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freshwater crustacean aquacultured in many countries. Red-
claw crayfish are often exposed to saline waters in attempts
to improve flavor, to relieve stress during transport, and to
prevent or treat parasitic infestations. However, the effect
of salinity on the crayfish osmoregulatory process is not well
studied. In the present work, we assessed the effect of vari-
ous salinities on survival, growth, and osmoregulation in red-
claw crayfish. Adult crayfish were maintained at seven
salinities (0, 2, 4, 6, 8, 10, and 12 ppt) for 4 weeks, and
hemolymph osmolality, gill sodium potassium ATPase activ-
ity, and sodium potassium chloride cotransporter expression
were assessed. In another experiment, juvenile crayfish
were size sorted to similar weights and stocked at four salin-

ities (0, 2, 4, and 6 ppt) for 8 weeks. The animals were group

weighed every 2 weeks and individually weighed at the end
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of the eighth week. Hemolymph osmolality was constant as
salinity increased from O to 10 ppt then a significant
increase was observed at 12 ppt. Redclaw growth rate
decreased with an increase in salinity from O to 6 ppt.
Sodium potassium ATPase activity and sodium potassium
chloride cotransporter expression increased with salinity
increase. Although salinity might help treat ectoparasites,
improve taste, and reduce transportation stress, long-term
exposure increases osmoregulatory metabolic costs and

affects growth and energy consumption.
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1 | INTRODUCTION

Redclaw crayfish C. quadricarinatus is a freshwater crustacean native to northeastern Queensland, the northern
and eastern parts of Northern Territory in Australia, and southeastern Papua New Guinea (Holthuis, 1986;
Riek, 1969). Redclaw crayfish inhabit lakes, ponds, and streams and are important in aquaculture and the aquarium
trade. Redclaw is aquacultured because of its rapid growth (Jones, 1990), nonaggressiveness, nonburrowing
behavior, and tolerance to high stocking densities. Redclaw crayfish can tolerate low oxygen concentrations, a pH
range of 6.5-9, and a wide variation in temperature (8-29°C) and salinity range (up to half that of seawater)
(Masser & Rouse, 1997; Saoud, Ghanawi, Thompson, & Webster, 2013). Redclaw aquaculture has been expanding
worldwide but various physiological processes of the animal are not sufficiently studied to allow for improvements
in growout methods.

Most crustaceans are marine animals probably because freshwater habitats are challenging, requiring that organ-
isms maintain hemolymph osmolality and ion content greater than that of the ambient environment. A few of them,
however, including crayfish, Potamoidea crabs, and a few Caridea shrimps are adapted to freshwater although paleon-
tological evidence suggests a marine ancestry for crayfish (Hobbs Jr, 1988). Crayfish grow and reproduce quite suc-
cessfully in fresh water (Susanto & Charmantier, 2000) by developing various mechanisms to maintain their body
fluid hyperosmolal to their environment but at certain morphological costs. These are: (a) Low integument permeabil-
ity to prevent water uptake and ion loss, (b) Active uptake of ions via chloride cells' apical membrane ion-exchange
proteins, driven by the electrochemical gradient created by basolateral sodium potassium ATPase (NKA) (Wheatly &
Gannon, 1995), and (c) Production of dilute urine in antennal glands (Lienemann, 1938). According to Wheatly and
Gannon (1995), crayfish in general hyperosmoregulate in freshwater and low salinity (up to ~12-15 ppt) waters but
osmoconform at salinities greater than their isosmotic concentrations.

Freshwater crustacean acclimation to various salinities is well documented. In industrial aquaculture, freshwater
crustaceans are sometimes acclimated to brackish water before harvesting in order to improve their flavor for con-
sumption. Flavor improvement is thought to be caused by mobilization of free amino acids to muscles as an adapta-
tion to increased salinities (Jones, 1969; McCoid, Miget, & Finne, 1984). Moreover, there are anecdotal suggestions
that farmers add some salt to crayfish water to relieve stress during transport. Sometimes, some farmers add salt to
their ponds to reduce off flavor, counteract nitrite toxicity, and prevent parasitic infestations (Romero &

Jimenez, 2002). To cap it all, the freshwater habitats of C. quadricarinatus in Australia are at risk of salinity increase
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as a result of climate change and rising sea levels (Nielsen, Brock, Rees, & Baldwin, 2003). In the present work, we

studied the effect of various salinities on growth, blood osmolality, gill NKA activity, and gill sodium potassium chlo-
ride cotransporter (NKCC) expression in redclaw crayfish in order to better understand the effects of salinity on the
osmoregulatory process, and potential implications on wild and farmed redclaw populations.

