benefit to gravid females by allowing them to better survive encounters with predators
while their mobility is limited by their egg clutch. This could also allow females to better
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survive cannibalistic interactions in which we have observed males tearing at and eating
eggs off of gravid females. While it is unknown which, if any, of these possible
advantages are gained by females upon entering a prolonged intermolt stage, it is an
interesting and necessary area for future research.

Differential PCR inhibition
With the addition of a known quantity of a non-endogenous transcript (Alien
RNA) to each RNA sample for transcript normalization, we documented further variation
between color morphs, which we attribute to differential PCR inhibition. This differential
PCR inhibition is tissue specific and the greatest difference between color morphs was
observed in gill tissue as opposed to liver, muscle, or heart tissues (Figure 1.3A).
This inhibition in gill tissue most likely arises from the observed coating that
forms over the gills during prolonged intermolt. This covering has been found to
sequester foreign materials, including bacteria and viruses, in the gills (Martin et al.,
1993) and this foreign matter is removed as a part of the exuviae (Martin et al., 2000;
Legeay and Massabuau, 2000). However, significant inhibition found in heart tissue and
potentially in liver tissue, as results were inconclusive, reveal that other unknown
differences between the morphs may interfere with PCR analyses.
We found these inhibitory effects were eliminated most efficiently when using a
phenol extraction method with a low concentration of total RNA, as described above.
This is key for future molecular analyses as the inhibitory effects found in red morphs
could drastically skew expression results. This would make green morphs appear to be
far more superior to red morphs than they truly are, which could then affect potential
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population modeling or management strategies. We could find no other reports of color
morph specific or molt stage specific PCR inhibition in the literature. Future studies
using red and green morphs will need to account for these inhibitory effects found in
multiple tissue types by using an appropriate RNA extraction technique with a low total
RNA concentration for qPCR or risk collecting erroneous data. The use of “C” type hard
shell crab gills without differentiation or selection for the duration of intermolt could
result in high variation in mRNA expression if the inhibitory effects reported here are not
accounted for. As more focus is given to the molt cycle for this species, it is important
to note that the observed inhibitory effects will most likely vary throughout the intermolt
period as the thickness of the coating over the gills builds with time (Legeay and
Massabuau, 2000). One final point of interest is that the foreign materials known to
accumulate in this coating are dependent upon the environment that C. maenas is
collected from so the magnitude of the inhibitory effects may vary across populations,
which could help explain some of the variations observed in gene expression results
across different studies.

Conclusions
Through the use of various whole animal measures we are able to confirm the
hypothesis that red and green color morphs of Carcinus maenas have different tolerances
to low salinity exposure, and that these differences persist across sex. However, we
observed that both female red and green morphs outperform their respective male
counterparts in our assessments. The variations in upregulation of mRNA transcripts and
proteins found across sex highlights the importance of assessing organismal level
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performance along with molecular analyses to ascertain a complete picture of an
organism’s physiological response to an environmental challenge. Since female crabs
showed an increased ability to maintain their internal osmolarity compared to male
individuals, along with generally higher levels of baseline gene expression, it is possible
that a strong upregulation of mRNA and proteins was not necessary to maintain proper
cellular function during low salinity exposure. While the physiology of C. maenas is
well characterized, the differences presented here both in regards to sex and color morph
indicate that previous work may have oversimplified and biased our understanding of this
species through the experimental use of only male green color morphs. In a globally
invasive species such as C. maenas, a full characterization of physiological tolerance in
regards to both sex and life history stage is necessary in order to properly draw
conclusions on potential sites for future invasions and to advise future management
initiatives.
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CHAPTER II

