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Abstract

Intertidal crustaceans like Carcinus maenas shift between an osmoconforming and
osmoregulating state when inhabiting full-strength seawater and dilute environments,
respectively. While the bodily fluids and environment of marine osmoconformers are
approximately isosmotic, osmoregulating crabs inhabiting dilute environments maintain their
bodily fluid osmolality above that of their environment by actively absorbing and retaining
osmolytes (e.g., Na*, Cl-, urea) while eliminating excess water. Few studies have investigated the
role of aquaporins (AQPs) in the osmoregulatory organs of crustaceans, especially within
brachyuran species. In the current study, three different aquaporins were identified within a
transcriptome of C. maenas, including a classical AQP (CmAQP1), an aquaglyceroporin
(CmGLP1), and a big-brain protein (CmBIB1), all of which are expressed in the gills and the
antennal glands. Functional expression of these aquaporins confirmed water transport
capabilities for CmAQP1, CmGLP1, but not for CmBIB1, while CmGLP1 also transported urea.
Higher relative CmAQP1 mRNA expression within tissues of osmoconforming crabs suggests
the apical/sub-apically localized channel attenuates osmotic gradients created by non-
osmoregulatory processes while its downregulation in dilute media reduces the water
permeability of tissues to facilitate osmoregulation. Although hemolymph urea concentrations
rose upon exposure to brackish water, urea was not detected in the final urine. Due to its urea-
transport capabilities, CmGLP1 is hypothesized to be involved in a urea retention mechanism
believed to be involved in the production of diluted urine. Overall, these results suggest that
AQPs are involved in osmoregulation and provide a basis for future mechanistic studies

investigating the role of AQPs in volume regulation in crustaceans.
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1.0 Introduction

1.1 Cell Volume regulation

Maintaining cell volume homeostasis is an essential physiological process shared by all
living cells. Cells face osmotic stress upon changes in the osmolality of their respective
extracellular fluids (e.g., water, blood, hemolymph, urine). Upon an osmotic challenge, cell
volume is regulated through physiological mechanisms that adjust their concentration of
intracellular inorganic and organic solutes, termed osmolytes. These adjustments are made
through the activation of membrane transporters and/or metabolic processes, as described below,
that balance the amount of osmolytes and water within the cell to reduce osmotic pressures
without disrupting cell integrity, a process referred to as anisosmotic cell volume regulation

(Chamberlin and Strange, 1989).

Cell volume regulatory responses involving the loss or gain of osmolytes are termed a
regulatory volume decrease and regulatory volume increase, respectively (Fig. 1). These
osmolytes are primarily inorganic ions such as Na*, K*, C1” and small organic molecules such as
amino acids and urea termed organic osmolytes. In terms of inorganic ions, regulatory volume
decrease occurs by the loss of K/Cl via activation of K™ and CI™ channels or by activation of the
K*-CI" cotransporter (Chamberlin and Strange, 1989). Regulatory volume increase occurs by
both an uptake of K*/Cl- and Na*/ClI" via activation of the Na*- K*-ATPase, Na"/H" exchangers,
CI'/HCO;™ exchangers, Na* and CI" channels or Na*-K*-2ClI" cotransporters (Fig. 1). In addition
to inorganic ions, organic osmolytes such as polyols, amino acids, and methylamines play key
roles in cell volume homeostasis where they are released from the cell drawing water along with
them to reduce swelling (Henry, 1995; Junankar and Kirk, 2000). Organic osmolytes have the
ability to accumulate from tens to hundreds of millimolar concentrations without triggering
detrimental effects on cellular structure and function (Yancey, 2001). Accumulation of these
organic osmolytes occurs through energy-dependent transport, amino acid transporters, or
changes in the rates of osmolyte synthesis/degradation (Gilles and Péqueux, 1981; Henry, 1995).
The loss of organic osmolytes is triggered by cell swelling which causes efflux and

downregulation of the synthesis of organic osmolytes (Junankar and Kirk, 2000).
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Figure 1: Schematic representation of transporters and processes involved in regulatory cell
volume increase and decrease.

In addition to the movement of osmolytes, the movement of water across cells also
contributes to cell volume regulatory processes. There are three ways in which the movement of
water through cells and epithelia can occur: transcellular diffusion, paracellular diffusion, and
facilitated diffusion through water channels referred to as aquaporins (AQPs). All three pathways
of water movement are a result of osmotic gradients established by the transport of ions (Fig. 2).
Transcellular and paracellular diffusion of water is the unfacilitated movement of water across
the plasma membrane or intercellular/tight junctions, respectively, due to an osmotic gradient
existing between the cell and its extracellular fluid (Komarova and Malik, 2010). These
unfacilitated means of diffusion occur relatively slowly due to the polar properties of water and
the hydrophobic core of phospholipid bilayers (Agre and Kozono, 2003). Aquaporins are part of
the membrane integral proteins (MIPs) family and function as channels and are typically
regulators of intracellular and intercellular water flux allowing its diffusion to occur much faster

than transcellular or paracellular diffusion (Agre, 2004).
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Figure 2: Possible pathways for transepithelial water movement. Water crosses the epithelial
cell barrier through paracellular and transcellular pathways via unfacilitated diffusion through
lipid bilayers, or by facilitated diffusion through aquaporins water channels. All pathways of

water transport occur down an osmotic pressure gradient.

1.2 Structure of AQPs

Aquaporins are a family of transmembrane channel proteins that typically facilitate the
transcellular flow of water across membranes in response to changes in osmotic and/or
hydrostatic pressure. Although AQPs are widely distributed throughout all kingdoms of life, their
overall structure is largely conserved (Fig. 3). Aquaporins are tetrameric proteins composed of
monomers that each function as independent water channels. Each monomer has six
transmembrane helices connected by five loops (named A—E), with the hydrophilic terminal
amino and carboxyl groups located in the cell cytoplasm (Agre et al., 1993). Loops B and E
contain highly conserved asparagine-proline-alanine (NPA) motif sequences (Fig. 3) which are
stabilized through ion pairs and hydrogen bonds with neighbouring transmembrane helices to
create the central pore (Sui et al., 2001). The six transmembrane a-helices surround the single
narrow channel creating an “hourglass” shape. The highly conserved aromatic/arginine (ar/R)
constriction site acts as a selectivity filter for water or other small solutes (Benga, 2012). The
central constriction of the channel is lined with hydrophobic amino acid residues and has a

diameter of about 3 angstrom (A) which is only slightly larger than the 2.8 A diameter of the



water molecule. This allows only one water molecule to pass through the channel at a time (Tani
et al., 2009). Single water molecules enter the pore with the oxygen atom entering first. At some
point, the water molecule reverses the orientation with the hydrogen atoms now pointing
downwards. This molecular dynamic is controlled by the electrical field formed by the amino
acid residues of the channel of the aquaporin (Murata et al., 2000). Aquaporins that allow small

solutes or gases other than water have a larger pore opening, which can reach ~3.4 A in diameter

(Sales et al., 2013).
B C !

Figure 3: Schematic representation of aquaporin structure. (A) The structure of an individual
aquaporin monomer containing six a-helices connected by three extracellular and two
intracellular loops. The route of water passage exists in the transmembrane pore formed by the
NPA motifs interacting within the membrane. (B) AQP monomers form a homotetramer to
create four pathways for solute transfer while (C) the central pore of the tetramer may also form
a fifth pathway.

1.3 AQPs in Terrestrial Vertebrates-Mammals

It had long been predicted that water movement across cell membranes was facilitated by
pores or channels; however, it was not until the late 1980s that the first AQP was discovered.
Although there is some debate as to who was the first to discover the AQP protein, Peter Agre
was awarded the Nobel Prize in Chemistry in 2003 for this discovery (Agre, 2004; Agre et al.,
1993; Benga, 1988; Benga et al., 1986; Denker et al., 1988; Preston et al., 1992). The discovery
of the first water channel occurred when Agre and colleagues detected a highly abundant 28 kDa
protein in red blood cell membranes that copurified with but was immunologically distinct from,
the Rhesus antigen (Denker et al., 1988). The defining moment came when the Agre group

injected mRNA encoding this 28 kDa protein into an expression system, Xenopus laevis oocytes,

4



and exposed them to distilled water. The mRNA injected into the oocytes resulted in the
synthesis and expression of a new protein that caused the membrane to become highly permeable
to water. A series of subsequent papers confirmed that this new protein, initially called CHIP28
(channel-forming integral membrane protein of 28 kDa) and later renamed aquaporin-1, was the

first water channel to be definitively identified (Agre, 2004; Preston et al., 1992).

Currently, 13 mammalian AQP isoforms have been identified, extensively studied, and
further classified into subfamilies based on their structural and substrate similarities. Classical
aquaporins (AQPO, AQP1, AQP2, AQP4, AQPS5, AQP6) are classified as those that have high
water permeability capabilities. Aquaporins known to transport small uncharged compounds
such as glycerol or urea in addition to water are classified as aquaglyceroporins (AQP3, AQP7,
AQP9, AQP10) while aquaamoniaporins have been shown to transport ammonia (AQPS; Finn
and Cerda, 2015). Recently, an additional group known as the unorthodox aquaporins (AQP11
and AQP12) was discovered whose structure is different from that of other aquaporin groups,
specifically concerning the generally conserved NPA motifs; however, virtually no additional

characteristics have been defined for this group (Rojek et al., 2008; Yang, 2017).

Differential expression and the cellular localization of aquaporin isoforms within tissues
play an important role in determining their physiological functions, especially in tissues involved
in osmoregulation. The mammalian kidney is one of the most extensively studied systems that
regulate systemic water balance. Different regions of the kidney’s nephrons have distinct water
permeabilities that correlate with the presence or absence of aquaporins (Li et al., 2017). Within
the human kidney, nine aquaporins (AQP1-8, AQP11) are differentially expressed along the
renal tubules and collecting ducts (Fig. 4) where they play crucial roles in the regulation of water
homeostasis and urine concentration (Su et al., 2020). Aquaporin-1 is highly expressed in both
the apical and basolateral membranes of the proximal tubules, the thin descending loop of Henle,
and the endothelial cells of descending vasa recta. The main function of AQP1 is to absorb the
bulk of water in the filtrate as ions are reabsorbed into the blood, accounting for up to 70% of the
total water reabsorption (Su et al., 2020). Isoforms AQP2-6 are localized within the collecting
duct. The AQP2—4 isoforms are exclusively expressed in the principal cells of the connecting
tubules and collecting ducts. Isoforms AQP2 and AQP3 are under tight regulation by the

antidiuretic hormone arginine vasopressin which can rapidly translocate these AQPs from their



intracellular storage vesicles to the apical membrane, permitting the tissue to modify its water
permeability as required (Su et al., 2020). Aquaporin-3 has a reduced transporting water
capability; however, it functions as an efficient transporter of glycerol in the basolateral
membrane of the collecting duct to concentrate urine. Aquaporin-4 is also expressed in the
basolateral membrane of the collecting duct and its main function is to further enhance water
reabsorption (Chou et al., 1998). Aquaporin-5 is barely detectable through mRNA expression
analyses or immunoblot assays, but it has been located in the apical membrane of the renal
cortex (Procino et al., 2011). Aquaporin-6 is localized in intracellular vesicles with H*-ATPase
in renal collecting ducts and although has relatively low water permeability is capable of
transporting anions (NOs3"). The unique anion permeability by AQP6 activated at low pH
supports the possible role in acid secretion (Yasui et al., 1999). Similar to AQP3, AQP7 shows a
limited involvement in renal water reabsorption but plays a critical role in glycerol reabsorption
in the brush border of the proximal tubule (Sohara et al., 2005). The AQPS isoform is expressed
in low levels within the proximal tubules, collecting duct, and in the inner mitochondrial
membrane of renal proximal cells where it is thought to be important in mitochondrial ammonia
transport; however, the full functions of AQP7 and AQP8 have yet to be identified (Su et al.,
2020). The unorthodox AQP11 is regulated by glucose in the proximal tubules and is thought to

be involved in osmoregulation within the endoplasmic reticulum (Su et al., 2020).
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Figure 4: Intrarenal expression profile of aquaporins (AQPs) in the mammalian kidneys. The
figure is a modification of that presented by Su et al. (2020).

