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Summary
The salinity tolerance of the California Mozambique tilapia, a current resident of the hypersaline Salton Sea in southeastern California, was investigated by gradually acclimating  fish to progressively increasing salinities from 35 to 95 g/l (in 10 g/l increments for five days per increment), while physiological, biochemical, and morphological indicators of osmoregulatory stress were measured.  Tilapia survived exposure to all salinities with only minor mortality in the 85 g/l treatment.  Our results indicate that tilapia maintain internal osmotic balance without any change in drinking rate or branchial Na+, K+-ATPase activity when exposed to salinities up to 65 g/l for five days.  At 65 g/l salinity or greater, there were changes in chloride cell turnover, drinking rate, and Na+, K+-ATPase activity; followed by increases in plasma osmolality and ion levels.  We conclude that this tilapia hybrid maintains its internal environment by decreasing its epithelial permeability, perhaps as an acute measure for dealing with short term increases in environmental salinity, but when ambient salinity is too great, strategies of osmoregulation such as increased drinking rate and increased branchial Na+, K+-ATPase activity become apparent.  Further investigation may also determine if the duration of exposure plays a role in osmoregulatory strategy.

Introduction
The Salton Sea is a 980 km2 hypersaline lake in the desert southeast of California.  This inland sea formed in 1905-06, when water, accidentally diverted from the Colorado River, flooded the Imperial and Coachella Valleys.  With no outflow and a high rate of evaporation, over the past 100+ years, the Salton Sea has become increasingly saline; today the salinity is near 43 g/l and increasing at a rate of about 0.3 g/l/year.  For the past thirty years, the Salton Sea has boasted a substantial sport fishery, through transplants of fish from the Sea of Cortez, or in the case of the California Mozambique tilapia (Oreochromis mossambicus x O. urolepis hornorum), by escape from local fish farms; however, recent large-scale mortality events have been partially attributed to salinity.  While other factors such as large scale fluctuations in temperature, periods of hypoxia/anoxia, metal toxicity, and high sulphide levels (Watts et al 2001) may all contribute to the declining fish population, salinity has been identified as the key environmental factor and attempts to assess the effects of its continual increase on the fish population are currently being explored. If salinity of the Salton Sea continues rising at its current rate, it will exceed the tolerance levels of its inhabitant species, which will lead to the complete collapse of the fishery.

The California Mozambique tilapia is a hybrid species between the Mozambique, which is highly euryhaline, and the Wami tilapia, about which very little is known (Costa-Pierce & Doyle 1997).  Mozambique tilapia are found in freshwater and estuarine systems, but in experimental conditions, have tolerated salinities as high as 120 g/l (Stickney 1986).  The objective of this study was to investigate the salinity tolerance of commercially available tilapia hybrid, in order to gain insight into its hypoosmoregulatory ability and establish a model of salinity tolerance for the Salton Sea species.  Tilapia were gradually exposed to a progressive increase in salinities 35 to 95 g/l (in 10 g/l increments for 5 days per increment) and physiological (plasma osmolality, [Na+], and [Cl-], oxygen consumption, drinking rate, hematocrit, mean cell hemoglobin concentration, and muscle water content), biochemical (Na+, K+-ATPase activity), and morphological (number of mature, accessory, immature and apoptotic chloride cells) indicators of osmoregulatory stress were measured.

Materials and Methods

Juvenile tilapia hybrids (36.05 ( 0.41 g) were donated by Pacific Aquafarms in Niland, CA, acclimated to seawater over a four week period, and divided into seven tanks.  Salinity was increased in each tank by 10 g/l every five days via a three-quarter water change. At each salinity (35-95 g/l) one tank was sampled, where seven fish were removed at 0, 3, 24, and 120 h; yielding experimental exposures to 35, 45, 55, 65, 75, 85, and 95 g/l at 25ºC.    

Each sampling time involved collection of blood for hematocrit (Hct), hemoglobin concentration (Hb), and subsequent mean cell hemoglobin concentration (MCHC), and for determination of plasma osmolality, [Na+], and [Cl-].  Posterior epaxial muscle was removed and dried to determine the percent muscle water content, and gill and gut tissue was taken for Na+, K+-ATPase activity (Gibbs & Somero 1990).  At 120 h, additional gill arches were taken and preserved in fixative for analysis of morphology with transmission and scanning electron microscopy.  Oxygen consumption and drinking rates were determined in fish exposed to increased salinity for a two week period, at salinities of 35, 55, 75, or 95 g/l.  Oxygen consumption was determined according to the methods of (Gonzalez & Mcdonald 1994), and drinking rate was measured using a modified method of (Wilson et al 1996).