COLOR-MORPH SPECIFIC ION REGULATION OF THE EUROPREAN GREEN
CRAB, CARCINUS MAENAS, IN AN OSCILLATING SALINITY ENVIRONMENT

Introduction
The European green crab Carcinus maenas (Linnaeus 1758) is a Brachyuran
decapod crustacean native to Europe and North Africa, and is well known as a globally
distributed invasive species. While this species is known as an historic invader in parts of
North America and Australia, in more recent decades it has continued to spread to many
new locations as a result of increased shipping traffic (Geller et al., 1997; Darling et al.,
2008; Compton et al., 2010; Darling, 2011). C. maenas has been widely studied
throughout both its native and invasive ranges with particular interest due to the severe
ecological and economic impacts it has within the regions it invades.
Some of the most severe economic effects of a green crab invasion are on
commercially important shellfisheries. Green crabs are known to prey heavily on
juvenile soft-shell clams Mya arenaria, as well as on the northern bay scallop,
Argopecten irradians. This predation has detrimental effects on larval recruitment
leading to lower adult abundances and, therefore, less harvestable biomass for
commercial operations (Tettelbach, 1986; Floyd and Williams, 2004; Beal, 2006). In
addition to these economic impacts, C. maenas also has various ecological effects as well.
One such effect is the reduction of eelgrass (Zostera marina) beds, which are important
nursery grounds and habitat for a variety of different species. This reduction can occur
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when either juveniles graze on blades of eelgrass or when adults uproot entire stalks by
burrowing into the sediment (Davis et al., 1998; Malyshev and Quijón, 2011; Garbary et
al., 2014). This burrowing behavior has also been observed in salt marshes where it leads
to increased marsh erosion as the peat becomes destabilized and is removed by
successive high tides (Belknap, 2013). The reduction of salt marsh ecosystem is of
concern as these regions serve many important functions such as acting as nursery
grounds for fishes and as buffer zones between terrestrial environments and large storms,
to name but a few (Minello et al., 2003; Mcleod et al., 2011; Neckles et al., 2014).
In the last decade more attention has been given to examining the differences
between two color morphs that occur in relation to the molt cycle. The distinction
between the two morphs is based on their sternal plate coloration, which ranges from
green through yellow and orange and into red. Particular interest is given to the two
extreme ends of this range where green morphs are known to be in a growth oriented
phase categorized by frequent molting while red morphs devote more energy to
reproduction and are in a prolonged intermolt period	
  (Crothers, 1967; Reid et al., 1997;
Lee et al., 2005). However, the differences that exist between these two morphs are more
than just color related.
Red and green morph males reportedly show different zonation patterns
throughout the intertidal. Green morphs are more frequently distributed higher in the
intertidal zone whereas red morphs are more commonly found in the subtidal zone.
Green morphs persist higher in the intertidal in order to take advantage of the abundant
food supply that helps to maximize their growth. While for red morphs, their prolonged
intermolt period results in thicker carapaces and larger, stronger chelae that better equip
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them to compete for females that are reportedly more common in the subtidal regardless
of color morph (Crothers, 1968; Reid et al., 1997; Styrishave et al., 1999; Styrishave et
al., 2004; McGaw et al., 2011). Most previous studies have preferentially focused on
green morph males, which make it difficult to elucidate the function of these two color
morphs in female C. maenas. While female data is lacking (Lee et al., 2003), the
differences in life history strategies between red and green males have led to a variety of
inquires into physiological variations that exist between the two morphs.
Green morphs are considered more tolerant than red morphs to a variety of
environmental conditions such as temperature, oxygen availability, and salinity (Reid and
Aldrich, 1989; McGaw and Naylor, 1992b; Roberston et al., 2002). In particular, many
salinity studies expose C. maenas to sustained low salinity between 10 and 15 ppt for
anywhere from 24 hours to two weeks (MaGaw and Naylor, 1992b; Henry et al., 2002;
Burke et al., 2003; Towle et al., 2011). While constant low salinity is well studied, it is
not a close facsimile to that of a natural tidal environment. C. maenas would rarely be
exposed to low salinity for longer than one low tide event as the next successive high tide
would flood the intertidal and restore normal salinity levels. This period could last for
approximately 6 to 12 hours based on whether the tidal cycles are semi-diurnal or diurnal,
respectively. Without data that accurately depict how salinity fluctuations affect C.
maenas it is difficult to realistically model potential range expansions, as the effects of
salinity on this species in its natural environment are not truly understood. Monitoring
this species’ spread is key to prepare for, and potentially prevent, some of the severely
detrimental effects C. maenas has on the environment.
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Further work on red color morphs found that these morphs have higher metabolic
rates and consume more oxygen over the same time period as green morphs. These
findings in conjunction with their poorer physiological tolerances contribute to the belief
of their generally subtidal distribution, as they would be less capable of withstanding the
challenges of the intertidal zone (Crothers, 1968; Reid et al., 1997). However, our
understanding of C. maenas distribution throughout the intertidal and subtidal along with
much of the information about their life cycle was derived from the native European
population (Crothers, 1967; Reid et al., 1997). Recent studies have found that the genetic
diversity within the native and invasive populations can vary greatly, resulting in
different physiological responses to environmental stimuli across populations (Darling et
al., 2008; Tepolt and Somero, 2014). This reveals the necessity for population level
analyses within the various invasive ranges of this species to better understand the unique
physiological tolerances of each population.
The goals of this study are therefore two-fold. First, we evaluated exposure to
either constant low salinity or oscillating salinity to determine if differential tolerances
existed across sex and color morph as measured by a variety of whole animal and
molecular parameters. In particular, our molecular analysis focused on the
osmoregulatory mechanism known to involve Na+/K+-ATPase (NKX), multiple forms of
carbonic anhydrase, as well as various ion transporters, such as the Na+//K+/2Clcotransporter (NK2Cl) and the Na+/H+ antiporter (NHX) (given in more detail by Henry
et al, 2012) (see Figure 1.1). Secondly, we assessed population dynamics within the
invasive green crab population along southern Maine, USA. This multifaceted approach
allows us to determine if the widely used constant low salinity exposure is truly
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representative of the natural intertidal environment for this species, allowing for its
continued use in future studies, and if life history strategies differ between our population
of interest and the well studied native European population.

Materials and Methods
Population survey
A survey was conducted each month along a transect through the rocky intertidal
in Biddeford Pool, Maine, USA. Our transect span from the top of the intertidal down to
the low water line and measured 1.83 m wide by 22.4 m long for a total transect area of
41 m2. This size transect was chosen to be large enough to obtain a representative sample
while not depleting the region of animals as all individuals were removed from the
transect site for measuring. The survey was conducted by turning over every rock by
hand that was feasible and collecting all C. maenas that had a carapace width greater than
2 cm. This cutoff for size was chosen because it is difficult to accurately sex individuals
below this size class and capturing all of the smallest individuals for a truly representative
sample is challenging. Each individual was then sexed, carapace width was recorded,
and color was assigned ranging from 1 through 10 based on the color index developed by
Lee et al., 2005. Animals were categorized as “green” if they were assigned a color
between 1 and 3, while they were considered “red” if assigned a color between 7 and 10.
It was also noted if any individual had a soft shell from a recent molt and if females had a
visible egg clutch. Temperature readings were taken for the air, ocean water, and for the
water in the large tide pool at the bottom of the transect to track seasonal changes.
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Animal collection for salinity trials
Adult C. maenas were collected both by hand in the intertidal in Biddeford Pool,
ME, USA as well as by trapping off the dock at the Pine Point Fisherman's Co-op in
Scarborough, ME, USA throughout the summer months (May-October) when all animal
trials were conducted. Animals were sorted for sex, size, and color. To account for
potential variation across size classes, all animals were selected to have a carapace width
ranging between 4 and 5 cm. Red and green color morphs were designated based on the
color index developed by Lee et al., 2005 as described above. Animals were held at
ambient conditions (32 psu and 15-18ºC) in a flow through seawater system for at least
one week before use in order to diminish activity fluctuations due to circatidal rhythms
established in their native environment (McGaw and Naylor, 1992a). Animals were fed
weekly with herring while mussels remained present ad libitum, but all animals were
starved for 48-72 h before experimentation.