1.4 AQPs in Aquatic Vertebrates-Fish

In teleost fish, osmotic balance is regulated by ion and water transport processes by three
main osmoregulatory organs: the gills, gastrointestinal tract, and kidneys. Seawater teleost fishes
maintain their extracellular fluids at an osmolality below that of their ambient environment
creating an osmotic gradient that promotes the loss of body water and influx of environmental
solutes. These fishes counteract the osmotic loss of water to the hyperosmotic environment by
drinking seawater and reducing their rate of glomerular filtration and urine production. The
diffusive movement of ions into the bodily fluids experienced by seawater fish is compensated
by the active secretion of Na™and ClI- across their gills (Larsen et al., 2014). In contrast,
freshwater teleost fishes maintain their extracellular fluids at an osmolality above that of their
ambient environment causing them to continuously gain body water and lose ions to the
hypoosmotic environment. This problem is counteracted by producing large volumes of dilute
urine and retaining ions via reabsorptive processes in the kidneys, the uptake of ions from food

sources, and active Na*/CI- uptake across the gills (Larsen et al., 2014). Euryhaline fish species



are capable of inhabiting both concentrated and dilute environments by shifting between these
two osmoregulatory strategies depending on the osmolality of their immediate environment.

Although AQPs have been identified in a variety of teleost species their physiological
role is overall poorly understood (Cerda and Finn, 2010). The Atlantic salmon, Sa/mo salar, is
often used as a euryhaline model species and has been used to study the role of AQPs in
osmoregulation. Six AQP isoforms have been found in the S. salar transcriptome. Notably,
AQP3 is found to be prominently expressed in the gill, AQP8 has high expression in the
intestine, and AQP1b is predominantly expressed in the kidneys (Tipsmark et al., 2010). Transfer
from freshwater to seawater induces a change in AQPs mRNA expression in gill, intestinal, and
renal tissues which may have functional significance in the osmoregulatory capabilities of S.
salar (Tipsmark et al., 2010).

The brachial mRNA expression of S. salar AQP1la and AQP3 decreased whereas AQP1b
increased upon seawater acclimation. While their direct contact with the environment and blood
is beneficial for the gills of fish to perform osmoregulatory ion fluxes, it also makes the epithelia
a major site for water exchange. When maintaining extracellular fluid osmolalities above that of
the immediate environment, it would be beneficial to keep transepithelial water permeability to a
minimum; however, this is not always possible (Hill et al., 2004). Brachial cells must therefore
have a high capacity for regulatory volume adjustments depending on the external environment’s
osmolality and could be partially accomplished by having low apical water permeability and
high basolateral water permeability. The response of branchial AQPs mRNA expression to
salinity challenges in S. salar may correspond to cellular reorganization occurring during salinity
shifts (Tipsmark et al., 2010).

Both intestinal AQP1a and AQP1b mRNA levels increased in seawater acclimated S.
salar but expression levels were higher in the muscle than in the enterocytes, which seem to
suggest a minor role in enterocyte water transport (Tipsmark et al., 2010). The AQP1a may be
localized in and facilitate water transport across endothelial cells, which was found to be a major
site of AQP expression in the intestine of eels (Martinez et al., 2005). The isoform AQP8b was
almost exclusively expressed in the mucosal layer of intestinal segments of S. salar and showed
a substantial increase after seawater exposure. In addition, AQP8b was the only isoform
predominantly expressed in the intestine, which suggests a particular significance in water

uptake in seawater (Tipsmark et al., 2010).



Unlike mammalian kidneys, teleost kidneys are not capable of producing hyperosmotic
urine (Stanley and Fleming, 1964). Although, isosmotic conditions may be reached in the urine
of euryhaline fish during acclimation to hypersaline conditions by increasing the rate of water
reabsorption from the glomerular filtrate within the distal segments of the nephrons. Aquaporin-
la mRNA expression was greatly elevated after the seawater transfer which is thought to
increase renal water reabsorption (Tipsmark et al., 2010). Both AQP3 and AQP10 mRNA
expression was also elevated during seawater acclimation suggesting these isoforms are
additionally involved in renal fluid balance and water reabsorption in seawater salmon (Tipsmark
et al., 2010).

Investigations of the role of AQPs in fishes are only just beginning and further
investigations are still needed including measurements of protein expression changes, cellular
localization patterns, and functional expression analyses of the isoforms in a variety of species to

further understand their osmoregulatory role in teleost fishes.

1.5 Invertebrate AQPs- Insects

Aquaporins have been well characterized in vertebrate classes, but to a lesser extent in
invertebrate classes. Most invertebrate AQP studies have primarily focused on insect model
species, namely Drosophila melanogaster and Aedes aegypti. In insects, an alternative
nomenclature system is typically used that characterizes AQPs by their phylogeny and function.
These subfamilies include the DRIPs, PRIPs, and BIBs. The DRIP family, named after the
Drosophila melanogaster gene, DRIP (DmDRIP), is most similar to the mammalian water
selective AQP4 isoform. The D. melanogaster DRIP has been functionally expressed in Xenopus
oocytes and acts as a water-specific AQP (Kaufmann et al., 2005). The second subfamily, the
PRIPs, named after the firefly, Pyrocoelia rufa, have been functionally characterized as water-
specific AQPs, similar to the DRIP family (Kikawada et al., 2008). The third subfamily of insect
AQPs is the D. melanogaster Big Brain (DmBIB) proteins. The D. melanogaster Big Brain
protein has been characterized not as a water channel but as a non-selective cation channel when
expressed in Xenopus oocytes and is thought to be regulated by tyrosine-kinase activity
(Yanochko and Yool, 2002). Through mutagenesis experiments, DmBIB has also been

determined to play a role in determining neural fate (Doherty et al., 1997).



The Malpighian tubules have long been used as models for investigations into the
mechanisms of fluid and ion transport in insects. Malpighian tubules are excretory organs
composed of a single cell layer of blind-ended tubules that lie within the abdominal body cavity
and empty into the junction between midgut and hindgut (Maddrell, 1964). Malpighian tubules
function similarly to the vertebrate kidneys that contain AQP channels and transporters that
facilitate the transport of water and other solutes across the basal and apical membrane of their
cells (Drake et al., 2015). For example, in the yellow fever mosquito, 4. aegypti, AQPs 1, 2, 4
and 5 have been confirmed to be expressed in the Malpighian tubules where they function as
water channels and mediate transcellular water and solute transport in adult females (Drake et al.,
2015). Female yellow fever mosquitos require an uptake of vertebrate blood for reproduction.
During blood meals, mosquitoes start to produce large amounts of urine to eliminate excess body
water while absorbing nutrients. Excess water is secreted from the Malpighian tubules into the
lumen of the gut where it is excreted through the hindgut and rectum (Drake et al., 2015). The 4.
aegypti AQP1is localized in the tracheolar cells that are associated with the Malpighian tubules
and functions as a water channel when expressed heterologously in Xenopus oocytes (Drake et
al., 2015). Similarly, 4. aegypti AQP2 and AQPS showed high water transport capabilities when
expressed in Xenopus oocytes. In addition to water transport, when expressed in Xenopus
oocytes, A. aegypti AQP4 was also found to significantly enhance the uptake of glycerol, urea,
erythritol, adonitol, mannitol, and trehalose (Drake et al., 2015). These findings support that
AQPs expressed in the Malpighian tubules are involved in the regulation of adult female
mosquito water homeostasis and solute reabsorption.

The larvae of A. aegypti are primarily found in freshwater and keep their internal body
fluids hyperosmotic to the environment and thus face an influx of water due to the osmotic
gradient. Under these conditions, an organ called the anal papillae function to actively absorb
ions from the external environment, across the epithelium and into the hemolymph (Akhter et al.,
2017). The anal papillae are composed of a thin epithelium covered by a cuticle and in addition
to the Malpighian tubules are in part responsible for osmoregulatory functions in larval A4.
aegypti. Aquaporins expressed in the anal papillae of larval A. aegypti are sites of water
permeability and greatly exaggerate the influx of water from their dilute environment (Akhter et
al., 2017). Water uptake via AQPs by the anal papillaec would seem counterproductive and the

physiological basis for the observed expression of AQPs in larvae inhabiting dilute conditions is
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not understood fully. The mRNA of six AQPs (AQP1-6) are found to be expressed within the
anal papillae of larval 4. aegypti where AQP4 and AQPS are localized to the syncytial
epithelium of the anal papillae (Akhter et al., 2017). It has also been shown that when larval A4.
aegypti are exposed to brackish conditions, AQPS5 expression increases (Akhter et al., 2017).
Further investigation is still needed to understand the role of AQPs of 4. aegypti in dilute
conditions; however, AQPs do seem to play a role in osmoregulation while in brackish

conditions.

1.6 Invertebrate AQPs- Crustaceans

While literature concerning osmoregulation in invertebrates exists, few studies have
characterized or investigated the importance of AQPs in these animals despite their likeliness to
experience osmotic stress (Henry et al., 2012). Euryhaline and coastal invertebrates face regular
osmotic challenges due to migration, inhabitation of tide pools, tidal action, or air exposure/semi-
terrestrialism (Larsen et al., 2014). These lifestyles expose crustaceans to major osmotic
challenges resulting in transepithelial water fluxes across their outer epithelia, especially across
respiratory surfaces whose cuticle is not calcified (Rivera-Ingraham and Lignot, 2017). This
water flux is threatening to the bodily fluids of aquatic crustaceans and therefore must be
regulated.

While the transepithelial movement of Na* and CI" provide an osmotic driving force that
promotes the movement of water through paracellular pathways, the presence of AQPs can
greatly increase the rate of water flux by facilitating its transmembrane movement (Larsen et al.,
2014). Crustaceans may change the water permeability of their tissues in response to fluctuating
salinity as part of their osmoregulatory mechanism (Rahi et al., 2018). Evidence for this has been
found in the Japanese blue crab, Portunus trituberculatus, where a transcriptomic analysis
revealed that branchial AQP1 mRNA expression decreased in response to long-term hypo- and
hyper-osmotic stress (Lv et al., 2013). Reducing the mRNA expression levels of branchial AQPs
may operate as a protective mechanism to reduce the shrinking and swelling of cells within the
gill (Lv et al., 2013). Similar findings were also found in the bay barnacle, Balanus improvisus,
whose mantle AQP1 mRNA expression decreased by 121-fold when transferred from seawater

to 3 ppt. water for 2 weeks (Lind et al., 2017). In contrast, the gills of the whiteleg shrimp,
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Litopenaeus vannamei, increased the mRNA expression of an AQP by 113-fold when transferred
from 20 to 3 ppt. for 24 hours (Wang et al., 2015). Similar results were also identified in larval
Callinectes sapidus where an AQP1-like paralog’s mRNA expression levels increased following
a 96-hour exposure to 15 from 30 ppt. salinity (Chung et al., 2012).

In addition to altering the capacity for transcellular water movement, isoforms of the
aquaglyceroporin (GLP) subfamily have also been shown to allow the transport of small ions in
crustaceans. In the salmon louse, Lepeophtheirus salmonis, GLP1 version 1, GLP2, GLP3
version and GLP3 version 2 were each found to transport water, glycerol, and urea (Stavang et
al., 2015). Aquaglyceroporins were also found in the bay barnacle, B. improvises where the
GLP2 isoform was also found to transport water and glycerol (Lind et al., 2017). Although these
functional analyses are important, the physiological importance of crustacean aquaglyceroporins
which would include their sub-cellular localization and induction has not been determined.

Members of the big brain proteins (BIBs) subfamily have also been identified in L.
salmonis, and B. improvises (Lind et al., 2017; Stavang et al., 2015). Heterologous expression of
the L. salmonis BIB channel in X. /aevis oocytes did not alter the oocyte’s water permeability
compared to controls. The lack of water transport of L. salmonis BIB is thought to be a result of
an unusual constriction residue at the entrance to the pore and may support a role of ion transport
and/or cell adhesion as reported for the Drosophila BIB (Stavang et al., 2015; Yanochko and
Yool, 2002).