2 | MATERIALS AND METHODS

The present work was performed at the Aquaculture Laboratory of the Biology Department at the American University
of Beirut. Four recirculation systems, each composed of four tanks connected to a biofilter were used. Each system was
filled with dechlorinated tap water and filtered sea water was added to achieve a desired salinity. Biological filtration was
performed using a trickling filter placed in a sump tank. All tanks were equipped with submersible diffusers connected to
a regenerative blower and temperature was maintained using 500 W submersible heaters in the sump tank. All solids in
the bottom of the tank were siphoned out twice weekly and the water removed was replaced with clean water of the
same salinity. Freshwater was added whenever necessary to replace evaporation and maintain desired salinity. In the first
experiment, juvenile redclaw crayfish were size sorted to an individual weight of 7 + 0.2 g and randomly divided into
twelve groups of five, and each group stocked into an 80 L tank resulting in three replicate tanks per salinity. The juvenile
crayfish were maintained at four different salinities (0, 2, 4 and 6 ppt) for 8 weeks and group weighed every other week.
The animals were offered a 45% crude protein, 9% lipid commercial shrimp feed (Rangen Inc., Buhl, Idaho) at 4% body
weight daily, divided into two equal morning and evening portions. Crayfish in all the tanks were counted with every
feeding event. At the end of the experiment, all crayfish were counted, group weighed, and individually weighed.
Simultaneously and in parallel with the first experiment, 42 adult redclaw were randomly divided into seven
groups of six, and each group was placed and maintained for 4 weeks at one of the seven following salinities (0, 2,
4, 6, 8, 10, and 12 ppt) in 60 L glass aquaria with submerged biological filters. After 4 weeks, hemolymph was
extracted from each crayfish using a hypodermic needle inserted below the carapace in the cardiac region of the
cephalothorax. The crayfish were then euthanized by placing them in ice cold water of the same salinity as the one
they were maintained in and dissected to remove the posterior gills. The posterior gills have the highest NKA activity
and they include the ones located above the third to the fifth pereopods (Palacios, Bonilla, Pérez, Racotta, &
Civera, 2004). The gills were homogenized in histidine (150 mM, pH = 7.4) for 5 min using a PRO homogenizer at
maximum speed (30,000 rpm). Aliquots were then removed for protein quantification, assessment of changes in the

protein expression of NKCC, and to assay for NKA activity at each of the seven salinities tested.

21 | Hemolymph osmolality measurement

Hemolymph from each crayfish was frozen then thawed and sonicated to disrupt the clot. The hemolymph was then
centrifuged at 10,0009 for 1 min to separate the serum. The osmolality of water the crayfish were maintained in and
the extracted plasma were measured using a Wescor 5,520 vapor pressure osmometer and reported as mmol/kg.
Every fifth sample was replicated for quality control.

2.2 | NKA activity measurement

NKA activity was assessed using methods described by Esmann (1988). Briefly, gills were homogenized in histidine
buffer (pH 7.4, 150 mM) and proteins were quantified and adjusted to a concentration of 0.5 pg/pl. Samples of the
homogenate were incubated for 15 min at room temperature in the presence of 1% saponin added at a ratio of 1:4
(vol/vol), followed by a 15 min incubation with a phosphatase inhibitor cocktail (10.7 mM glycerophosphate,
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10.7 mM pyrophosphate) at room temperature. Aliquots were taken from each sample and incubated in histidine
buffer containing NaCl (121.5 mM), KCI (19.6 mM,), MgCI2 (3.92 mM), adenosine triphosphate (2.94 mM) for 30 min
at 37°C in presence or absence of ouabain (1.47 mM). When ouabain was absent, it was replaced with an equal vol-
ume of deionized water. The reaction was stopped by addition of 50% trichloroacetic acid at a ratio of 1:10 (vol/vol).
All sample aliquots were then spun at a speed of 3,000g for 5 min. The amount of inorganic phosphate liberated in

the supernatant was assessed colorimetrically at 750 nm according to the method of Taussky and Shorr (1953).