Oscillating salinity tank
Our oscillating salinity tank expanded upon previous tank designs first used by
Bolt and Naylor (1985), and then later by McGaw and Naylor (1992a). Our tank was
created using our flow through seawater system as a source of natural unfiltered seawater
to best replicate a natural environment. Freshwater was pumped into a holding tank that
was partially submerged in a larger tank containing flow-through seawater (15-18ºC) to
allow for temperature acclimation before mixing. Freshwater input into the holding tank
was regulated by an electric water timer (Vigoro, Atlanta, GA, USA) set to fill the tank
immediately after drainage to allow for maximum acclimation time. Electric actuated
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ball valves (Hayward, Elizabeth, NJ, USA) were connected to heavy-duty digital timers
(General Electric, Fairfield, CT, USA) in order to control the input of seawater and
freshwater into the incubation tank where animals were kept for the duration of our trials.
This incubation tank was partially submerged in a larger tank filled with flow-through
seawater to minimize any potential temperature variations over the course of the trials.
One of these ball valves was also used to regulate the drainage of water from the
incubation tank to transition from normal salinity to low salinity and vice versa (Figure
2.1). All timers were synchronized in order to replicate 6 h cycles with salinity ranging
from 32 psu to 12 psu like that of the semi-diurnal tidal cycle seen in southern Maine.
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Inflow Seawater

Freshwater

Seawater

BV
	
  

Seawater

Timers
	
  

BV
	
  

	
  

Incubation Tank

BV
	
  

	
  

Drain

	
  	
  

Figure 2.1. Schematic diagram of oscillating salinity tank. BV represents the actuating ball valves
connected to the General Electric timers. Dashed lines represent approximate water levels.
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Experimental protocol
All salinity exposures were conducted in summer months to avoid any seasonal
variability in activity levels for this species. Trials were conducted for each sex
separately, consisting of six red and six green morphs at a time. Constant low and
oscillating salinity trials were conducted simultaneously to reduce potential variability
between the beginning and the end of summer.
Oscillating salinity trials were conducted in the tank described above for 72 h.
Whole animal data was collected every 6 h at the end of each normal and low salinity
period for the duration of the exposure. Multiple trials were conducted to complete this
sampling regime while minimizing handling stress on the animals.
Constant low salinity (12 psu) trials were performed in incubator tanks with
Neslab RTE chillers (Thermo Fischer Scientific, Newington, NH, USA) set so that the
temperature in the incubator matched that of ambient seawater in our flow through
system (15-18ºC). The low salinity water in these incubators was pumped from the
oscillating salinity tank the day before experimentation began to best match the low
salinity events during the oscillating salinity trials. Whole animal data were collected at
24 h intervals over the 72 h trial.
At the end of each experimental trial, animals were sacrificed by cutting the
cerebral ganglion prior to extraction of the posterior most gill pair for molecular analysis.
These gills were used because they are known centers of ion regulation (Pequeux, 1995).
Gills taken for qPCR were placed in RNAlater solution and stored at 4ºC until processed.
Gills for western blots were flash frozen with clamps pre-cooled in liquid nitrogen before
	
  

	
  

49	
  

storage at -80ºC. For the oscillating salinity trials, gills were collected at the end of the
last low salinity event so that conditions are comparable to the constant low salinity
samples.

Organismal techniques
Three whole animal parameters were measured at each sampling point during the
duration of the 72 h salinity trials. First, a hemolymph sample was collected and stored at
-20ºC for later analysis with a Wescor Vapro 5520 vapor pressure osmometer (Wescor,
Logan, UT, USA) to determine hemolymph osmolarity. Osmolarity measurements were
performed in duplicates. These hemolymph samples were collected first so as not to
skew the osmolarity measurements due to added stress from our other whole animal
assessments. Next, animals were tested for righting response where each individual was
inverted and the time required for them to right themselves was recorded. These tests
were conducted in triplicate and averaged for each individual before being pooled across
color morphs. Finally, each individual was run on a crab treadmill, as described in
Chapter 1, and the time until exhaustion was recorded as a measure of salinity tolerance.
Individuals were run at 50% of their maximum speed, which was experimentally
determined prior to the salinity trials. All treadmill trials were held to a maximum of 8
min where any individual still running at that point was counted as 8 min in further
calculations. This maximum was chosen because of the limited time available to perform
all whole animal assessments while still placing animals into the incubation tank before
the transition from normal salinity to low salinity was initiated. It is necessary to place
the animals back in the tank before each transition so that they experience a gradual
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salinity change like that seen in the intertidal zone. Therefore, to prevent salinity shock
we selected a maximum time limit that was not easily accomplished under stressed
conditions, but was more easily measured in the time allotted by the oscillating salinity
cycle.

Western blotting
Samples were homogenized in ice-cold buffer (in mmol L-1: Tris Base 100,
Sucrose 500, NaF 200, NaCl 100, Na4O7P2 10, sodium orthovanadate 200, βglycerophosphate 300, with 5 mL per liter Sigma protease inhibitor cocktail P8340
containing: AEBSF 104, aprotinin 0.08, bestatin hydrochloride 4, E-64 1.4, leupeptin
hemisulfate salt 2, pepstatin A 1.5) before protein concentrations were determined
spectrophotometrically using Bradford protein assays. Protein expression was quantified
by western blotting as explained in Chapter I. All western blots were run with control
samples and samples from each experimental group to allow for comparisons across blots.
Primary mouse monoclonal anti-actin IgM (DSHB, Iowa City, IA, USA), mouse
monoclonal anti-creatine kinase IgG1 (DSHB, Iowa City, IA, USA), mouse monoclonal
anti-Na+/K+-ATPase α-subunit 1 IgG (DSHB, Iowa City, IA, USA), mouse monoclonal
anti-Na+-K+-2Cl--cotransporter IgG1 (DSHB, Iowa City, IA, USA), rabbit polyclonal
anti-AMPKα1/2 H-300 IgG (Santa Cruz Biotechnology, Inc., Dallas, TX, USA), rabbit
polyclonal anti-phospho-AMPK α Thr-172 IgG (EMD Millipore, Billerica, MA, USA),
and secondary goat anti-mouse IgG or donkey anti-rabbit IgG (LI-COR Biosciences,
Lincoln, NE, USA) were used to visualize proteins. Actin antibodies were used as a
loading control and prestained standards (BIO-RAD Kaleidoscope, Hercules, CA, USA)
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were used as the protein ladder. All blots were imaged with a LI-COR Odyssey imager
(LI-COR, Lincoln, NE, USA) before quantification with Image J software (NIH,
Bethesda, MD, USA). Samples were normalized to red control groups for each sex in
addition to the actin normalization.
The HSP70 antibodies used here quantify total HSP70 as opposed to inducible
HSP70 specifically, as previous work by Frederich et al., (2009) found no significant
difference between the two. Anti-AMPKα1/2 H-300 antibodies quantify the total
amount of AMPK. Anti-phospho-AMPK α Thr-172 antibodies quantify AMPK activity,
via quantification of changes in phosphorylation of the Thr-172 site. Since AMPK is
involved in the regulation of numerous metabolic pathways its activity level is more
insightful then the overall quantity of protein (Frederich et al., 2009).