1.7 Mechanisms of Osmoregulation in Carcinus maenas

The green shore crab, Carcinus maenas, is a euryhaline weak osmoregulating crab
tolerant of salinities between 10-35 ppt (Henry, 2005; Henry et al., 2012; Nagel, 1934). Although
C. maenas is native to the Atlantic and Baltic coasts of Europe it is one of the most successful
global invaders having colonized the coasts of North and South America, Australia, Southern
Africa, and Japan (Compton et al., 2010; Grosholz and Ruiz, 1996). A major factor in its success
as an invader relates to its ability to permanently inhabit fully marine and dilute environments
(Larsen et al., 2014; Rathmayer and Siebers, 2001; Siebers et al., 1983; Winkler et al., 1988),
temporarily reside within tide-pools (Truchot, 1988), and undergo short-term emersion (Rivera-

Ingraham and Lignot, 2017; Simonik and Henry, 2014). Carcinus’ tolerance to osmotic stress
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stems from its ability to shift from an osmoconforming state in seawater to an osmoregulatory in
dilute media below 26 ppt. (Henry, 2005; Kirschner, 2004). This phenomenon is achieved
through the active uptake of environmental Na* and CI- across the crab’s posterior gills (pairs #7-
9; Siebers et al., 1982). In dilute salinities, the posterior gills of Carcinus undergo morphological
changes that increase the number of basolateral infoldings and the abundance of mitochondria to
support the active uptake of environmental Na* and CI- (Compere et al., 1989; Copeland and
Fitzjarrell, 1968; Freire et al., 2008; Neufeld et al., 1980). The main driving force for the active
uptake of Na* and CI- from the environment across the posterior gills of C. maenas (Fig. 5) is the
active (i.e. ATP-dependent) export of three cytosolic Na* into the hemolymph and importation of
two K* from the hemolymph into the cytosol across the basolateral membrane by the Na™/K*-
ATPase that keeps cytosolic [Na*] low and hyperpolarizes the epithelia (Lucu and Siebers, 1987,
Siebers et al., 1985). Basolateral K channels allow cytosolic K* to flow back into the
hemolymph, essentially allowing the ions to be recycled for use by the Na*/K*-ATPase (Onken
et al., 1991; Riestenpatt et al., 1996). Due to the electrochemical gradients established by the
Na*/K*-ATPase, Na* within the environment is drawn toward the epithelia and can enter the
hemolymph directly via paracellular diffusion or through apical transporters including the
Na*/K*/2ClI" cotransporter (Riestenpatt et al., 1996; Towle and Weihrauch, 2001) whose activity
is dependent on K*-recycling achieved through apically expressed K* channels (Lucu and Towle,
2010; Onken et al., 2003; Riestenpatt et al., 1996). Chloride ions crossing the apical membrane
through Na*/K*/2Cl" cotransporter activity are moved into the hemolymph across basolateral CI
channels due to the electronegativity of the cytosol relative to the hemolymph (Lucu and Siebers,
1987; Onken et al., 1991; Riestenpatt et al., 1996). Apical Na*/H" and CI/HCOs3" exchangers also
contribute to the absorption of Na*/Cl from the environment, linking carbonic anhydrase to the
osmoregulatory process due to its ability to catalytically hydrate intracellular CO; (either
metabolically produced or sourced from the hemolymph through Rhesus-protein mediated
diffusion into the cytosol; Endeward et al., 2008; Soupene et al., 2004; Thies et al., 2022) to form
the counter-ions used by the exchangers (Henry, 2005, 2001; Henry et al., 2003; Lucu, 1989;
Siebers et al., 1987). This mechanism (Fig. 5) allows C. maenas to maintain its extracellular
osmolality well above that of its environment; however, it also creates an osmotic gradient that
promotes an influx of water across the crab’s body. The excess water may be eliminated from the

animal through the production of hypoosmotic urine by the ultrafiltrating antennal glands,
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although its mechanism is poorly understood (Henry, 1995; Tsai and Lin, 2014). These results
may not represent all aquatic brachyuran equally; however, they should operate as a comparable
model for other weak osmoregulators that do not depend on an apical V-type H+-ATPase (Henry
etal., 2012).
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Figure 5: Hypothetical mechanism of transbranchial Na* and Cl- absorption in osmoregulating
Carcinus maenas based on the models presented for moderately leaky weak osmoregulators by
Henry et al. (2012). Primary active transport is indicated by lightning bolts, question marks
indicate a transporter, enzyme, or reaction whose specific identity and/or cellular localization are
hypothesized but not determined.
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1.8 The role of urea in osmoregulation in crustaceans

Although often viewed as an excretable form of nitrogenous waste, some species are
known to use urea for osmoregulatory purposes. It has been well documented that within the
mammalian kidneys, urea is used as a non-ionic osmolyte to adjust the osmolality of urine and
the amount of water being excreted during diuretic and antidiuretic regulatory processes (Fenton,
2009; Higgins, 2016). In brief, the process involves the concentration of urea within the
collecting duct to create an osmotic gradient promoting the aquaporin-facilitated movement of
water across the epithelia into the blood. Hormones such as vasopressin, also known as the anti-

diuresis hormone (ADH), signal for the insertion of more aquaporins into the collecting duct
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epithelia and the insertion of urea transporters at the duct’s distal region to recycle urea from the
duct, through the medulla, and into the ascending limb to greatly enhance water reabsorption
(Fenton, 2009; Higgins, 2016).

Despite its prevalence in mammalian osmoregulation, the putative osmoregulatory role of
urea in osmoregulating crustaceans has not been considered. Aquatic crustaceans are
ammonotelic with urea excretion only accounting for 20% of the total nitrogen excreted in
freshwater and seawater species (Delaunay, 1931; Dresel and Moyle, 1950; Jawed, 1969;
Krishnamoorthy and Srihari, 1973; Needham, 1957; Weihrauch et al., 1999a). However, in C.
maenas, hemolymph urea concentrations increase during acclimation to dilute salinity from ca.
20-80 pmol 1! in seawater-acclimated crabs to 600—1000 umol 1! in crabs acclimated to 10 ppt.
salinity. Additionally, when the gills of brackish acclimated C. maenas were perfused employing
an outwardly directed urea gradient of 600:0 umol 1!, no branchial urea excretion was found
indicating the gills were not permeable for urea (Weihrauch et al., 2009, 1999b). In fact, the gills
appeared to increase their energetic expense during this perfusion, as suggested by a 71%
increase in branchial metabolic ammonia production, providing some indication that an energy
consuming urea retention mechanism may exist (Weihrauch et al., 2009, 1999b). Given that
hemolymph urea has not been given a conclusive physiological significance in aquatic
crustaceans, the elevation of hemolymph urea under dilute conditions may indicate an

osmoregulatory potential.

1.9 Carcinus maenas aquaporins

This thesis employs the well-characterized euryhaline green shore crab, Carcinus
maenas, as an experimental osmoregulatory model. For decades, research has focused on Na*
and CI movements across their multifunctional gills; however, the importance of water flux has
been untouched despite the changing osmotic pressure gradients associated with the
osmoregulatory activity. Presented here is the investigated potential osmoregulatory role of
AQP-mediated water and urea transport in aquatic brachyurans. Putative AQP isoforms were
identified in a transcriptome of C. maenas and classified based on their structural homology to
AQPs of other known AQP sequences. Heterologous expression of C. maenas' AQP isoforms in

Xenopus laevis oocytes determined their water and urea transport capabilities. Differences in the
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mRNA expression of the AQPs were measured in long-term seawater and brackish water
acclimated C. maenas. Furthermore, changes in the AQP isoform's mRNA expression levels
were measured in parallel to changes in the hemolymph and urinary osmolality of seawater-

acclimated C. maenas upon acute hypoosmotic stress.
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1.8 Aims and Objectives

This thesis aims to identify and characterize aquaporins (AQPs) in the euryhaline model

species, Carcinus maenas and investigate their potential osmoregulatory role.

The objectives of this study include:

1. To screen the transcriptome of C. maenas to obtain sequence information of potential

AQPs.

2. Use the Maximum Likelihood sequence analysis method to classify potential C. maenas

AQPs into subfamilies of AQPs to identify predicted substrates.

3. Use quantitative PCR (qPCR) to determine tissue and salinity-specific gene expression of

C. maenas AQPs.

4. Determine cellular localization of C. maenas classical AQP (CmAQP1) to investigate the
potential role of CmAQP1 in osmoregulation and cell volume regulation in brachial

tissue.

5. Use qPCR to determine mRNA response of identified AQPs to acute salinity stress in

osmoregulatory tissues: the gills and the antennal gland.

6. Investigate C. maenas’ hemolymph and urine osmolality during exposure to brackish
conditions for 7 days to identify the potential role of AQPs in water permeability across

body surfaces in dilute conditions.

7. Examine the urea content in C. maenas’ hemolymph and urine during exposure to

brackish conditions for 7 days to investigate the use of urea as an osmolyte.
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8. Functionally express C. maenas AQP1, GLP1 and, BIB1 in the expression system of
Xenopus laevis oocytes, to determine substrates of these isoforms by measurement of the

oocyte osmotic water permeability in hypoosmotic stress and radioactive urea uptake.
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1.9 Hypotheses

5.

. The mRNA abundance of C. maenas AQP1, GLP1, and BIB1 transcripts will be lower in C.

maenas gills, antennal glands, hindgut, ganglia, and claw muscle tissues acclimated to

brackish water conditions (10 ppt) compared to in seawater conditions (32 ppt.).

Low salinity exposure (10 ppt.) of 2 and 7 days will result in a decrease in mRNA expression

of C. maeans AQPs in osmoregulatory tissues, gills, and antennal glands.

Urine osmolality will decrease when in brackish water to produce hypoosmotic urine.

Hemolymph urea concentration will increase during exposure to brackish conditions.

Functional expression of C. maenas AQPs will reveal the substrate(s) will be largely

conserved to their predicted orthologs subfamilies.
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2.0 Materials and Methods

2.1 Animals

Wild-caught adult male C. maenas were obtained from Northern Placentia Bay,
Newfoundland, Canada, located in the North Atlantic Ocean and subsequently transported to the
Animal Holding Facility at the University of Manitoba (Winnipeg, Manitoba, Canada). Prior to
experimentation, animals were maintained in either 1200-gallons of recirculating artificial
seawater (32 ppt., pH 8.1, 14°C; Fritz Reef Pro Mix (RPM), Fritz Aquatics, Mesquite, TX, USA)
or recirculating 300-gallon tanks of brackish water (10 ppt., pH 8.1, 14°C, Fritz RPM). The light:
dark cycle was kept to 14:10 hours for both conditions. The shelter was provided in the form of
PVC pipes and plastic structures. Crabs were fed an ad libitum diet of bay scallops every 3 days.
Experimental animals were fasted for 3-days prior to experimentation to reduce the effects of

feeding on collected data.

2.2 Hypoosmotic stress and fluid collection

Prior to experimentation, seawater-acclimated crabs were transferred from their general
housing aquaria to a recirculating 60-gallon tank of continuously aerated seawater (32 ppt., pH
8.1, Fritz RPM) whose 14°C temperature and 14:10 hour light: dark cycle were maintained by a
controlled environmental room (Conviron, Winnipeg, MB, CA). Individuals were identified by
symbolic markings painted on their exoskeleton with nail polish. After a week of acclimation to
the 32 ppt. experimental setup, hemolymph and urine samples were collected (t = 0 h) and the
environmental salinity was subsequently reduced directly to 10 ppt. Hemolymph (ca. 150 pl)
was sampled from the arthrodial membrane of the rear walking leg using an 18-gauge needle
whereas urine was aspirated from the deflected nephropore using a pipet after thoroughly drying
the crab’s anterior region as described by Allen et al. (2021). Additional hemolymph and urine
samples were collected after 3, 6, 12,18, 24, 48, and 168 hours (7-days) of exposure to brackish
conditions (10 ppt.). This exposure was repeated 3 times throughout this study, each using
different groups of animals to reduce the effects of repeatedly sampling bodily fluids of the same

individuals over a short period of time.
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2.3 Osmolality measurements

Hemolymph, urine, and water samples collected from the first group of crabs (n = 8)
exposed to hypoosmotic stress were immediately frozen at -20°C until measurements were made
within the following 48 hours. Osmolality was measured using a vapour pressure osmometer
(VAPRO Model 5520, Wescor, UT, USA) calibrated to 100, 290, and 1000 mOsmol kg'!

commercial standards (Thermo Scientific).