2.3 | NKCC1 expression

NKCC expression was assessed using methods described by Mahmood and Yang (2012). Equal amounts of proteins
from crayfish's gills (10 pg) were loaded and resolved on 8% SDS polyacrylamide gel and then transferred to nitrocel-
lulose membranes which were blocked in PBS and incubated with NKCC1 or GAPDH primary antibody, followed by
an incubation with a horseradish peroxidase-conjugated secondary antibody. The signal was detected by

Cl
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FIGURE 1 Weight (g) of Cherax
quadricarinatus juveniles at 0, 2, 4, 6, and
8 weeks reared at four salinities
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FIGURE 2 Tank water osmolality (mmol/kg) and hemolymph osmolality (mmol/kg) of Cherax quadricarinatus
adults reared at seven salinities
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chemiluminescence using Biorad® Clarity Western ECL substrate and a ChemiDoc™ MP Imaging System. Image lab

software was used to normalize bands to GAPDH and quantify them.

24 | Statistical analysis

Growth data were tested for statistical significance by a one-way ANOVA and differences among means were deter-
mined using Duncan's Multiple Range Test. NKA activity and NKCC expression were tested for statistical signifi-
cance using a one-way ANOVA followed by a Tukey Kramer multiple comparison test using GraphPad InStat 3.
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FIGURE 4 NKCC cotransporter expression in posterior gills of Cherax quadricarinatus adults reared at various
salinities. Values are mean * SE. Values with different letter are significantly different from each other (p < .05)
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3 | RESULTS

No dead crayfish were observed in the tanks, but three tanks had a crayfish that disappeared and was assumed to
have climbed out of the tank at night as redclaw crayfish tend to do. The average final weight of crayfish cultured at
0 ppt (13.3 g) was significantly greater than the final weight of crayfish cultured at 6 ppt (10.1 g) (Figure 1). The data
show a decreasing trend in crayfish growth as salinity increased from O to 6 ppt.

There were no significant differences in hemolymph osmolality of crayfish maintained at salinities ranging from
0 to 10 ppt. However, at 12 ppt a significant increase in hemolymph osmolality was observed (Figure 2). Hemolymph
osmolality was plotted against water salinity and the lines were extrapolated (assuming a straight line) to suggest a
point of isosmolality as 17.34 ppt. The slowest activity of NKA in posterior gills was in crayfish reared at O ppt and
remained relatively unchanged at 2 and 4 ppt. NKA increased significantly at 6 ppt. Although NKA activity increase
between 6 and 8 ppt was not statistically significant, it did suggest an increasing trend that became significant again
at 10 ppt and even more obvious at 12 ppt (Figure 3).

NKCC had exhibited low expression in crayfish reared at O ppt and did not change significantly as ambient salin-
ity increased to 4 ppt. NKCC expression increased significantly at 6 ppt and maintained an increasing trend with an
increase in salinity up to 12 ppt, a salinity at which a considerable increase was observed (Figure 4).

4 | DISCUSSION

Results of the present work suggest that redclaw crayfish are strongly freshwater organisms and even slight
increases in salinity could affect their growth. Although differences in growth at salinities of 0, 2 and 4 ppt were not
significant, a decreasing trend in weight gain with an increase in salinity was observed. These differences might have
become significant had the experimental period been longer. At a salinity of 6 ppt, growth decreased significantly.
These results are corroborated by Meade, Doeller, Kraus, and Watts (2002) although comparisons are not exact
because they increased salinities by 5 ppt between treatments and thus do not have values between 0 and 5 ppt.
Present results show no effect of salinity on survival up to 12 ppt which is in accordance with the results of
Prymaczok, Medesani, and Rodriguez (2008) who reported no effect on survival at salinities up to 15 ppt. Our results
were also similar to those Bazer, Preston, and Perry (2016) on Orconectes rusticus and Orconectes propinquus crayfish
where survival was not affected by increasing salinities up to 15 ppt. Many crayfish species are stenohaline and sur-
vive only in fresh water or waters of very low salinity (Wheatly & Gannon, 1995; Wheatly & Henry, 1987). Present
results suggest that redclaw can survive in water with a wide range of salinities but their growth and osmoregulation
are affected. This is important because euryhaline crayfish species could negatively affect ecosystems by invading
new habitats (Beatty, Morgan, & Gill, 2005; Cruz & Rebelo, 2007; Holdich, Harlioglu, & Firkins, 1997; Newsom &
Davis, 1994). Aquaculturists however can make use of this attribute to treat redclaw with salt dips or baths when
needed. Moreover, potential aquaculture sites with inland saline well water that are not suitable for marine fish could
be used to grow redclaw.