Quantitative real-time PCR
The posterior most pair of gills from each individual were extracted and
homogenized on liquid nitrogen for total RNA isolation, according to manufactures
guidelines (Promega RNAgents, Madison, WI, USA). Purity of the extracted RNA was
measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Newington, NH, USA) at 260 and 280 nm wavelengths. A total RNA mass of 1.8 µg was
then reverse transcribed to cDNA using the Invitrogen SuperScript III First-Strand
synthesis system for qPCR (Thermo Fisher Scientific, Grand Island, NY, USA). To
account for differential PCR inhibition between the two morphs as documented in
Chapter I, the lower total RNA concentration was used with a phenol extraction method.
cDNA was then amplified with the appropriate primer pairs (Table 1.1) for each target
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using the Brilliant II SYBR Green qPCR Master Mix (Agilent Technologies, Santa Clara,
CA, USA). The PCR reaction was carried out on a Stratagene Mx3005p instrument
(Agilent Technologies, Santa Clara, CA, USA) for 40 cycles with an annealing
temperature of 55ºC, as conducted in Chapter I. All groups were normalized to the red
control group for each sex. Alien qRT-PCR Inhibitor Alert (Agilent Technologies, Santa
Clara, CA, USA) was included as a non-endogenous RNA transcript for normalization.

Statistics
Whole animal, western blot, and qPCR data were analyzed for significant
differences with GraphPad Prism version 6 (San Diego, CA, USA) and R version 3.1.1
(Vienna, Austria). Significant interaction terms within the full multi-factor ANOVA
model were investigated using one-way or two-way ANOVA based on the respective
dataset. A Sidak post hoc test was conducted to evaluate orthogonal contrasts of interest
while reducing the type I error rate. All tests were run with an α-level of 0.05. Statistical
significance is denoted in all figures using upper case letters for green morphs and lower
case letters for red morphs. Different letters indicate significant differences between
points, while the same letter indicates no significant difference. Asterisks are used to
indicate significant differences between color morphs.

Results
Population survey
Surveys were conducted form May 2012 through May of 2015 at monthly
intervals. A typical collection consisted of 20-50 individuals, but showed seasonal
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variation with the largest collection occurring in October of 2012 (n=187) (Figure 2.2a).
Aside from this outlier, the largest collections occurred in summer when temperatures
were highest, while the smallest collections occurred in winter when temperatures were
lowest (Figure 2.2b).
Overall, green morphs were more abundant than red morphs for 83% of our
collections (Figure 2.2c), and females were more abundant than males 70% of the time
(Figure 2.2d). Nearly all months where more males were captured than females occurred
in winter when overall abundance was low. Green morphs were evenly distributed across
sex, where 55% of all green morphs caught were male and 45% were female. However,
red morphs showed considerable skew towards one sex, where 83% of all red morphs
caught were female.
The total percent of red females collected for each month was calculated along
with the total percent of gravid females (Figure 2.2e). Both metrics follow very similar
trends, peaking in summer and decreasing in winter. Gravid females were still found at
low levels from December through April, but no gravid females were ever found in
September, October, and November of any year surveyed. Red females were found all
year long, except during months where the total collection was very low.
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Figure 2.2. Data collected from three-year intertidal crab survey. a) total crabs collected per survey, b) air,
ocean, and tide pool temperatures in ºC, c) the total percent of the catch that is green and red, d) the ratio of
males to females, and e) the total percent of red and gravid females

Organismal responses
Righting response. The statistical analyses performed on the righting time data yielded
no significant differences between red and green color morphs for either females (Figure
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2.3b) or males (Figure 2.3e) exposed to low salinity. While no differences were detected
within sex, male green morphs had a significantly higher overall righting time than green
females (p=0.0315).
The oscillating salinity conditions yielded more significant effects compared to
low salinity. There was an overall significant difference between the two female color
morphs (p<0.0001), shown in Figure 2.4b. In particular, there was a large difference
between the two color morphs detected at 66 h (p=0.0006) where red morphs showed a
large increase in righting time. There was no change detected within the green morphs
over the course of the trial, but red morphs showed a significant increase over time
(p=0.0146). The male color morphs (Figure 2.4e) followed similar trends, where a
significant difference between the morphs mean righting times was detected (p<0.0001).
The male green morphs differed from the females in that a slight yet significant increase
was detected by 72 h (p=0.0334). The male red morphs showed no change over the
duration of the trial.
Treadmill endurance. The effects of low salinity exposure on treadmill endurance were
similar for both sexes. Female red and green morphs showed a decreasing trend in
endurance over the course of the trial (Figure 2.3c), but this was not significant for either
morph. Green morphs do appear to have higher endurance than red morphs, but this too
was not significant. Both male morphs showed decreasing trends in endurance similar to
females that were also not found to be significant (Figure 2.3f). However, in male
morphs a significant difference between the red and green morphs was detected overall
(p=0.0019).
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The results from the oscillating salinity condition were more variable, and in
some instances fluctuate in line with the oscillations in salinity. For females (Figure
2.4c), a significant difference between red and green morphs was detected across the trial
(p=0.0019). Specifically, female green morphs showed significantly higher endurance
than red morphs at 18 h (p=0007) and 42 h (p=0.0089), which are both low salinity time
points in the oscillating cycle. A significant decrease in green morphs was detected over
the course of the trial (p=0.0083), but green morphs never decreased to the same levels as
red morphs, which showed a decreasing trend over the course of the trial as well. Male
morphs showed similar trends compared to females (Figure 2.4f), where green morphs
showed significantly higher endurance than red morphs over the duration of the salinity
exposure (p<0.0001). Like female green morphs, male green morphs showed a
significant decrease in performance over the course of the trial (p=0.032), which was also
observed in male red morphs (p=0.0116). Of particular interest here is that male green
morph treadmill performance patterns fall inline with the oscillations in salinity. These
morphs showed higher mean endurance levels at 12, 24, 36, 48, 60, and 72 h, which are
normal salinity time points, with decreases in endurance observed at the low salinity time
points between each of these respective points.
Hemolymph osmolarity. Hemolymph osmolarity results for the low salinity treatment
were similar across sex. Both female morphs (Figure 2.3d) showed a significant decrease
by 24 h after exposure (green p<0.0001, red p<0.0001), which then stabilized and
remained constant for the duration of the experiment. A significant difference between
the color morphs was detected after this initial decrease at each time point (24 h p<0.0001,
48 h p<0.0001, 72 h p<0.0001). These same trends were detected in males (Figure 2.3g),
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where a significant decrease in osmolarity was detected in both morphs by 24 h (green
p<0.0001, red p<0.0001). A significant difference between green and red morphs was
detected for males at 24 h (p<0.0001), 48 h (p0.0006), and 72 h (p=0.001). Interestingly,
female green morphs were found to have significantly higher osmolarity than male green
morphs at both the initial time point (p=0.0002) and all three points after the low salinity
transfer (all p<0.0001). Female red morphs were also found to have significantly higher
osmolarity levels than male red morphs at the three time points post transfer (24 h
p=0.0162, 48 h p=0.0339, 72 h p=0.0188), but no difference was found at 0 h.
Hemolymph osmolarity results from the oscillating salinity exposure for both
sexes best match the oscillations in salinity of any of our whole animal parameters.
Female (Figure 2.4d) red and green morphs had similar osmolarities at 0 h, and both
morphs showed significant decreases in osmolarity from 0 h to 6 h (green p<0.0001, red
p<0.0001). However, at 6 h green morphs had significantly higher osmolarity than red
morphs (p<0.0001). Both morphs then showed increases in hemolymph osmolarity at 12
h, back to the same levels as those observed at 0 h. This trend continued for the
remainder of the trial where both morphs showed decreases at low salinity time points,
but red morphs showed significantly larger decreases, before returning to similar
osmolarity levels at the normal salinity time points. Male morphs (Figure 2.4g) showed
the same significant trends as females. Both color morphs began the trial with similar
hemolymph osmolarities that significantly decreased at each successive low salinity event
before returning to previous levels at the next normal salinity time point. At each of
these low salinity periods male red morphs exhibited significantly larger decreases in
osmolarity compared to male green morphs. When comparing across sex similar
	