2.4 Spectrophotometric measurement of urea

Previously frozen hemolymph and urine samples collected from the second group of
animals exposed to hypoosmotic stress (n = 12) were deproteinized and neutralized prior to
performing spectrophotometric measurements. Deproteinization was achieved by mixing
samples with a 1:2 or 1:4 ratio of 6% perchloric acid prepared in an appropriate background of
NaCl to match that of the sample. Acidified samples were then incubated on ice for 10-minutes
prior to centrifugation (4°C, 21,000 x g, 5 min). The supernatant was then collected and
neutralized with 0.4 volumes of 3 mol I'! KOH and centrifuged to remove the KC1O4 precipitate
(4°C, 21,000 x g, 5 min). This supernatant was then used to spectrophotometrically measure urea
concentrations using a microplate adapted equivalent of the diacetyl
monoxime/thiosemicarbazide method of Rahmatullah and Boyde (1980). In brief, 50 pul of
deproteinized samples or equally treated urea standards were combined with an equal volume of
urea assay reagent (containing 1.2 mol I™! H2SO4, 0.33 mol 1! H3PO4, 1.37 x10** mol 1! FeCls,
6.1 x10”° mol I"! thiosemicarbazide, and 2.74 x10-3 mol 1! diacetyl monoxime) and subsequently
incubated at 99°C for 10 minutes. Samples were allowed to cool to room temperature prior to
reading absorption measurements at a wavelength of 540 nm (Powerwave, BioTek, Winooski,
VT, USA). To confirm that this assay was not detecting non-urea compounds, a 7-day in 10 ppt.
hemolymph sample was measured in the presence and absence of urease (10 U ml™!, 30 min at

room temperature). The urease-treated sample had no detectable urea (data not shown).
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2.5 Quantitative PCR

Crabs that were part of the third hypoosmotic stress experiment (n = 7) were placed on
ice for 20-30 minutes and gill 5, gill 8, and antennal glands were dissected under RNase-free
conditions and stored in RNAlater (Applied Biosystems, Austin, TX, USA) and were kept at 4°C
for 24 hours prior to storage at —80°C until RNA isolation. The same procedures were performed
on crabs that were long-term acclimated to either 32 ppt. or 10 ppt. conditions for more than 3
months to assess long-term differences in the distribution of target genes in gills 5 and 8, the
antennal glands, claw muscle, hindgut epithelial cells, and ganglia. Total RNA was isolated from
tissues with TRI Reagent (Sigma-Aldrich, St. Louis, MO, USA). The quality and quantity of the
RNA were monitored spectrophotometrically using a NanoDrop 2000c¢ spectrophotometer
(Thermo Scientific, Ottawa, ON, CA). Prior to the synthesis of cDNA, 0.8 pug of the isolated total
RNA was treated with DNase I (Invitrogen, MA, USA) to remove any potential DNA
contamination. The DNase treatment was verified to be successful by the failure to amplify
transcripts encoding a ribosomal protein (primer pair RPL8 F1/R1; Table 1) via PCR.
Complementary DNA (cDNA) was then synthesized from 0.8 ng DNase-I-treated RNA using an
iScript cDNA synthesis kit (Bio-Rad, Mississauga, ON, CA). Successful cDNA synthesis was
evaluated by the amplification of RPLS transcripts via PCR (primer pair RPL8 F1/R1; Table 1).
All PCR products were assessed by ethidium bromide-stained TAE agarose gel electrophoresis.

Primer pairs were designed to target putative aquaporins (CmAQP1, CmGLP1, and
CmBIB1) identified from a publicly available C. maenas transcriptome. Additional primers were
designed to target transcripts encoding the ribosomal protein L8 (RPL8) and elongation factor 1
alpha (EF1a) to be used as housekeeping reference genes (Table 1). PCR products of the
predicted size were purified from excised agarose gel fragments (E.Z.N.A Gel Extraction Kit,
Bio Tek, Winooski, VT, USA) and sequenced by the Centre for Applied Genomics (Toronto,
ON, CA) to verify the product’s sequence prior to performing quantitative PCR (qPCR).

The qPCR reaction mixture for one reaction contained 5 pl of SsoAdvanced Universal
SYBR Green Supermix (Biorad, Mississauga, ON, CA), 0.25 ul of a stock 10 umol 1! sense and
antisense gene-specific primers to the final reaction concentrations of 250 nmol I'! (Integrated
DNA Technologies, IA, USA), 0.5 ul of molecular grade water and 4 pl of the template. The

thermal cycle protocol (Biorad CFX connect) consisted of 3 minutes of initial denaturation at
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98°C followed by 40 cycles with denaturing for 15 seconds at 98°C, annealing for 30 seconds
and an elongation step for 30 seconds at 72°C. A melt curve analysis was used after thermal
cycles to verify a single PCR product. The efficiency of the assay was assessed by the
construction of standard curves. Standard curves were generated as a dilution series of cDNA
where a minimum R2 value of 0.9 was required for all standard curves. Changes in the
abundance of transcripts following 2 and 7-day hypoosmotic stress were normalized to
CrabRPLS8 or CmEF1a (F1/R1 primers; Table 1) using the Pfaffl (2004) method.

No housekeeping gene with constant mRNA expression levels could be identified for
both 32 ppt. and 10 ppt. long-term acclimated green crabs across all tissues. Hence, absolute
quantification was solely assessed using the included standard curve. In this case, a standard
curve based on dilution of a corresponding purified PCR product was used (ten-fold serial
dilution 1000 - 0.1 fg). Values are presented as copy numbers and were calculated using the

following equation, where 6.02x10%3 is Avogadro's Constant, the amount of DNA put into the

reaction (ng) divided by the DNA template size (base pairs), 660 g mol! is the molecular weight

of one base pair and 1x10° ng (g'!) is used to convert of molecular weight to ng:

6.02x10% (copy mol'l)x DNA amount (ng)
DNA template size (bp) x 660 (g mol'l) x 1x10° (ng g!)

Copy number (ng=1)=

The CT values of the standard curves were plotted against the logarithm of their initial template

copy numbers. The linear regression equation was then used to determine the logarithm copy

number in each tissue. The resulting value was raised as an exponent to produce a copy number

of each gene in each given tissue in long-term acclimated 32 ppt. and 10 ppt. crabs.

2.6 Obtaining the open reading frame of C. maenas aquaporins

Except for CmGLP1, full open reading frames (ORFs) sequences were previously

published on Genbank (https://www.ncbi.nlm.nih.gov/genbank/). Degenerate primers (Table 2)

were designed based on sequences of GLP-like of Portunus trituberculatus (GFFJ01052468.1)
and Eriocheir sinensis (GFBL01038362.1) to amplify the missing 5’ end of CmGLP1. Primers
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were also designed on a published 3’ end sequence for CmGLP1 (GBXE01131729.1) to amplify
its 3” end (Table 2).

A cDNA template was used in obtaining CmGLP1 PCR products and was amplified
using Q5 High-Fidelity DNA Polymerase (NEB, Whitby, ON, Canada) following this protocol:
initial denaturation at 98°C for 3 minutes, followed by 45 cycles of: denaturation at 98°C 10
seconds, annealing at 50°C for 30 seconds, elongation at 72°C for 30 seconds and final
elongation at 72°C for 2 minutes. Products were then excised and purified from agarose gels
using the GeneJET Gel Extraction Kit (Thermo Scientific, Ottawa, ON, CA). The purified 5° and
3’ end PCR products were then combined, re-amplified, and purified to produce the full ORF.
The full CmGLP1 ORF was then subcloned into a pJET 1.2/blunt vector (Thermo Scientific)
using DH5a E.coli competent cells (Invitrogen, Waltham, MA, USA). Bacterial colonies were
purified using GeneJET Plasmid Miniprep Kit (Thermo Scientific, Ottawa, ON, CA) and sent for
sequencing to confirm verify its sequence (Centre for Applied Genomics, Toronto, ON, CA) by
comparing to the aforementioned GLP-like P. trituberculatus and E. sinensis nucleotide
sequences.

Primer pairs were designed to target putative CmAQP1 identified from a publicly
available C. maenas transcriptome (Table 3). The CmAQP1 ORF was amplified using a cDNA
template and proofreading Phusion High-Fidelity DNA Polymerase (Thermo Scientific, Ottawa,
ON, CA) using the following touchdown PCR protocol: initial denaturation at 98°C for 2
minutes, followed by 25 cycles of denaturation at 98°C for 20 seconds, annealing from 70-45°C
for 15 seconds decreasing 1°C per cycle, elongation at 72°C for 1 minute, followed by 10 cycles
of denaturation at 98°C for 20 seconds, annealing at 45°C for 15 seconds, elongation at 72°C 1
minute followed by a final elongation at 72°C for 10 minutes. The resultant CmAQP1 ORF gel
fragment was extracted and purified using GeneJET Gel Extraction Kit (Thermo Scientific,
Ottawa, ON, CA).

Primer pairs were designed to target putative CmBIB1 identified from a publicly
available C. maenas transcriptome (Table 3). The CmBIB1 ORF was amplified from a cDNA
template utilizing Q5 High-Fidelity DNA Polymerase (NEB, Whitby, ON, Canada). CmBIB1
was obtained using the following touchdown PCR protocol: initial denaturation at 98°C for 2
minutes followed by 20 cycles of denaturation at 98°C for 10 seconds, annealing from 70-50°C

for 15 seconds decreasing 1°C per cycle, elongation at 72°C for 1 minute and 30 seconds,
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followed by 15 cycles of denaturation at 98°C 10 seconds, annealing at 45°C for 15 seconds,
elongation at 72°C for 1 minute and 30 seconds, followed by a final elongation at 72°C for 3
minutes. The CmBIB1 ORF gel fragment was extracted and purified using GeneJET Gel
Extraction Kit (Thermo Scientific, Ottawa, ON, CA).

2.7 Cloning and sequence characterization of C. maenas aquaporins

To clone the full-length open reading frames the following procedures were performed:
Primers containing restriction enzyme sequences (Table 2) were designed in the untranslated
regions (UTRs) at the 5" and 3’ ends to produce full-length clones that included the open reading
frames (ORF). The purified ORF PCR products obtained in the previously mentioned section
were used as a template utilizing Q5 High-Fidelity DNA Polymerase (NEB). The resulting full-
length ORF PCR products were run on an agarose gel and purified with the GeneJET Gel
Extraction Kit (Thermo Scientific). The purified ORF PCR products and custom-made X. laevis
oocyte pGEM-HE vector were digested with corresponding restriction enzymes and ligated
together with T4 ligase (Thermo Scientific). The custom-made pGEM-HE vector (Promega
pGEM 3Z) contains 3’ and 5° UTRs of a Xenopus beta-globin gene to be expressed in Xenopus
laevis oocytes (Liman et al., 1992). The pGEM-HE vector containing the ligated aquaporin was
cloned into DH5a. E. coli cells (Invitrogen), and subsequent bacterial colonies produced were
purified using GeneJET Plasmid Miniprep Kit (Thermo Scientific) and sequenced (Centre for
Applied Genomics, Toronto, ON, CA). The sequence homology of CmAQP1, CmGLP1, and
CmBIB1 were examined using the BLAST network server (blast.ncbi.nih.gov/Blast.cgi).

Once full-length open reading frames of CmAQP1, CmGLP1, and CmBIB1 were
confirmed by sequencing, sequence analysis of the deduced amino acid sequences was
performed. The deduced amino acid sequences of complete ORFs were used to predict the
presence of transmembrane helices in the proteins using the TMHMM - 2.0 Prediction of
transmembrane helices in proteins online tool

(https://services.healthtech.dtu.dk/service.php? TMHMM-2.0). The CmBIB1 isoform was aligned

with the Drosophila melanogaster BIB (for sequence reference see Table 3) to identify regions
of transmembrane helices (TMH). Additionally, amino acid sequences were analyzed for the

presence of signal peptides using SignalP 3.0 Server (http://www.cbs.dtu.dk/services/SignalP)
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and the prediction of phosphorylation sites using NetPhos 2.0 Server with a minimum potential
score of 0.9 was performed (http://www.cbs.dtu.dk/services/NetPhos/).

