Glucocorticoid-dependent gene expression in temperature adaptation
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Acclimation and adaptation of fishes to local temperature regimes involves a series of coordinated changes at the physiological, biochemical, and molecular levels. We have been using several geographically distinct populations of the mummichog, Fundulus heteroclitus, as a model to explore the molecular mechanisms involved in this process of local adaptation. Mummichogs are distributed along the East Coast of North America, from Newfoundland to northeastern Florida. There is a steep thermal gradient along this coast, and mummichogs at the extremes of the species range experience a greater than 10ºC difference in environmental temperatures. 

Associated with these differences in temperature, there are two distinct genotypes of mummichogs at the northern and southern ends of the species range, with a broad zone of admixture between the two genotypes in intermediate latitudes. There are substantial differences in performance, developmental rate and survival between the northern and southern genotypes at either temperature extreme, suggesting that these genetic differences have impacts on a variety of fitness correlates. In fact, selection experiments in the laboratory have indicated very high selection coefficients associated with population-specific allozyme patterns, particularly with genotype at the glycolytic enzyme LDH-B (lactate dehydrogenase-B). There are also differences in the expression of the Ldh-B gene between genotypes.  Northern fish express ~2-fold more Ldh-B in both heart and liver than do southern fish, and several lines of evidence suggest that this difference in gene expression is of adaptive significance (reviewed in Schulte, 2001). 

We have performed an extensive series of experiments investigating the molecular basis of this adaptively significant difference in gene expression.  Sequence and population genetic analysis of the promoter region of the Ldh-B gene suggested that mutation in a putative glucocorticoid responsive element were responsible for the differences in gene expression between populations (Schulte et al., 1997). Subsequent functional analyses in cell culture and in transiently transgenic fish confirmed the effects of these mutations (Schulte et al., 2000).  In addition, we have recently completed site-directed mutagenesis experiments using the Ldh-B promoter. These experiments indicate that several sites associated with this glucocorticoid responsive element are responsible for the differences in expression between the two populations. Overall, the southern fish appear to possess a more sensitive glucocorticoid-responsive element within the Ldh-B promoter than do northern fish.

When mummichogs are exposed to handling stress or injected with high doses of cortisol, LDH-B activity and expression increase in the livers of fish from the southern population, but not the northern population, consistent with the predictions of the molecular experiments described above. Injection of cortisol into fish transiently transfected with a construct containing the Ldh-B promoter coupled to a luciferase reporter gene had similar results (Schulte et al., 2000), strongly implicating this glucocorticoid responsive element in the differential regulation of the Ldh-B gene between populations of mummichogs.

LDH-B is the terminal enzyme in anaerobic glycolysis.  To determine whether stress hormones similarly affect the expression of other glycolytic genes, we assayed the activity and expression of all of the glycolytic genes in the livers of fish exposed to cortisol injection or handling stress.  Only two enzymes (in addition to LDH-B) changed in activity in stressed fish, and only in fish from the southern population, not the northern population.  Only these two enzymes differed in activity between populations in resting fish, and the net effect of stress-exposure was to remove these differences in activity (Dekoning et al., 2004).  This pattern is very similar to that observed for LDH-B, and thus these data suggest that there is a coordinated response of the glycolytic enzymes to stress, and that this response differs between northern and southern fish.

We next used differential-display PCR to investigate whether this pattern held for other (randomly selected) genes. Although several genes conformed to this pattern, we also discovered several genes that differed in expression between populations, but which did not respond to stress, suggesting that there is a complex interaction between the stress-response and population-specific differences in gene expression in these fish (Picard and Schulte, 2004).

To further explore the role of the stress-response in shaping adaptively significant variation in mummichogs, we also examined features of the stress response itself.  We found that southern mummichogs experience greater increases in cortisol in response to a standardized stressor than do northern mummichogs, and that northern mummichogs have higher cortisol turnover than southern mummichogs (Dekoning and Schulte, 2004).  These data suggest that there are profound differences in the stress-response between these two populations, and that these differences in the stress-response are associated with differences in liver gene expression between populations.

Taken together, these studies at the molecular, biochemical and physiological level are providing new insights into the mechanisms underlying adaptation to local environmental conditions.
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