  

	
  

58	
  

differences were found in osmolarity as those for the low salinity exposure where both
female morphs have significantly higher osmolarities than male morphs (green p<0.0001,
red p<0.0001).
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Figure 2.3. Whole animal results for low salinity exposure for females (b-d) and males (e-g). a) is the
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endurances in seconds, and d) and g) are hemolymph osmolarities in mOsm. Lowercase letters indicate
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Figure 2.4. Whole animal results for oscillating salinity exposure for females (b-d) and males (e-g). a) is
the salinity profile in practical salinity units, b) and e) are righting times in seconds, c) and f) are treadmill
endurances in seconds, and d) and g) are hemolymph osmolarities in mOsm.. Lowercase letters indicate
significant differences for red morphs while uppercase letters indicate significance for green morphs.
Asterisks indicate significant differences between red and green morphs (α=0.05). Results shown as
mean±SEM (n=5-6).
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Protein levels
Significant differences were detected in females (Figure 2.5) for arginine kinase
(AK) and HSP70. In particular, green morph females exposed to constant low salinity
showed increased expression levels of AK compared to either the control group
(p=0.0038) or the oscillating salinity group (p=0.0295), with no difference detected
between the control and the oscillating groups. A similar trend was observed in green
morph females for HSP70, where green morphs exposed to low salinity showed
significantly higher expression levels than the control group (p=0.0405), but no
differences were found when compared to the oscillating group or between the control
and oscillating groups. No significant results were detected in NK2Cl or AMPK activity
for either salinity condition.
No significant results were detected between male color morphs (Figure 2.6)
exposed to each salinity condition for any of the proteins we evaluated. More variability
was observed among the male groups, but few increasing or decreasing trends can be
seen. No significant differences were found across sex as well.
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Figure 2.5. Female protein expression results for Na+- K+-2Cl- -cotransporter, arginine kinase, HSP70, and
AMPK activity. Results are shown in relative units as all groups were normalized to the red control group
and actin. Lowercase letters indicate significant differences for red morphs while uppercase letters indicate
significance for green morphs. Asterisks indicate significant differences between red and green morphs
(α=0.05). Results shown as mean±SEM (n=5-7).
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Figure 2.6. Male protein expression results for Na+- K+-2Cl- -cotransporter, arginine kinase, HSP70, and
total AMPK protein concentration. Results are shown in relative units as all group were normalized the red
control and actin. Results shown as mean±SEM (n=5-6).

Gene expression
Female morphs (Figure 2.7) showed a large increase in gene expression for the
cytoplasmic form of carbonic anhydrase (cCA). Green morphs subjected to low salinity
showed significantly higher gene expression of cCA than the control group (p=0.0348).
No differences were detected between the green low salinity group and the green
oscillating salinity group or between the oscillating group and the control, but the
oscillating salinity group did show a nonsignificant increase in gene expression compared
to the control. Red morphs mirrored these trends in upregulation, although they showed
smaller increases in expression compared to green morphs across each treatment. While
the upregulation was not as great, similar trends across the groups were detected for
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membrane-bound carbonic anhydrase (mCA) and NKX, although these were not
significant. No significant changes were found in AMPK, HSP70, NK2Cl, NHX, or AK
between the color morphs or salinity conditions.
More significant differences were found within the male dataset (Figure 2.8).
Like their female counterparts, males showed the greatest increase in gene expression in
cCA, where green morphs under low salinity conditions showed higher expression levels
than both the control (p=0.0004) and the oscillating salinity group (p=0.003). While no
significant difference was found between the control and oscillating groups, the
oscillating group did show an apparent increase in expression over the control. Green
morphs exposed to low salinity were found to upregulate cCA significantly more than red
morphs under the same condition (p=0.0013). Male green morphs showed a larger
increase in gene expression than red morphs for mCA (p=0.0302), similar to the trends
observed in females. Unique to the male dataset is the significant difference in AMPK
where green morphs show more upregulation than red morphs under the oscillating
salinity condition (p=0.0364). The only difference detected across sex was that female
red morphs exposed to low salinity show significantly greater expression of NKX than
male red morphs (p=0.0461). The observed lack of significant differences between the
sexes as well as the lack of overall significant trends within each sex may be do to the
elevated variation present within both the male and female datasets.
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Uppercase letters indicate significant differences between green morphs (α=0.05). Results shown as
mean±SEM (n=4-6).
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Figure 2.8. Male gene expression results for AMPK, HSP70, Na+-K+-ATPase, Na+- K+-2Cl- -cotransporter,
Na+/H+ antiporter, arginine kinase, membrane-bound carbonic anhydrase, and cytoplasmic carbonic
anhydrase. Data shown in relative units from normalization to red control and alien transcript. Uppercase
letters indicate significant differences between green morphs (α=0.05). Asterisks indicate significant
difference between red and green morphs (α=0.05). Results shown as mean±SEM (n=3-6).