Sequence homology analyses were performed using the Maximum Likelihood method
and Bayesian inference of the deduced amino acid alignments of non-redundant arthropod and
human AQPs to create clusters of subfamilies. Orthologous sequences were obtained from open
sources (Genbank, transcriptome shotgun assemblies, or sequences previously identified in
published literature) and assembled using the COBALT Multiple Alignment Tool

(https://www.ncbi.nlm.nih.gov/tools/cobalt/cobalt.cgi). Only full-length open reading frame

sequences containing the two conserved NPA motif sites were included in the sequence analysis
by the Maximum Likelihood method. A full list of the amino acid Genbank accession numbers
of sequences used in the study is provided in Table 3. The sequence analysis by the Maximum
Likelihood method and Bayesian interferences using the JTT matrix-based model was conducted

in MEGA 11 (https://www.megasoftware.net) using a bootstrap analysis performed with 1000

replicates (Jones et al., 1992). The percentage of trees in which the associated taxa clustered
together is shown next to the branches. Initial trees for the heuristic search were obtained
automatically by applying Neighbor-Join and BioNJ algorithms to a matrix of pairwise distances
estimated using the JTT model, then selecting the topology with a superior log-likelihood value.
The tree is drawn to scale, with branch lengths measured in the number of substitutions per site.

This analysis involved 61 amino acid sequences. There were a total of 1002 positions in the final

dataset. Text formatting was adjusted in LibreOffice (https://www.libreoffice.org).

2.8 Capped RNA synthesis and expression of CmAQP1, CmGLP1, and CmBIBI1 in Xenopus

laevis oocytes

A single restriction digest of the pPGEM-HE vector containing either CmAQP1,
CmGLPI, or CmBIB1 was completed to synthesize capped mRNA (cRNA) by the HiScribe T7
ARCA mRNA kit (NEB). The restriction enzyme SPHI-HF (NEB) was used for CmAQP1 while
NOTI (Thermo Scientific) was used for CmGLP1 and CmBIB1. Synthesized cRNA was DNase [
treated and then purified using E.Z.N.A.® MicroElute RNA Clean-Up Kit (Omega Bio Tek, GA,
USA). The cRNA was quantified spectrophotometrically (Nanodrop 2000c, Thermo Scientific)

and the integrity was assessed on a MOPS agarose gel containing formaldehyde.
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Oocytes were removed from mature female Xenopus laevis according to the approved
animal protocol (#F20-021) and treated with collagenase type IV (Thermo Scientific), prepared
in Ca**free oocyte ringer (OR2; in mmol 1'!: 82.5 NaCl, 2.5 KCI, 1 MgCl,, 1 Na,HPOs, 5
HEPES, pH 7.5), and gently agitated for 90 minutes at room temperature to free follicle cells.
Collagenase activity was terminated by rinsing the oocytes three times in standard OR2
(containing 1 mmol I'! CaCly). Oocytes at stages V and VI were selected for injections based on
the presence of a distinct contrast between the black animal hemisphere and the white vegetal
hemisphere (Newman et al., 2018). Selected oocytes were then rinsed four additional times with
standard OR2 and allowed to recover in OR2 supplemented with 2.5 mmol! sodium pyruvate,
penicillin-streptomycin (1 mg ml™!), and gentamicin (50 pg ml™!) overnight at 17°C. The
following day, individual oocytes were injected cytoplasmically with 36.0 ng pl™! of cRNA or
nuclease-free water as a corresponding control using a Nanoject II auto-nanoliter injector
(Drummond Scientific, PA, USA). Injected oocytes were rinsed twice daily with standard OR2
and incubated at 17°C with OR2 containing antibiotics and sodium pyruvate for 3 days until
experimentation. All oocyte experiments were performed on two ovaries to confirm

repeatability.

2.9 Water permeability assay

Injected oocytes were exposed to acute hypoosmotic stress to determine if the
heterologously expressed C. maenas aquaporins transport water. Oocytes were initially exposed
to an isosmotic OR2 (pH 7.5, osmolality 200 mOsmol kg™!), and visualized under a microscope
fitted with a video recorder (AmScope HDMI Model 1080P HD205-Wu Camera, PA, USA). The
OR2 was then diluted to 37.5 mOsmol kg™! to expose oocytes to hypoosmotic stress. Transport of
water in cRNA-injected oocytes was quantified by the time required for the oocyte’s membrane
to rupture due to the hypoosmotic stress compared to control water-injected oocytes. The
osmolality of the solutions was measured using a vapour pressure osmometer (VAPRO Model
5520, Wescor, UT, USA).

Due to their ability to transport water, oocytes expressing CmAQP1 and CmGLP1 were
additionally bathed in standard OR2 containing a general AQP inhibitor (NiCl», 1 mmol I'!) for 1
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hour and then transferred to diluted OR2 (37.5 mOsmol kg™!) containing 1 mmol I'! NiCl, to

determine if the observed transport of water of the oocyte was Ni%* sensitive.

2.10 Urea uptake experiments

Two experiments were performed to identify whether any of the three AQP isoforms
found within Carcinus maenas transport urea. Each experiment was repeated 3 times on two
ovaries to confirm repeatability.

In the first experiment, groups of control (water-injected) or C. maenas aquaporins
(cRNA- injected) oocytes (2 oocytes, 3 replicates; n = 6) were placed in 15-ml tubes and
incubated at room temperature in OR2 solutions containing 1 mmol 1! urea and radiolabeled urea
(*C-urea, 1 uCi ml"!, Non-GLP grade, Moravek Inc, CA, USA) for either 10, 20, 30, or 60
minutes to optimize incubation period time (Fig. 14). Once the incubation period was complete,
oocytes were rinsed three times with ice-cold standard OR2 containing 1 mmol 1! urea.
Individual oocytes were then lysed in 200 pl of 10% sodium dodecyl sulphate (SDS) and their
radioactivity was quantified by scintillation counting using 3 ml Ultima-Gold scintillation
cocktail (PerkinElmer, Waltham, MA, USA) in a Tri-Carb liquid scintillation counter
(PerkinElmer) utilizing a 5-minute count protocol. In addition to the radioactivity of the oocytes,
the radioactivity of the incubation and final washing buffer was also measured by adding 20 pl of
the buffer to 3 ml Ultima-Gold scintillation cocktail (PerkinElmer). A 30-minute incubation
period was selected for all following experiments.

In a second experiment, groups of control (water-injected) or CmGLP1 (cRNA- injected)
oocytes (3 oocytes, 3 replicates; n = 9) were pre-incubated at room temperature in OR2
containing 1 mmol 1! NiCl, for 1 hour to potentially inhibit CmGLP1 transport of urea. Once
this incubation was complete, these oocytes were transferred to standard OR2 solution
containing 1 mmol 1"! urea and its radiolabeled equivalent for 30 minutes ('*C-urea, 1 uCi ml!).
Incubation was terminated by rinsing the oocytes three times with ice-cold standard OR2
containing 1 mmol 1! urea and 1 mmol I'! NiCl,. Oocytes were then lysed in 200 ul of 10% SDS
and their radioactivity was quantified by scintillation counting using 3 ml Ultima-Gold

scintillation cocktail. The radioactivity of the incubation (40570 cpm) and final washing buffer
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(9 cpm) was also measured by adding 20 pl of the buffer to 3 ml Ultima-Gold scintillation
cocktail (PerkinElmer).

2.11 Antibody production and immunohistochemistry

The peptide sequence (PKSASYDMELDNYGKRANQP, GenTel Laboratories, WI,
USA) was injected into chickens to raise CmAQP1-specific polyclonal antibodies. The CmAQP1
IgY antibody was then affinity-purified using a SulfoLink™ Immobilization kit for peptides
(Thermo Scientific). When the anti-CmAQP1 was omitted, the corresponding secondary anti-
chicken IgG caused no non-specific signal.

Due to superious antibody immunoreactivity with the biofilm growing on the cuticle,
posterior gills of recently molted seawater acclimated green crabs were sampled. The gills were
fixed overnight in 10% neutral buffered formalin (Thermo Scientific) in 2x PBS (Phosphate
Buffered Saline, pH 7.4) at 4°C and then stored in 70% reagent alcohol at 4°C. Gills were
processed for paraffin embedding, sectioned at 5 pm, and collected onto APS coated slides.
Sections were air-dried and dewaxed before staining. Antigen retrieval was performed on
sections (0.05% citraconic anhydride, pH 7.3 for 30 min at boiling and 1% SDS/PBS for 5 min at
room temperature; see Wilson (2007)) before blocking the sections with 5% normal goat serum
in 1% bovine serum albumin TPBS (0.05% tween20/PBS). Sections were then incubated with a
combination of chicken anti-AQP and rabbit anti-NKA (Wilson, 2007) primary antibodies
diluted at 1:1000 and 1:500, respectively, in 1% BSA/TPBS overnight at 4°C in a humidity
chamber. After, sections were rinsed (5, 10, 15 min) and probed with 1:500 dilutions of
combined secondary goat anti-chicken Alexa 488 and goat anti-rabbit Alexa 555 antibodies for 1
h at 37°C. Following a final rinse series, and DAPI nuclear staining, coverslips were mounted
with 90% glycerol/PBS with 0.05% NaN3. Sections were viewed with a Zeiss Axioscope Al
widefield photomicroscope with an AxioCam MRc colour camera and Zen software. Figures

were composed in Adobe Photoshop version 22.5.1.
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2.12 Statistics

Statistical analyses were performed using GraphPad Prism Version 9.3.1 (GraphPad

Software, San Diego, California USA, www.graphpad.com). The normality of all data was

assessed using the Shapiro-Wilk test. Homogeneity of variance was tested using Spearman’s test
for two-way ANOV As or Brown-Forsythe test for one-way ANOV As. Data that were not
normally distributed and equally variant were transformed using either Yeo-Johnson, log, or
square root transformations to meet the assumptions of parametric statistical tests. Statistical
differences in hemolymph and urine osmolality over time upon exposure to 10 ppt. brackish
water was determined using a one-way repeated measure ANOVA and a one-way mixed-effect
ANOVA, respectively, while differences between hemolymph and urine osmolality at each
sampling time point were assessed using a Student’s t-test. Changes in hemolymph urea
concentrations during hypoosmotic stress were analyzed using an ordinary one-way ANOVA. A
Student’s t-test was used to compare time 0 urine and hemolymph urea concentrations. A two-
way ANOVA was performed to identify statistical differences between the mRNA expression
levels of the AQP isoforms of long-term seawater and brackish water acclimated crabs where the
independent variables were salinity and tissue type. An ordinary one-way ANOVA test was used
to analyze changes in mRNA expression levels of each AQP isoform after 2- and 7-day of
exposure to 10 ppt. brackish water. Student’s t-tests were used to compare differences between
membrane rupture times of oocytes expressing CmAQP1, CmGLP1, CmBIBI1, and water-
injected oocytes. An ordinary one-way ANOVA was also used to assess differences in the uptake
of radioactive urea and data was subsequently tested using the post hoc Dunnet’s multiple
comparisons test. For all ANOV As where statistical significance was detected, Tukey’s posthoc
test was used to make multiple comparisons unless otherwise mentioned. For all data sets, p

values < 0.05 were considered significant. Data are presented as means =+ standard error (SEM).
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3.0 Results

3.1 Changes in hemolymph and urine osmolality after the transfer from sea to brackish water

To examine the effects of short term hypoosmotic stress on hemolymph and urine
osmolality, seawater acclimated green shore crabs were transferred from seawater (32 ppt.) to
brackish water (10 ppt.) and sampled at 0, 3, 6, 12, 18, 24, 48, and 168 hours (7 days). After 3
hours of exposure to dilute salinity, hemolymph osmolality decreased from an initial (t = Oh)
980.8 + 3.9 t0 900.6 + 11.2 mOsmol kg'! but remained well above the new ambient
environmental osmolality of 298.3 mOsmol kg™! (Fig. 6). Hemolymph osmolality continued to
decrease until 48 hours after the transfer (585.2 + 28.62 mOsmol kg™!) until a slight increase in
osmolality was observed thereafter between 48 hours and 7 days (684.6 + 18.14 mOsmol kg!,
Fig. 6). The osmolality of the urine decreased from 983.5 + 9.4 to 537.2 + 36.8 mOsmol kg™! in
the first 3 hours after the transfer (Fig. 6) and was hypoosmotic when compared to the
hemolymph. Throughout the time course, urine osmolality remained lower than hemolymph

osmolality and stabilized after 24 hours with an osmolality of 404.9 + 38.53 mOsmol kg™!.
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Figure 6: Hemolymph and urine osmolality of seawater acclimated Carcinus maenas (top
dashed line-32 ppt.) transferred to brackish conditions (bottom dashed line-10 ppt.) over 7 days.
Upper-case letters denote differences between time points for hemolymph, lower-case letters
denote differences between time points for urine (One-way ANOVA, Tukey’s). Asterisks
indicate significant differences between urine and hemolymph values at a given time point
(Student’s T-test). Data presented as means = S.E.M, p <0.05 (n = 6-8).
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3.2 Changes in hemolymph urea concentration after the transfer from sea to brackish water