Results 
Oxygen consumption fell in a linear fashion with ambient salinity (Fig. 1), and was significantly decreased relative to seawater values at 75 g/l salinity.  No significant changes in muscle water content (pooled mean (SE = 80.59(0.12%), Hct (30.42(0.29%), Hb (1.04±0.01mM), or MCHC (3.44(0.03 mM calculated as [Hb]/(Hct/100)) were observed.  
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Figure 1: The effect of salinity on oxygen consumption rate.  Different letter indicate statistical differences by one-way ANOVA, p<0.05. (Taken from Sardella et al. 2004) 

Plasma osmolality was significantly increased at 75 g/l salinity at 24 and 120 h relative to seawater values, and thereafter; plasma [Na+] and [Cl-] followed similar trends (Fig. 2a).  No changes in Na+, K+-ATPase activity were seen at 45 or 55 g/l, but levels increased relative to seawater values at 24 h in fish exposed to 65 g/l, returning to control values by 120 h.  Na+, K+-ATPase activity was elevated at all times sampled from 75-95 g/l fish (Fig. 2a).  Drinking rate remained relatively unchanged between 35 and 55 g/l-exposed fish, but was significantly increased in 75 g/l-exposed fish (Fig. 2a).  The morphology of the branchial epithelium remained largely unchanged between 35 and 55 g/l-exposed fish, however, at 55 g/l, the first observation of accessory cell-chloride cell interdigitated junctions was observed.  There were dramatic changes in the epithelium at salinities following this change, including increases in chloride cell turnover rate, number of apical pits, and number of apoptotic chloride cells (Fig. 1b).
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Figure 2: Indices of change relative to values measured in seawater-acclimated animals for a) Plasma osmolality, [Na+], and [Cl-], Na+,K+-ATPase activity and drinking rate, and b) numbers of apical pits and chloride cell sub-types with increasing salinity (* absolute values statistically significant from seawater-acclimated fish, p< 0.05) . (Modified from Sardella et al 2004b).
Discussion

Oxygen consumption fell in a linear fashion with increasing environmental salinity.  Decreases of this nature are commonly observed in teleost species, and probably reflect a reduction in activity as well as down regulation of non-essential systems (Swanson 1998).  The lack of change in the indicators of osmoregulatory stress may indicate that at five days of salinity exposure at constant temperature, salinities up to 55 g/l are tolerable without any change in strategy (Fig 1).   Tilapia may survive acute exposures to increased salinity by reducing branchial permeability; however, if salinity stress is high due to increased salinity (55 g/l+ in this study), or extended duration of exposure (Cioni et al 1991), this mechanism may not be sufficient, and more conventional strategies of osmoregulation, such as increased drinking rate and Na+, K+-ATPase activity, are then observed.  The pattern of change in morphological parameters is consistent with the hypothesis that tilapia do not change osmoregulatory strategy after five days of exposure to salinities below 55 g/l.  It further adds to the model; changes in morphology preceded changes in physiological or biochemical indicators of osmoregulatory stress, and the dramatic changes in those parameters occurred following an increase in branchial membrane permeability (as determined by depth and area of apical tight junctions) (Cioni et al 1991).  Furthermore, it has been previously observed, using a direct transfer to hypersalinity protocol and electrophysiological parameters, that Mozambique tilapia dramatically reduce the conductance of chloride cell-accessory cell junctions following transfer (Kultz & Onken 1993).

Based on our results, the most sensitive indicator of osmoregulatory stress in this species after five days of exposure to progressively increasing salinities is the number of apoptotic chloride cells in the branchial epithelium.  The next step in constructing a model by which to compare wild fish caught from the Salton Sea is to assess the changes in these osmoregulatory patterns when the duration of exposure to hypersaline conditions is extended. Furthermore, the additive effects of temperature, dissolved oxygen level, toxic metals, and sulphide concentration also need to be considered; both increases and decreases in temperature have been shown to reduce the osmoregulatory capacity of this tilapia hybrid (Sardella et al 2004a). Once further data is gathered, the most sensitive indicators observed in our laboratory studies can be investigated in wild caught fish, and the osmoregulatory status of the Salton Sea population may be determined.
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