Discussion
Population survey
The results of our population survey provide us with an interesting perspective on
how the green crab population at the coast of the eastern United States compares to the
well-studied European population. As a whole, the literature states that these two
populations have similar compositions (McKnight et al., 2000), and on a broader scale
the lack of surveys conducted on the various invasive populations leads to the assumption
that all green crab populations across the globe are similar. However, our results do not
support these assertions. It is widely stated that green morphs are predominantly found in
the intertidal while red morphs are found more commonly in the subtidal zone, but as our
data reveal this is not the case for our population (Crothers, 1968; Reid and Aldrich,
1989; Reid et al., 1997; Styrishave et al., 1999; Styrishave and Andersen, 2000). Our
results demonstrate that while green morphs are frequently more common then red
morphs in the intertidal, in most instances this is not by a very large margin. On some
occasions red morphs were in fact found to be more prevalent than green morphs. The
color morph distribution was observed to be more evenly split in summer months
throughout our three-year study, demonstrating that color morph abundances may be
related to temperature or some other seasonal variations.
One stark contrast we observed between previous studies and our own was that
females, regardless of color morph, are reportedly more subtidally distributed than males
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in the European population, but we in fact found the opposite (Styrishave and Andersen,
2000). Our results show that females were more abundant than males 70% of the time,
and that males were only more abundant than females during winter when overall
abundances were low. This supposed subtidal distribution has been tied to the
reproductive strategies of this species where it has been stated that red morph males
remain in the subtidal to compete for females, but this clearly is not the case in our
population. Furthermore, our survey results conflict with the reproductive understanding
that females only mate once a year after molting, which generally occurs between May
and October (Crothers, 1968; Reid et al., 1997), because we consistently collected gravid
females from December through August, and in fact the only months we never collected
any gravid females were September, October, and November. With such a large window
of time in which gravid females are present in the intertidal, it seems unlikely that
females only mate once per year in a synchronized mating season, but in fact reproduce
year-round. We did find considerably more gravid females in summer months, which is
more in agreement with the literature studies. While these findings for females are in
contrast to the published population survey data, they do follow the nutritional results of
Styrishave and Andersen, (2000), which found that female C. maenas have larger fatty
acid requirements than males in order to facilitate egg development. Females would best
be able to maximize their fatty acid intake by exploiting the more abundant food supply
of the intertidal zone.
Our survey results were in agreement with the findings for the European
population in regards to the seasonal migration out of the intertidal. C. maeans is
reported to move off shore when water temperatures drop below 8ºC in winter and then
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return as the water warms in spring (Crothers, 1968; Reid et al., 1997). We observed a
similar drop off in abundance in fall as temperatures declined, and an increase in
abundances in late spring as water temperatures began to warm.
As a whole, these various similarities and differences between the native
population and the well-established invasive population of the coast of the eastern U.S.
demonstrate the need for unique surveys across each invasive population of interest to
truly understand the dynamics within these different populations. Recently, differences
across the populations was illustrated by Tepolt and Somero, (2014), where sampling
across the native European population as well as the invasive populations on the east and
west coast of the U.S. yielded very different color morph ratios. These differences could
help explain the narrower reproductive period in the European population as it was found
to have a larger percentage of green morphs, which are known to be in a growth phase,
compared to the population we studied.

Salinity exposures
The results from our whole animal assessments support the hypothesis that green
morphs are more physiologically tolerant to salinity changes than red morphs. We
observed little change in righting times for either sex over the course of the low salinity
exposure and, while not significant, red morphs did display consistently slower righting
times than their green counterparts. The oscillating salinity trials showed similarly
consistent righting times over the duration of the exposure where red morphs exhibited
slower reactions than green morphs. The differences between the morphs became clearer
in our treadmill endurance trials where green morphs ran longer than red morphs under
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both salinity conditions for each sex. The strongest significant differences observed
between red and green morphs were those from the hemolymph osmolarity
measurements, where green morphs sustained higher hemolymph osmolarities than red
morphs for both sexes. Fluctuations in osmolarity in relation to the oscillations in salinity
were observed that varied between red and green morphs, with green morphs exhibiting
less fluctuation than red morphs. It is also important to note that while these fluctuations
occurred, osmolarity levels in both morphs never dropped to the levels observed in the
low salinity exposure, potentially revealing that low salinity is the more taxing of the two
salinity conditions.
This difference between the salinity conditions is supported by our molecular
results that revealed increased gene expression in both sexes as a result of low salinity
exposure. In particular, these observed increases were greatest for cCA, mCA, and NKX,
which are enzymes involved in the generation and maintenance of the ion gradient that
drives ion transport within the cell. This upregulation supports previous studies that have
also observed increased gene expression in these key ion-regulating enzymes (Henry et
al., 2006; Serrano and Henry, 2008; Stillman et al., 2008; Towle et al., 2011; Havird et al.,
2013). In accordance with previously published results, only slight changes in the gene
expression of the NHX and the NK2Cl were observed, which are two ion transporters
known to be involved in osmoregulation (Pequeux, 1995; Henry et al., 2006). No
changes were observed in the regulation of HSP70 or AMPK, which supports the
hypothesis that this common stress response mechanism does not play a major role in
salinity tolerance in this species (Stillman et al., 2008; Towle etl al., 2011).
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Along with these observed variations across salinity conditions, it was clear that
green morphs showed increased upregulation compared to red morphs for both male and
female groups in most of the genes tested. This may explain how green morphs are better
able to tolerate low salinity and outperform red morphs in our whole animal assessments.
While the results were not significant, it is important to highlight here that green morphs
also showed increased expression of the routinely used house keeping gene arginine
kinase compared to red morphs. This could potentially skew expression results if used
for normalization purposes in future color morph studies. A significant increase in the
protein expression of AK was also observed in female green morphs under the low
salinity condition further supporting the occurrence of differential changes throughout
this species. This increase in AK protein levels not only supports this marker not being
used for normalization purposes, but also that AK may be actively functioning in the
salinity tolerance for euryhaline crustaceans. AK functions in the production of cellular
energy by catalyzing the transfer of a phosphate group from arginine phosphate to ADP
to form ATP (Holt and Kinsey, 2002). Therefore, this increase in AK protein levels
could aid in the production of ATP necessary to drive transport by NKX. Aside from this
increase, the only other significant change detected in protein expression was an increase
in female green morphs for HSP70, which contradicts our gene expression results and
previous findings that HSP70 did not appear to function in osmoregulation.
These differences between the commonly studied low salinity condition and the
oscillating salinity condition, which more closely resembles the natural fluctuations of an
intertidal environment, brings into question our understanding of how C. maenas
tolerates low salinity. While previous literature studies have clearly demonstrated that
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significant upregulation occurs in NKX, mCA, and cCA, these studies have consistently
found that upregulation of these genes does not occur immediately after low salinity
exposure, but in fact occurs after twenty-four hours of exposure. This lag in upregulation
is followed by a further lag in the activation of the translated gene product (Luquet et al.,
2005; Mitchell and Henry 2014). With the implementation of the osmoregulatory
mechanism requiring such a long time period it is unlikely that this would be involved in
the low salinity exposures routinely experienced by this species from daily tidal
fluctuations. This is supported by our oscillating salinity gene expression results that
exhibit lower expression than our low salinity groups. It is known that green morphs are
able to adjust their apparent water permeability in low salinity conditions and that red
morphs cannot, which could explain the differences observed between morphs
(Styrishave et al., 2004). However, this would not appear to be the sole cause of the
observed difference because the elevated levels of gene expression in green morphs
compared to red morphs would be an unnecessary energy investment if an alternative
mechanism could be employed to adequately tolerate low salinity. It is more likely then
that either a large enough cellular reserve of these particular enzymes are available to
overcome these more short term exposures, or that an alternative mechanism is employed.