Seawater acclimated crabs were transferred to dilute seawater conditions (10 ppt.) to
determine the effect on hemolymph and urine urea concentrations as a potential osmolyte.
Exposure to brackish water conditions (10 ppt.) caused a significant increase in hemolymph urea
concentrations from 123.1 + 17.76 umol 1" in seawater conditions to 226.5 & 33.2 umol 1! after 3
hours of exposure and remained at similar levels over the 7-day tenure of the experiment (Fig. 7).
Note, that urea concentrations in the urine measured at time zero were 11.94 + 4.3 umol 1! and
after the transfer to 10 ppt. were below detectable levels (10 umol 1) at all sampling time points

thereafter (Fig. 7).
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Figure 7: Urea concentrations within the hemolymph and urine of seawater acclimated Carcinus
maenas (32 ppt.) transferred to brackish water conditions (10 ppt.) over 7 days. Letters denote
statistically significant differences between urea concentrations within hemolymph at the given
time point. The asterisk indicates a statistically significant difference between urine and
hemolymph concentrations at t = 0 h (One-way ANOVA, Tukey’s, n = 7-12). Data presented as
means + S.E.M, p <0.05.
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3.3 Sequence analyses of Carcinus maenas CmAQPI1, CmGLP1 and CmBIB1

To obtain sequence information of these transporters, a publicly available transcriptome
of C. maenas was mined. Three AQP isoforms were identified in C. maenas, and each respective
mRNA sequence was cloned using gene-specific primers targeting the open reading frame. This
resulted in putative AQP coding open reading frames consisting of 780 base pairs (CmAQP1),
930 base pairs (CmGLP1), and 1014 base pairs (CmBIB1) encoding proteins of 259 aa
(CmAQP1), 309 aa (CmGLP1), and 337 aa (CmBIB1). Amino acid analyses showed that each
AQP isoform exhibits the conserved AQP family signatures including, six transmembrane
helices which are connected by five loops (A — E) and two conserved asparagine—proline—alanine
(NPA) motifs. The deduced amino acid sequences of Carcinus maenas include the classical
aquaporin (CmAQP1, Genbank: ON416879), aquaglyceroporin (CmGLP1, Genbank:
ON416880), and big brain protein (BIB) (CmBIB1, Genbank: ON416881) are now published on
GenBank. The two highly conserved hydrophobic stretch regions containing the two NPA motifs
that are involved in forming each monomer’s pore were identified in all three isoforms. The
CmBIB1 isoform had one NPA motif conserved at the second location (265-267 aa), while the
first NPA location site (219-221 aa) has two amino acid substitutions of S219 and P221.
Additionally, phosphorylation sites were predicted for CmAQP1 (S202), CmGLP1 (T48, S161,
Y217, S290) and CmBIB1 (T26, S44, S65, T93, S162, S223, T303, T323, S324, S335). No
signal peptides were identified for any of the three identified AQP sequences.

A Maximum Likelihood analysis revealed that the three identified C. maenas aquaporins
clustered in separate subfamilies of AQPs (Fig. 8). One C. maenas isoform clustered with other
malacostracans (shrimp and lobster) classical aquaporins (AQPs), the largest subfamily of AQPs.
The second isoform clustered with other known crustacean aquaglyceroporins (GLPs) and is
most similar to that of the Daphnia magna GLP. The third isoform is clustered with a subfamily

of neurogenic big brain channel proteins (BIBs) that is only known in arthropod lineages (Fig.8).
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3.4 Tissue-specific expression at long term acclimated seawater and brackish water conditions

To analyze tissue-specific expression, absolute expression values of C. maenas AQPs
were evaluated by qPCR in gills, antennal glands, claw muscle, hindgut epithelial cells, and
ganglia of crabs either long-term acclimated to a salinity of 32 ppt. or 10 ppt. (Fig. 9).

The classical AQP, CmAQP1, was found to be expressed in all tissues tested with the
highest expression in the hindgut and ganglia, followed by the claw muscle, ganglia, antennal
glands, anterior gill 5, and posterior gill 8 (Fig. 9A). In seawater conditions, mRNA expression
levels of CmAQP1 were very low in posterior gill 8, specifically, ca. 2822 times lower than the
transcript’s expression levels detected in the hindgut. In brackish water conditions, the same
general expression pattern was observed with the highest expression in the hindgut and ganglia
with the lowest in the posterior gill 8. When crabs were long-term acclimated to a salinity of 10
ppt., transcript levels of CmAQP1 were downregulated in all tissues examined compared to
levels observed in seawater acclimated individuals. Of note, in the osmoregulatory active
antennal glands and posterior gills, transcript expression levels of CmAQP1 were massively
downregulated by 95% and 97%, respectively, in brackish water acclimated animals when
compared to seawater conditions. Localization studies employing CmAQP 1-specific antibodies
revealed that this classical AQP has an apical/subapical localization in the posterior gills of
seawater acclimated crabs. In parallel, the anti- Na*/K"-ATPase (a-subunit) antibodies confirmed
the basolateral localization of this enzyme (Fig. 10).

Transcripts of the aquaglyceroporin, CmGLP1, were also found in all investigated tissues
(Figs. 9B). When crabs were long-term acclimated to a salinity of 32 ppt., the ganglia had the
highest mRNA expression, followed by the antennal glands, claw muscle, hindgut, and gills. The
lowest expression of CmGLP1 was seen in posterior gill 8 which was expressed at 39 times
lower levels than the ganglia. Similar to CmAQP1, CmGLP1 transcripts were downregulated in
all tissues examined in crabs that were long-term acclimated to brackish water compared to their
seawater acclimated counterparts.

Transcripts encoding the big brain protein isoform (CmBIB1) were also detected in all
tissues investigated (Fig. 9C). When crabs were long-term acclimated to a salinity of 32 ppt., the
ganglia showed the highest expression followed by the antennal glands, hindgut, and the claw

muscle while the anterior and posterior gills were of intermediate expression and statistically
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similar to all tissues. It is noteworthy that transcript levels for branchial expressed CmBIB1 are

ca. 45-times higher when compared to expression levels of CmAQP1 and CmGLP1 in seawater

acclimated individuals. Additionally, long-term acclimation of crabs to a salinity of 10 ppt.,

caused downregulation of CmBIB1 mRNA levels in all investigated tissues when compared to

the expression levels of seawater acclimated individuals.
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Figure 9: Absolute mRNA expression levels of Carcinus maenas aquaporins: CmAQP1 (A),
CmGLPI (B), and CmBIBI1 (C) from individuals acclimated long-term to a salinity of 32 ppt. or
10 ppt. The asterisks indicate significant differences between mRNA expression in 32 ppt. and
10 ppt. Capital letters denote significant differences between 32 ppt. acclimated tissues, while
lower case letters denote significant differences between 10 ppt. acclimated tissues (Two-way

ANOVA, Tukey, P <0.05, n = 5-7). Data are presented as means £ SEM.
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Figure 10: (a) Immunohistochemical localization of CmAQP1 (magenta) with NKA (green) in
the posterior gills of a recently molted Carcinus maenas. (a/ai) merged image displaying
CmAQP1, NKA and DAPI. Insets (ai, bi) are presented on the side at an additional 2x
magnification with colour channels separated (aii) CmAQP1, (aiii) NKA, (aiv) DAPL (b,bi-iv).
The equivalent to image (a,ai-aiv), but with the omission of the primary antibody targeting
CmAQP1. Panel ai was further enlarged an additional 4x (ail) and 16x (ai2) to show the detailed
localization of CmAQP1. Scale bar (a,b) 50 pm (ai-iv,bi-iv) 25 pm, (ail) 6.25um, (ai2) 1.56um.

3.5 Effects of acute low salinity exposure on CmAQPI1, CmGLPI1, and CmBIB1 mRNA

expression in osmotic active gills and antennal glands

To investigate if CmAQP1, CmGLP1, and CmBIB1 are involved in osmoregulation,
changes in their mRNA expression levels were determined in the osmoregulatory active gills and
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the antennal glands at 2- and 7-days post-transfer from 32 ppt. salinity to 10 ppt. mRNA
expression levels of CmAQP1 were unaffected in anterior and posterior gills after 2 and 7 days
of exposure to a dilute environment (Fig. 11A). In contrast, expression levels of CmAQP1
decreased in the antennal glands after transferring the animals to 10 ppt. (Fig. 11B). Transcript
expression levels of CmGLP1 decreased in the anterior gill following 2 and 7 days of exposure
to the dilute conditions whereas expression within the posterior gills and antennal glands were
unaffected (Fig. 11B). The CmBIB1 transcript levels were downregulated in both the anterior
gill 5 and posterior gill 8 in low salinity but remained unchanged in the antennal glands (Fig.
110).
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Figure 11: Relative mRNA expression levels of Carcinus maenas aquaporins: CmAQP1 (A),
CmGLP1 (B), and CmBIBI1 (C) in anterior gill 5, posterior gill 8 and the antennal gland from
seawater (32 ppt.) acclimated individuals (0 days) exposed to brackish conditions (10 ppt.) for 2
or 7 days. The letters indicate significant differences between sampling time points. (Ordinary
one-way ANOVA, Tukey, P <0.05, n =5-7). Data are presented as means + SEM.
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3.6 Functional analysis of the water permeability of CmAQPI1, CmGLPI, and CmBIBI

To corroborate the Maximum Likelihood and theoretical structural analyses, the
functional permeation properties of the three identified AQP isoforms were examined by
heterologous expression in Xenopus laevis oocytes followed by measurements of the oocyte
osmotic water permeability in media that is hypoosmotic relative to their expected intracellular
osmolality.

Video analysis revealed that oocytes injected with CmAQP1 ruptured after 9 + 2.4
seconds (n =9), while CmGLP1 expressing oocytes ruptured after 62 + 17.7 seconds (n = 5). In
contrast, oocytes injected with CmBIB1 did not indicate water transport over the oocyte cell
membrane, with no rupture occurring after 1 hour in hypoosmotic stress, which was equal to
measurements of the water-injected control oocytes (n =5, Fig. 12). In addition, CmAQP1 was
sensitive to NiCl, (1 mmol I''), which prolonged the time to rupture to 210 + 51.5 seconds. The
application of 1 mmol I'! NiCl, had no effects on the time to rupture in CmGLP1 expressing

oocytes or the respective water-injected control oocytes (n = 5). Data not shown.

Control CmAQP1 CmGLP1 CmBIB1

Isosmotic solution
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Hypoosmotic solution
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9+74s 62+£17.7s >1h

Time to rupture

Figure 12: Representative functional demonstration of water transport capabilities of Carcinus
maenas aquaporins: CmAQP1, CmGLP1, and CmBIB1 expressed in Xenopus laevis

oocytes. Top panel from left to right: water-injected control oocyte (n = 5) and oocyte expressing
CmAQPI1 (n=9), CmGLP1(n=5) or CmBIBI (n = 5). Bottom panel: respective oocytes after
transfer to the hypoosmotic solution.
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3.7 Functional analysis of the urea permeability of CmAQP1, CmGLP1, and CmBIBI

The absence of urea in the collected final urine and the presence of CmAQP1, CmGLP1,
and CmBIBI1 in the antennal gland suggested the potential participation of these AQP isoforms
in the retention of urea in this tissue. To investigate this further, urea transport capabilities of all
three isoforms were examined by heterologous expression in Xenopus laevis oocytes followed by
measurement of uptake of radioactive urea. As shown in figure 13, only the CmGLP1-expressing
oocytes had consistently higher urea uptake rates than those of controls (water-injected), while
CmAQP1 and CmBIBI1 were indifferent from controls (n = 6-9). Urea and water transport by

CmGLP1-expressing oocytes was not sensitive to 1 mmol 1! NiCl, (Fig. 15).
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Figure 13: Uptake of '*C urea in Xenopus laevis oocytes expressing Carcinus maenas
aquaporins: CmAQP1, CmGLP1, and CmBIB1 after a 30-minute incubation period. Asterisks
denote significant differences between control and CmGLP1 expressing oocytes (One-way
ANOVA, Dunnet’s P <0.0001, n = 6).
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4.0 Discussion

4.1 Changes in hemolymph and urine osmolality and urea content after the transfer from sea to

brackish water

When seawater acclimated green shore crabs move to brackish water, the osmotic
gradient between the hemolymph and environment promotes both an influx of water and efflux
of ions across the crab’s epithelium (Henry et al., 2012). Although studies have clearly identified
the posterior gills of C. maenas as the main site of active ion absorption in dilute environments,
their means of eliminating excess water from their body fluids are poorly defined. As shown in
figure 6, C. maenas excretes excess water through the production of hypoosmotic urine upon
hypoosmotic stress, as documented in other decapods inhabiting hypoosmotic environments.
These decapod species include the euryhaline crayfish Pacifastacus leniusculus, the larval
mangrove crabs Scylla tranquebarica, and the striped shore crab, Pachygrapsus crassipes
(Prosser and Green, 1955; Misbah et al., 2017; Wheatly and Henry, 1987).