In the present study, hemolymph osmolality was unchanged at salinities ranging between O and 10 ppt
suggesting a strong osmoregulation by the redclaw at this salinity range. An increase in hemolymph osmolality was
observed at 12 ppt. This increase is not in agreement with the results of Prymaczok et al. (2008) who reported a con-
stant hemolymph osmolality in redclaw crayfish up to salinities of 15 ppt. Isosmolality for redclaw in the present
work was calculated to be at a salinity of 17.34 ppt. Such an extrapolation assumes that increase in hemolymph
osmolality as salinity increases is a linear function. This assumption was only made in order to allow for a comparison
of point of isosmolality with that of other freshwater crustaceans. In such a case, isosmolality is similar to that of the
Galician crayfish Astacus leptodactylus (Susanto & Charmantier, 2000). On the other hand, Augusto, Greene, Laure,
and McNamara (2007) reported that the salinity of isosmolality for Macrobrachium amazonicum, another freshwater

crustacean, was 22.1 ppt. In all cases, it appears that isosmolality for freshwater crustaceans is greater than that of
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freshwater teleosts which tends to be between salinities of 12 and 14 ppt in both freshwater and saltwater fish.

Because the point of isosmolality in the present work was calculated and not empirically measured, we cannot dis-
cuss conformity or regulation in redclaw at salinities greater than 12 ppt.

When organisms are exposed to increased salinities, salts diffuse into their bodies. Prymaczok et al. (2008)
reported that redclaw mobilized free amino acids to muscles in order to maintain cellular isosmotic conditions caused
by increased hemolymph sodium. Stable hemolymph osmolality observed in the present work suggests no free amino
acid mobilization to muscles at salinities up to 10 ppt, but rather an increase in NKA activity and NKCC expression
to maintain a stable internal osmolality. However, the osmoregulatory mechanism was not able to maintain homeo-
stasis at salinities greater than 10 ppt. Interestingly, Prymaczok et al. (2008) suggest no significant free amino acids
mobilization at salinities below 25 ppt. Accordingly, it seems that at salinities greater than 10 ppt, saturation kinetics
for transportation of ions by NKA and NKCC is reached and the organism becomes an osmoconformer until very
high salinities when free amino acids are used to counter salts diffusing into the body.

In hyperosmoregulating crustaceans, active NaCl absorption takes place mainly through the gills (Koch, 1934). In
the gills, the NaCl-absorbing cells have a basolateral membrane containing NKA, K* channels, and CI~ channels. The
basolateral NKA creates an electrochemical gradient that drives Na* absorption via the apical Na* channels (Lucu &
Towle, 2003; Zeiske, Onken, Schwarz, & Graszynski, 1992) often in exchange for NH,* or H*. Accordingly, the main-
tenance of a constant hemolymph osmolality coupled with increased NKA activity as salinity increases up to 10 ppt
suggests active energy expenditure for osmoregulation. The logical assumption would be that as environmental salin-
ity increased towards the point of isosmolality, energy expenditure for osmoregulation would decrease and growth
increase. However, redclaw evolved to live best in a freshwater environment and osmoregulation is not only depen-
dent on active ion transport but also on capacity of the integument to reduce diffusion and on the mobilization of
large molecular weight osmolytes in the plasma. Accordingly, any deviation from normal environmental salinities
would cause an increase in osmoregulatory energy expenditure as described by Saoud, Kreydiyyeh, Shalfoun, and
Fakih (2007).

The present work suggests that redclaw crayfish are very much freshwater organisms. A salt dip or bath could
assist in treating parasites or fighting off-flavor but long-term culture in saline environments, even at very low salin-
ities, would affect growth and FCR. Salt can be used at very low concentrations (<1 ppt) to counteract nitrite toxicity
if necessary but adding salt to water to relieve stress during transportation does not help the animal. Adding salt to
mobilize free amino acids in the hemolymph to improve taste also does not seem to work at salinities of 12 ppt

and less.
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