Sex comparison
While the differences between color morphs were observed within both sexes,
variations were also found across males and females. Female crabs had significantly
higher hemolymph osmolarity than their male counterparts under both low and oscillating
salinity conditions. Females also demonstrated more expression than males for the key
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enzymes involved in osmoregulation, which could explain their enhanced ability to
maintain internal ionic concentrations. The only significant changes we detected in
protein expression were found in female crabs, but no useable signals were obtained
within the driving forces for ion transport in either sex, which would be the most likely
markers to show significant upregulation based on our gene expression results.. The
finding that female morphs outperform male morphs alters our understanding of the
physiological changes throughout the molt cycle.
It is currently accepted that green morphs are in a growth phase that occurs after
molting and red morphs are in a reproductive phase, which leads to a prolonged intermolt
period due to increased energy allocation for gamete production (Crothers, 1968; Reid
and Aldrich, 1989; Styrishave et al., 1999). This follows for males as prolonged
intermolt results in increased carapace thickness and chelae strength, which allows them
to better compete for mates (Kaiser, 1990; Ried et al., 1997; Styrishave et al., 2004).
While this period provides a clear advantage for males, its purpose in females is less clear.
They do not require this period to enhance mating success like males so if a selection
pressure is present on female morphs, there must be some alternative explanation as to
why these two physiologically different states persist. It is likely that this state is
necessary for egg production and maturation as females have a larger energy allocation
requirement to produce and maintain their egg clutch. Other possibilities have been
suggested, including that the red phase may deter females from venturing into
physiologically taxing environments that could reduce egg survival, and similar to males,
that prolonged intermolt may lead to increased carapace thickness. The latter could
increase female survival during predatory encounters. Further complicating our
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understanding of these phases is the observations by ourselves and Reid et al., 1997 that
female morphs can remain red after molting. This suggests that the color change is more
indicative of the physiological state of the individual and not the current molt stage as the
organism may have more control over the transition between these two states then
previously understood. This would further support the idea that some particular
advantage must be gained by females in this red state over the more tolerant green state.

Conclusions
While it is not clear what advantages are gained by female morphs in these two
physiologically different color morphs, we have demonstrated that their tolerances are
similar, and in fact greater, than that of their male counterparts. This illustrates the
necessity for more focused studies that examine not only the differences between red and
green morphs, but also differences across sex. In order to fully inform potential
management strategies a full understanding of this species physiology is necessary. In
particular, our understanding of the osmoregulatory mechanism vital to C. maenas’ low
salinity survival may need to be reevaluated as we determined that upregulation of the
genes necessary for this mechanism is significantly lower in both color morphs exposed
to the more realistic oscillating salinity condition. Whether this decrease is due to an
alternative regulatory mechanism or because of a cellular pool of these proteins is not
known, but is an important area of future research in order to better understand the
capabilities of this species and predict future population expansions that could threaten
economically valuable marine resources.
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These differences between color morphs and across sex reveal overall
physiological differences within the population throughout the seasons. As we observed
in our survey, red morphs are more abundant in late spring and early summer, indicating
that the population is more susceptible to severe environmental events. While the
population would be more tolerant to potential environmental changes during late
summer and into fall when green morphs were found to be more abundant. This
illustrates that while C. maenas are robustly tolerant to environmental conditions as a
whole, there are times throughout the year when the population is more vulnerable to
external challenges, which could be crucial for potential management strategies that seek
to curb the spread of this invasive species.
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OVERALL CONCLUSIONS

The results of both salinity studies are consistent with the literature that has
observed green morph C. maenas exhibiting greater tolerance to environmental
challenges compared to red morphs (Reid and Aldrich, 1989; McGaw and Naylor, 1992;
Styrishave and Andersen, 2000; Roberston et al., 2002; Dam et al., 2006). While the
literature is lacking in female data (Lee et al., 2003), these two studies have revealed that
these physiological differences between color morphs are present in females, and in fact
that female morphs are more tolerant than their male counterparts. The results from our
molecular analyses have revealed that these variations in salinity tolerance across color
and sex are due to differential energy investments into the osmoregulatory mechanism
employed by this species. It was observed that green morphs, regardless of sex, show
greater upregulation for the driving forces behind ion transport, two forms of carbonic
anhydrase and NKX, compared to red morphs (Pequeux, 1995; Henry et al., 2012). This
increased upregulation translates into greater control over ion transport into and out of the
cell allowing the organism to maintain their internal conditions closer to their resting
state. The stabilizing of the ion gradient closer to the resting state results in cellular
functioning closer to optimum levels, which therefore leads to the increased physiological
performance observed in green morphs compared to red morphs (Figure 3.1). Our data
revealed that females exhibit greater increases in upregulation of the osmoregulatory
mechanism compared to males leading to higher hemolymph osmolarity levels and
increased whole animal performance, indicating superior salinity tolerance.
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Since the literature has overlooked female morphs and in some cases the different
color morphs, there is an inaccurate understanding of the tolerances, and therefore, the
capabilities of this highly invasive species. Discounting the more tolerant sex and
employing environmental conditions that are not representative of the natural
environment of C. maenas leads to an overestimation of the effect that certain conditions
have on limiting range expansions of this species. Ultimately, this leads to inaccurate
management plans that can lead to the loss of valuable marine resources.
While a truly representative physiological understand of this species is lacking,
our population survey results have demonstrated that seasonally variations in color morph
distributions result in periods throughout the year where the population is more
susceptible to environmental challenges, and therefore would be more vulnerable to
targeted management strategies that could reduce green crab abundance.
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Figure 3.1. Differences in the amount of ion transport indicated by the size of the arrows across the cellular
membrane for Na+ in a) red morphs and b) green morphs based on observed upregulation of NKX and cCA.
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APPENDIX