Urea can be used by animals as a non-ionic osmolyte to adjust the osmolality of urine and
thereby change the amount of water being excreted, as occurs during diuretic and antidiuretic
regulatory processes in the mammalian kidneys (Fenton, 2009; Higgins, 2016). Luminal urea
within the mammalian nephron becomes progressively concentrated, peaking within the distal
regions of the collecting duct. The concentrated urea creates an osmotic gradient that directs
luminal water through aquaporins expressed within the collecting duct’s apical and basolateral
epithelium resulting in the conservation of body water (Sands et al., 2010). When the blood is
near osmotic homeostasis, the concentrated urea is passed into the bladder for excretion. When a
mammal’s blood is too concentrated, circulating concentrations of antidiuretic hormone (ADH)
rise, causing urea transporters to be inserted into the terminal inner medullary collecting duct
causing luminal urea to be recycled from the collecting duct into the thin ascending limb of
Henle rather than being freely passed into the bladder for excretion. Recycled urea increases the
magnitude of urea concentrated within the collecting duct lumen, thereby increasing the amount
of water reabsorbed into the bloodstream (Sands et al., 2010). Aquatic crustaceans are
ammonotelic and, unlike mammals whose plasma urea concentrations range between 2.5 — 7.8

mmol I'' hemolymph urea concentrations of C. maenas have been reported to be very low,

41



ranging from 0-80 pmol I"! in seawater-acclimated crabs to 600—1000 pmol 1! in crabs long-
term acclimated to 10 ppt. salinity (Weihrauch et al., 2009). The increase in systemic urea
concentrations upon acclimation to dilute salinities may be related to the increased metabolic
demand and nitrogenous waste production associated with osmoregulation. The biological
significance of urea in crustaceans is poorly understood, although a recent study has suggested it
may be produced to mitigate high ammonia loads following feeding; however, the study did not
address the fact that the urea may be the result of arginolysis rather than a detoxification
mechanism (Quijada-Rodriguez et al., 2022). In the current study, we showed that hemolymph
urea concentrations increased by 56% upon acute hypoosmotic stress; however, the overall
hemolymph concentration of ca. 277 umol I'! seems too low to be considered a crucial systemic
osmolyte in C. maenas. Although systemic levels were low, it was observed that urea was absent
in the final urine of brackish water acclimated animals and only lowly concentrated (11.94 +
4.32 pmol 1'!) in the urine of seawater animals (Fig. 7). This suggests that the antennal glands
possess a previously undescribed mechanism to reabsorb and retain urea rather than excrete it
into the environment, potentially as a means to manipulate the osmolality of the final urine.
While speculative and currently lacking mechanistic evidence, this mechanism may entail the
concentration of urea within the filtrate may draw excess water from the hemolymph into the
antennal gland lumen while the insertion of urea transporters, possibly including the urea-
permeable CmGLP1 as discussed below, at the distal region of the antennal gland or even the

bladder allows urea to be recycled to create a dilute and urea-poor final urine.

4.2 Potential osmoregulatory role of CmAQPI

Sequence homology revealed that CmAQP1 is likely a classical water-transporting AQP,
clustering with the classical AQPs of other brachyurans. The closest homology of a functionally
characterized classical AQP is that of the bay barnacle (B. improvises) AQP1. Both the classical
AQP of the bay barnacle and CmAQP1 demonstrated an ability to transport water (Lind et al.,
2017; Fig. 12). Additionally, water transport by CmAQP1 was also found to be Ni2+ sensitive
when heterologously expressed within Xenopus oocytes.

The CmAQP1 was ubiquitously expressed in all tissues examined but showed the highest

transcript levels in hindgut epithelial cells. The osmoregulatory role of the gastrointestinal tract
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of crustaceans has rarely been studied; however, it can be presumed that its organs contribute to
the animal’s osmotic state given their transport of solutes and water that must occur to absorb
dietary nutrients (McGaw and Curtis, 2013; McNamara et al., 2005; Whittamore, 2012). In fish
species such as the Atlantic salmon (Salmon salar), European eel (Anguilla Anguilla), Japanese
eel (Anguilla japonica), and the seabass (Dicentrarchus labrax), differential expression of AQPs
along the gastrointestinal tract regulates the amount of water that follows the absorbed nutrients
and plays a determining role in the gastrointestinal net water flux (Whittamore, 2012). More
specifically, AQP1 mRNA and protein expression has been shown to increase towards the distal
portions of the intestine of these teleost species. The localization of AQP1 to the apical brush
border of the intestine in seawater acclimated species would imply a potential role for AQP1 in
regulating water absorption in the distal regions of the intestine (Whittamore, 2012). The high
mRNA abundance in the hindgut suggests that CmAQP1 plays a dominant role in regulating
water transport within the hindgut of the green shore crab as well. Moreover, due to its
ubiquitous expression pattern, we hypothesize that CmAQP1 also plays a role in cellular and
systemic osmoregulatory processes, indicated by the downregulation of this channel in all of the
investigated tissues.

In dilute seawater, C. maenas becomes an osmoregulator (Fig. 6; Henry, 2005; Nagel,
1934) by actively absorbing Na* and CI- across its gills. Concentrating ions within the
hemolymph creates an inwardly directed osmotic gradient and thereby draws water across their
moderately leaky epithelia into the hemolymph (Freire et al., 2008; Weihrauch et al., 1999a).
Under these conditions, water and ion fluxes must be carefully controlled, presumably through
changes in the expression of water channels within the tissues. In line with this hypothesis, our
findings show that CmAQP1 mRNA expression levels are reduced in all investigated tissues
upon long-term acclimation to brackish water conditions compared to those of seawater
acclimated animals (10 ppt., Fig. 9). In the antennal glands, the observed down-regulation of
CmAQP1 implicates a reduction in water permeability of the antennal glands and could thereby
play a crucial role in the production of dilute urine (Fig. 6). In contrast to the internal tissues, the
gills of C. maenas are in direct contact with the environment and therefore act as a direct route of
water permeation between the animal and the environment upon osmotic stress. When C. maenas
is osmoconforming in seawater, CmAQP1 is localized to the apical membrane of the posterior

gills and may be involved in cell volume regulation of branchial epithelial cells. Intracellular

43



osmolality should mirror that of the animal's extracellular fluid regardless of its environment
(Gilles and Péqueux, 1981). In seawater, the environment, intracellular, and extracellular fluids
are approximately equal in osmolality; however, non-osmoregulatory transport processes still
occur and can create small osmotic differences between the fluids (Gilles and Péqueux, 1981).
The higher overall ubiquitous mRNA expression of CmAQP1 in seawater acclimated crabs
represents a means to quickly equilibrate small osmotic gradients developed by non-
osmoregulatory processes within the crab as part of general cell volume regulation. The apical
localization of CmAQP1 within the gills would allow the channel to equilibrate differences
developed along the apical branchial epithelium, whereas other isoforms whose localization has
yet to be confirmed are likely present along the basolateral epithelium. In dilute environments,
crabs would need to limit the rate that water equilibrates across the tissues, especially organs in
contact with the environment or that produce a hypoosmotic fluid such as the gills and antennal
glands, respectively. As such, it is logical that the general mRNA expression levels are reduced
across the tissues as crabs are acclimated to long-term dilute environments (Fig. 6) resulting in a
widespread reduction in water permeability that is crucial for maintaining the osmotic gradient
between the bodily fluids and ambient environment. Similar findings have been made in the
barnacle B. improvisus whose AQP1 expression levels change in response to hypoosmotic stress.
Here, the B. improvisus classical water-transporting aquaporin, AQP1, exhibited a drastic
decrease in expression within the mantle (Lind et al., 2017). It was hypothesized that this
mechanism may be used to reduce the influx of water across the mantle into the hyperosmotic
hemolymph when inhabiting low salinity environments.

While some populations are chronically exposed to low salinities and permanently
inhabit dilute environments such as the Baltic Sea, C. maenas also experience acute short-term
salinity challenges while inhabiting tide pools and tidal shifts along the coasts (Truchot, 1988).
In addition to our long-term exposure experiments, we also investigated the effects of short-term
exposure (2 and 7 days) to low salinities on the mRNA expression levels of CmAQP1 in the
osmoregulatory active tissues - the gills and antennal glands. In contrast to the effects observed
after long-term exposure to low salinities, acute exposure did not affect the transcript expression
levels of CmAQP1 in the anterior or posterior gills. It must be noted that the overall mRNA
expression levels of CmAQP1 are very low in both gill types, making it difficult and rather

speculative to discuss the potential biological significance of these results. Regardless, our
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results contrast with those of a previous study that found that larval blue crabs, C. sapidus,
increase the transcription of a classical aquaporin, AQP1, during short-term (96 hours) exposure
to low salinity (15 ppt., Chung et al., 2012). Further investigations, including potential changes
in expression at the protein level, are needed to clarify the short-term effects of dilute

environments on classical AQP proteins in osmoregulating crustaceans.

4.3 Potential osmoregulatory role of CmGLP1

Sequence homology revealed that CmGLP1 is likely an aquaglyceroporin, potentially
transporting water and other small solutes including urea. In the present study, CmGLP1 was
found to function as a water and urea channel, similar to other crustacean GLPs (Lind et al.,
2017; Stavang et al., 2015). The highest expression in seawater acclimated animals was found
within the ganglia and antennal glands. The high mRNA expression levels within the antennal
glands and the absence of urea in the final urine of brackish water acclimated animals may
indicate that CmGLP1 is involved in a previously undescribed diuretic urea reabsorption process
within the antennal glands. Although purely hypothetical, urea may be concentrated within the
early portions of the antennal gland allowing excess water to be drawn into the lumen. Later
portions of the antennal gland may then reabsorb urea, through CmGLP1 and/or other urea
transporters, resulting in the expulsion of hypoosmotic urea-poor final urine. This process may
also extend to the bladder, if present, which has been shown to have ion-transporting capabilities
in the Dungeness crab (Holliday, 1980). In long-term brackish water acclimated crabs circulating
urea concentration can reach ca. 1 mmol I'' (Weihrauch et al., 2009), while urea concentrations
in particular regions of the antennal glands may be even higher, as observed e.g. in the inner
medulla of the mammalian kidneys, where urea concentrations of up to 100-200 mmol 1! are
observed (Pennell et al., 1975). Clearly, more investigations with regards to the role of urea
transporters and urea itself in the production of dilute urine by the antennal gland are needed in
the future.

Aside from the antennal glands, CmGLP1 was also downregulated in the gills, claw
muscle, hindgut and ganglia under long-term acclimation to brackish conditions in comparison to
seawater acclimated crabs. Due to CmGLP1’s ability to transport both water and urea,

identifying its potential physiological roles in a variety of tissues is more complex. In contrast to
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CmAQP1, the mRNA abundance of CmGLP1 was downregulated as early as 7-days of exposure
to brackish conditions in branchial tissues. It has been previously identified that when gills of
brackish water (10 ppt.) acclimated C. maenas are perfused with 600 umol I'! of urea, the 600
umol I'! of urea remained within the final perfusate (Weihrauch, personal communication). This
would indicate that the gills are tight for urea, as would be desirable if the molecule is involved
in maintaining an osmoregulating state in dilute media. The low urea-permeability of the gill
would strengthen the hypothetical basolateral localization of CmGLP1 in the tissue which may
benefit the animal by promoting the retention of urea as an osmolyte that could be recycled as
occurs within the distal region of the mammalian nephron. In comparison to CmAQP1, the
overall mRNA abundance of CmGLP1 was much lower in non-branchial tissues and may serve

to reduce the tissues’ water permeability and retain intracellular urea as an osmolyte.

4.4 Potential osmoregulatory role of CmBIB1

Sequence analysis indicated that CmBIB1 belongs to the arthropod-specific aquaporin
subfamily called big brain (BIB) proteins. The identified CmBIB1 was most similar to that of the
B. improvisus BIB- like 2 (BIBL-2) isoform and L. salmonis BIB. Similar to the findings from
the current study on CmBIB1, heterologous expression of the L. salmonis BIB in Xenopus
oocytes demonstrated that the channel does not transport water or urea (Stavang et al., 2015).
While a BIB in Drosophila has also been reported not to promote water transport, mutagenesis
experiments have determined that this Drosophila BIB is important for the neural development
in the embryonic brain, and potentially plays a role in the development/functioning of the
nervous system (Rao et al., 1990). In fact, Drosophila BIB has been shown to have an ion-
conductance (Na"and K*) and certain cell-adhesion properties (Tatsumi et al., 2009; Yanochko
and Yool, 2002). These described properties in the fruit fly in combination with the
downregulation observed in all investigated tissues in crabs acclimated to a low salinity
environment suggest a potential role of CmBIB1 in osmoregulation through the modification of
the cellular or epithelial ion conductivity. Due to CmBIB1’s high tissue mRNA abundance and
its downregulation in response to dilute conditions, future studies should investigate the potential

role of big-brain proteins in osmoregulation.
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5.0 Conclusions

This study is the first to reveal the substrate permeability properties of AQPs in a decapod
crustacean and broadens the understanding of the osmoregulatory role of AQPs in aquatic
invertebrates. Here, we presented three different subfamilies of AQPs - the classical AQPs, the
aquaglyceroporins, and the arthropod-specific big brain proteins. CmAQP1 and CmGLP1 were
found to transport water and are both expressed at the mRNA level in osmoregulatory and non-
osmoregulatory cells. The mRNA expression of these channels both responded to osmotic stress,
suggesting that these AQPs are involved in osmohomeostasis of the body fluids and anisosmotic
cell volume regulation. The physiological role of CmBIB1 is more obscure as its substrates have
not been identified yet. Due to its ubiquitous expression pattern and its sensitivity to changes in
the environmental and extracellular osmolality, it is possible that CmBIB1 acts as a cation
channel (Tatsumi et al., 2009; Yanochko and Yool, 2002) that is directly related to cell volume
regulation.

Although three different types of AQP isoforms were identified in the current study, this
investigation represents the beginning of our understanding of AQPs regarding their presence,
role, and physiological function in decapod crabs and crustaceans in general. Furthermore, our
results suggest that urea is reabsorbed by the antennal gland and potentially recycled as part of
the mechanism that produces dilute urine. This hypothetical mechanism would involve the
concentration of urea within the proximal regions of the antennal glands to draw water into the
lumen and the reabsorption of urea, but not water, in the distal regions of the glands similar to
mechanisms present in the mammalian kidney. Physiological experiments and functional
expression analysis of any identified AQP must be conducted to place these proteins into a

biological context.
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7.0 Appendices
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Figure 14: Uptake of '*C urea in Xenopus laevis oocytes expressing Carcinus maenas
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aquporins: CmAQP1, CmGLP1, and CmBIB1 after either a 10, 20, 30, or 60-minute incubation

in media containing 1 mmol I"! urea and 1 uCi ml! “C-urea. Asterisks denote significant

differences between control and CmGLP1 expressing oocytes (Two-way ANOVA, Dunnet’s P <
0.0001, n = 6-9 oocytes).
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Figure 15: Uptake of '*C urea in Xenopus laevis oocytes expressing Carcinus maenas GLP1.
Oocytes were incubated in OR2 containing 1 mmol 1'! NiCl; for 1 hour prior to *C exposure.
Oocytes were then incubated for 30 minutes in OR2 containing 1 mmol I'! NiCl,, 1 mmol I'! urea
and 1 uCi ml! C-urea. Positive fluxes indicate '*C-urea uptake. Control *C-urea fluxes
subtracted from CmGLP1 fluxes (n = 10-12 oocytes). Student’s T-test indicated no significant
uptake differences between oocytes expressing CmGLP1 with or without NiCl, treatment.
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Table 1: Primers used in the amplification of Carcinus maenas aquaporins- CmAQP]1,
CmGLP1, CmBIB1, elongation factor one-alpha (EF1a), and ribosomal protein S3 (RPS3) for

gqPCR assays.
Transcript Primer (5’ 3°) Annealing Ifroduct GenBa}nk
Temperature size (bp) accession no.
Sense:
GCTCTACATCATCGCCCAGT
Classical AQP Antisense:
(CmAQP Fy/Ry)  GAACACAGTCAGCACGAGGA >8 178 GBXE01030866.1
Sense:
Aquaglyceroporin ~ GGTGTGTTTCGGCTTCAACT
(CmAQPI10 gPCR  Antisense: 56 106 GBXE01131729.1
FI/RI) AGCGCTGAACGTGTCACTAC
Sense:
Big brain protein ~ CCTGTCCACAGTGCTGGTAA
(CmAQP-like a Antisense: 60 116 GFXF01046256.1
qgPCR FI1/R1) CAATATGAGCCGTGGTGATG
Sense:
Ribosomal protein  AACGTGATGCCCATCGGAAC
subunit 8 Antisense: 60 148 GBXEO01030575.1
(CmRPL8 F1/RI) TCACCCTGGTCTTCTTGGTCTC
Sense:
Elongation factor - CAACAAGATGGACAGCACGGAG
o Antisense: 60 123 GFYWO01048882.1

(CmEFIa F1/R1) ATGGGAAGGATTGGCACGATGG
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Table 2: Primers employed for obtaining the open reading frames and cloning CmAQP1,
CmGLPI1, and CmBIB1 into the pGEM-HE vector.

Transcript Primer (5’ 3°) Annealing Ifroduct Gen]:’.ank
[emperature size (bp) accession no.
. Sense:
Classical AQP
(CmAQP ORF AT(.}GGC.AAGATTAAGGATACCC 54.2°C 780 GBXE01030866.1
FI/RI) Antisense:
TTAGGGTTGGTTGGCTCTCT
Classical AQP Sense: BAMHI
(CmAQP AAAGGATCCATGGGCAAGATTAAGGA 58.9°C 820 GBXEO01030866.1
BamH1/Hind3) Antisense: HIND3
AAAAAGCTTTTAGGGTTGGTTGGCTCTCT
Big brain protein ~ Sense:
(CmAQP-like a TCCCACGCTCTCTCTCTCTC 67°C 1112 GBXEO01131729.1
ORF F2/R2) Antisense:
AGTGTGCGTCAAGACAGTGG
Big brain protein ~ Sense:ECORI
(CmAQP-like a AAAAGAATTCATGCCAATACTAGATGGAGA o
ECORIF/ Antisense: Hind3 65°C 1034 GBXEO1131729.1
HindlIIIR) AAAAAAGCTTTTAGCAGGGGGATGCC
Sense: GFBL01038362.1
Aquaglyceroporin ATGGGNAACGCNAAGNTNGTCGARGC '
. o GFFJ01052468.1
(CrabORF Antisense: 45°C 446 GBXE01131729 1
AQPI10 F/RA) GTGATAGTGCCTGGGTAGGTGGC '
Aquaglyceroporin  Sense:
(CmAQP9 F1/ GTTTACTTGAACGCCCTGGA o
CmAQPI10 ORF Antisense: 45°C 370 ON416880
RI) CTAATCAGAAGGTTTGACAG
Aquaglyceroporin Sense: SMAL
(CmAQPI0 AAAAC('?CGGGATGGGGAACGCAAAGTT 60°C 950 ON416880
SmalF) Antisense: XBAL
XbalR) TTTTTCTAGACTAATCAGAAGGTTTGACAG
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Table 3: Accession numbers of sequences included in the Maximum likelihood analysis in
figure 8. References: !Campbell et al., 2008; 2Lind et al., 2017; *Chung et al., 2012; *Yang, 2017,
SStavang et al., 2015; *Peaydee et al., 2014; "Lv et al., 2013. Columns without literature were
obtained through mining transcriptomes using Genbank blast of crustacean species employing C.
maenas AQP sequences obtained in this study.

Species name Ortholog Name Amino.Acid Genbank Literature
Accession No.
Aedes aegypti AQP AAF64037.1 1
Aedes aegypti PRIP XP_001656932 1
Aedes aegypti BIB XP_001649747 1
Aedes aegypti DRIP AF218314 1
Apis mellifera DRIP XP_624531 1
Apis mellifera PRIP XP_ 394391 1
Apis mellifera BIB XP_396705 1
Balanus improvisus AQP1 ARA90634.1 2
Balanus improvisus AQP2 ARA90637.1 2
Balanus improvisus BIB ARA90640.1 2
Balanus improvisus BIBL1 ARA90641.1 2
Balanus improvisus BIBL2 ARA90644.1 2
Balanus improvisus GLP1 ARA90645.1 2
Balanus improvisus GLP2 ARA90646.1 2
Balanus improvisus AQP12 ARA90647.1 2
Bombyx mori DRIP BAD69569 1
Callinectes sapidus AQP1 AFR36904.1 3
Carcinus maenas AQP1 ON416879
Carcinus maenas GLP1 ON416880
Carcinus maenas BIB1 ON416881
Chionoecetes opilio AQP KAG0710491.1
Cicadella viridis AQP Q23808 1
Daphnia magna AQP7 XP_045025567.1
Daphnia magna AQP KZS10587.1
Drosophila melanogaster PRIP NP_610686 1
Drosophila melanogaster BIB AAF52844 1
Drosophila melanogaster DRIP AAA81324.1 1
Haematobia irritans DRIP AAA96783 1
Homarus americanus AQP XP_042221791.1
Homo sapiens AQPO NP _036196.1 4
Homo sapiens AQP1 NP _001316801.1 4
Homo sapiens AQP2 NP_000477.1 4
Homo sapiens AQP3 NP_004916.1 4
Homo sapiens AQP4 NP _001304313.1 4
Homo sapiens AQP5 NP _001642.1 4
Homo sapiens AQP6 NP _001643.2 4
Homo sapiens AQP7 NP _001161.1 4
Homo sapiens AQPS NP _001160.2 4
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Homo sapiens

Homo sapiens

Homo sapiens

Homo sapiens
Lepeophtheirus salmonis
Lepeophtheirus salmonis
Lepeophtheirus salmonis
Lepeophtheirus salmonis
Lepeophtheirus salmonis
Lepeophtheirus salmonis
Lepeophtheirus salmonis
Lepeophtheirus salmonis
Lutzomyia longipalpis
Macrobrachium rosenbergii
Penaeus japonicus
Penaeus monodon
Penaeus vannamei
Pollicipes pollicipes
Portunus trituberculatus
Polypedilum vanderplanki
Pyrocoelia rufa
Tribolium castaneum
Tribolium castaneum
Trinorchestia longiramus

AQP9
AQP10
AQPI11
AQPI12
BIB

Glpl vl
Glpl v2
Glp2
Glp3 vl
Glp3 v2
AQPI2L1
AQPI12L2
AQP
AQP
AQP
AQP
AQP
AQP
AQP
PRIP
AQP1
DRIP
BIB
AQP

NP_066190.2
NP _536354.2
NP_766627.1
NP 945349.1
ALA27395.1
ADD38378.1
ALA27398.1
ALA27399.1
ALA27400.1
ALA27401.1
ALA27402.1
ALA27403.1
ABV60346
AET34919.1

XP_042880267.1
XP_037778323.1

ANO39146.1

XP_037085117.1

AHB64460.1
BAF62090.1
AAL09065
XP_ 972862
XP_968782
KAF2355402.1

[l Y2 IV, IRV, RV, RV, RV, R, U RN SN S S S

P— e e e e ]
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