RNA SEQUENCING OF MALE CARCINUS MAENAS EXPOSED TO AN
OSCILLATING SALINITY ENVIRONMENT
Introduction
In order to further expand our understanding of the osmoregulatory mechanism of
Carcinus maenas we performed a full transcriptome analysis using Roche 454 RNA
sequencing. This procedure allows for the quantification of gene expression across the
entire transcriptome for this species, which has not been attempted before. This will
allow for the investigation into lesser known pathways involved in salinity tolerance as
well as potentially determining if an alternative mechanism is involved in individuals
subjected to oscillating salinity compared to low salinity, as suggested by our previous
qPCR results. Roche 454 sequencing was chosen as it results in longer sequence reads
generated from each sequencing run compared to other available methods. This was
beneficial because no intensive genomic sequencing has been performed on C. maenas or
any other closely related species, which means a de novo approach to assembling the
transcriptome results is required.
A comprehensive approach to evaluating the osmoregulatory mechanism was
taking here in order to more fully understand the environmental tolerances of this
invasive species. By having a more complete understanding of the capabilities of this
species and, in particular, an understanding of how they tolerate such diverse
environmental conditions would allow for more exacting management strategies as the
specific regions at risk of being invaded could be identified and monitored. This could
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then potentially lessen the economic and ecological impacts C. maenas allowing for more
sustainable management of valuable marine resources.

Materials and Methods
As a pilot study we sequenced samples from within male crabs, as this sex has
been far more widely studied. The posterior most gills were specifically targeted for
sequencing, as they are known centers for ion regulation (Pequeux, 1995). Total RNA
was extracted from the posterior pair of gills in the same method used for qPCR (see
Chapter I). mRNA was isolated specifically for sequencing using the Roche mRNA
isolation kit to manufacturer’s specifications. Roche rapid library MID adaptors were
added to label each sample in order to allow for multiplexing. The Roche 454
sequencing GS Junior titanium series standard protocols were then followed for the
remaining RNA purification and cDNA synthesis before sequencing. Kapa Biosystems
Library Quantification kits were used to check the quality of each sample before library
construction and sequencing.
Sequencing resulted in 121,262,272 raw reads with an average read length
of 355bp, which were then sorted by MID adaptor into individual samples. Even with
this more targeted approach we obtained too large an amount of data to handle with the
computing resources available to us. Therefore, we obtained access to Indiana
University’s supercomputing system through the National Center for Genomics Analysis
Support (NCGAS) in order to process our results.
The first step in the analysis was to remove short reads and low quality reads that
would interfere later on in the analysis. Quality control was done using PRINSEQ
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(version 0.20.4) to remove adaptor sequences from each read as well as remove low
quality reads before de novo assembly (Schmieder and Edwards, 2011). Once the
sequences were cleaned they were assembled with Newbler (version 2.9) to create our
overall assembly of all unique sequences obtained.
Next, CEGMA (version 2.5) was used in order to assess the overall completeness
of our assembly (Parra et al., 2007). This program functions by searching the generated
assembly file for a group of 458 highly conserved sequences found in eukaryotes known
as the core eukaryotic genes (CEG).
Once we had assessed the completeness of our assembly we proceeded to map our
individual reads to our reference assembly with Bowtie2 (Langmead and Salzberg, 2012)
before assessing the abundances of our various transcripts with eXpress (Roberts and
Pachter, 2012). Both of these steps facilitate the ultimate goal of determining differential
gene expression by edgeR (Robinso et al., 2009), as the placement of the read within the
assembly is required along with the relative abundance of each transcript. Once each
sample has been mapped to the reference transcriptome it is then necessary to annotate
each sequence with Trinotate (Grabherr et al., 2011) to determine what genes have been
sequenced.

Results
Our sequencing assembly resulted in 23,626 contigs, which in comparison
to several other crustacean sequencing studies is relatively low (Lenz et al., 2014; Li et al.,
2014). This low contig number increases the likelihood of gaps within the assembly,
which was demonstrated by the results of our CEGMA assessment where the complete
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sequence for only 22% of the CEGs were found as well as the additional partial
sequences of another 44%. Overall, this assessment demonstrates the minimal
sequencing depth we achieved, which complicated further analysis. Poor sequencing
depth not only limits our ability to assess the entirety of the various mechanisms involved
in salinity tolerance for this species, but it also makes it difficult to accurately determine
the identity of the genes that were sequenced as there is no strong consensus of where
these genes map within the transcriptome, leading to the increased likelihood of falsely
identifying a gene.

Discussion
The lack of sequencing depth limited our ability to fully analyze the transcriptome
of this species. Further complicating our analysis is the lack of genomic sequencing
available for C. maenas or any other closely related species. This meant we were limited
to a de novo assembly approach, which is highly dependent on the sequencing coverage
within the analysis (Garber etl al., 2011; Ren et al., 2012). Therefore, we were not able
to obtain any publishable results from this pilot study and have illustrated the need for a
more full-scale approach to obtain the depth of coverage necessary to facilitate
differential gene expression analysis across the complete transcriptome. To better
improve the ability to annotate the genes sequenced from a larger scale RNA sequencing
project, in-depth genomic sequencing should be undertaken in conjunction with
transcriptome sequencing. This approach alleviates a very common issue that occurs in
RNA sequencing studies performed on non-model organisms where a large portion of the
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contigs sequenced can never be annotated due to the lack of available reference
sequences (Gao et al., 2014; Lenz et al., 2014; Li et al., 2014).
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