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Introduction

In recent years, there has been a great deal of interest in growth hormone (GH) transgenic fish, and how their physiology differs from their non-transgenic counterparts.  However, early studies were performed using fish with multiple copies of the GH gene, which often led to physical deformities and poor performance (Farrell et al., 1997).  Further, the results of more recent studies are hard to interpret because transgenic fish and their non-transgenic conspecifics often have different environmental histories. This study provides the most comprehensive examination of the cardiorespiratory physiology of GH transgenic salmon (including measurements of maximum cardiac function), and uses a stable line of fish reared in a shared tank with controls (at 100C, for 4 – 6 months). This “common garden” experiment eliminates exogenous environmental variables, leaving the transgene’s effects as the sole determinant of any measured physiological differences. 

Results

Body morphometrics were not different between control and transgenic salmon, and surprisingly no difference was observed in gill surface area. Standard and routine oxygen consumption (measured in an 81L Blazka respirometer) were significantly higher (by 20% and 18%) in the transgenics, however, maximum oxygen consumption was not different (Table 1). Thus, transgenic fish had a 29% lower absolute metabolic scope and a 19% lower factorial metabolic scope, and this lowered scope was associated with an 11% reduction in critical swimming speed (Ucrit). 

Table 1. Routine, standard, and maximal oxygen consumption (ml min-1 kg-1), Ucrit (BL sec-1), and factorial and absolute metabolic scope for transgenic and control Atlantic salmon at 100C. Values represent means ± 1 standard error. In all cases a one-way ANOVA was used to assess significance.  * indicates a significant difference (p<0.05).  
	
	Control
	Transgenic
	Ratio

	
	(n=8)
	(n=8)
	(Con/Trans)

	Routine
	46.4 ± 2.1
	58.1 ± 4.4*
	0.81

	Standard             
	64.5 ± 3.9
	78.2 ± 4.7*
	0.83

	Maximum
	418.2 ± 18.6
	379.5 ± 25.3
	1.10

	
	
	
	

	Absolute Scope
	354.9 ± 19.1
	286.0 ± 16.8*
	1.24

	Factorial Scope
	9.13 ± 0.49
	6.51 ± 0.58*
	1.40

	
	
	
	

	Ucrit 
	2.2 ± 0.1
	2.0 ± 0.1*
	1.11


Plasma cortisol, norepinephrine, and epinephrine levels, before and after a 45 second net stress, were measured as indices of the fish’s stress response. Resting plasma cortisol and epinephrine levels were not different between transgenic and control salmon (cortisol: 11.6 ± 2.3 vs. 12.1 ± 1.7 ng ml-1; and epinephrine: 5.8 ± 1.7 vs. 3.3 ± 0.6 nM). However, the transgenics exhibited a significantly higher resting norepinephrine level than the controls (1.7 ± 0.3 vs. 4.3 ± 0.8 nM).  Interestingly, the transgenic salmon had a significantly lower post-stress cortisol response (17.8 ± 1.3 vs. 24.7 ± 2.3 ng ml-1), but significantly greater post-stress epinephrine (20.6 ± 2.8 vs. 12.3 ± 2.1 nM) and norepinephrine (8.9 ± 0.7 vs. 5.0 ± 0.8 nM) levels compared to the controls.  Resting and post-stress haematocrit and mean cellular haemoglobin content were not different between groups, however the transgenics exhibited a slightly greater post-stress haemoglobin concentration (7.3 ± 0.3 vs. 6.6 ± 0.2 g dL-1).  Finally, the erythrocytes of transgenic salmon had a 3% shorter perimeter, and were 8% more compact (i.e. more oblong), but showed no difference in total surface area.  

The transgenics had significantly higher citrate synthase activity in their heart muscle (0.129 ± 0.002 vs. 0.117 ± 0.002 units · g protein-1), and greater cytochrome c oxidase activity in their red muscle (0.152 ± 0.001 vs. 0.145 ± 0.002 units · g protein-1).  In addition, their white muscle protein content was significantly higher than controls (147.8 ± 0.4 vs. 141.9 ± 0.7 mg g wet tissue-1). 

Finally, an in-situ heart preparation (Farrell et al., 1986) was used to measure the maximum cardiac performance in both groups (Table 2). Transgenic salmon had a 22% greater relative ventricular mass, and their in-situ hearts exhibited a significantly greater heart rate (by 7%).  This greater heart size and frequency of contraction allowed them to achieve a 16% greater maximum cardiac output (measured in ml min-1 kg-1). However, maximum power output (mW g vent-1), % ventricular compact myocardium (46.5 ± 1.1 vs. 44.8 ± 1.0 %), and mass specific cardiac output (in ml min-1 g ventricle-1) were not different between the two groups. 

Discussion

This research identified numerous physiological differences between transgenic and non-transgenic salmon including increased routine/standard metabolism, higher enzyme activities, and lowered Ucrit and metabolic scope, that are consistent with past studies on GH transgenic fish. However, we provide the first data on altered stress hormone levels, and on substantial differences in heart performance/morphology. These data: 1) suggest that elevated cardiac function is linked directly to the higher growth or indirectly with the increased feeding (swimming) activity of GH transgenic salmon; and 2) indicate that this increased cardiac performance was only a function of a larger heart, not remodelling of

myocyte physiology. This latter result is consistent with recent work comparing cardiac physiology between wild vs. domesticated steelhead, and fed vs. starved cod (Gamperl and Farrell, in press). 

Table 2. Heart morphometrics and maximum cardiac performance in transgenic and control Atlantic salmon. Values represent means ± 1 standard error.   An ANCOVA, with body mass as a covariate, was used to examine differences in % compact myocardium. One-way ANOVAs were used to compare all other parameters.  * indicates a significant difference (p<0.05).

	
	Controls
	Transgenics
	Con/Trans

	
	N=8
	N=7
	Ratio

	Body mass (g)
	595 ± 21
	577 ± 21
	1.03

	
	
	
	

	Heart Morphometrics
	
	
	

	RVM
	0.069 ± 0.002
	0.089 ± 0.002*
	0.77

	% Compact Myocardium
	44.8 ± 1.0
	46.5 ± 1.1
	0.96

	
	
	
	

	Maximum Performance
	
	
	

	Q (ml min-1 kg-1)
	63.8 ± 1.9
	75.54 ± 2.8*
	0.85

	SV (ml kg-1)
	0.93 ± 0.03
	1.03 ± 0.05
	0.91

	Heart Rate (BPM)
	69 ± 1
	74 ± 2*
	0.93

	
	96.0 ± 4.4
	95.7 ± 1.9
	1.00

	Q (ml min-1 g vent-1)
	
	
	

	SV (ml g vent-1)
	1.39 ± 0.09
	1.3 ± 0.04
	1.07

	Power (mW g vent-1)
	9.5 ± 0.7
	9.6 ± 0.5*
	0.84


Interestingly, although many aspects of the oxygen uptake-transport-utilization pathway had been upregulated, gill surface area was not enhanced in the GH transgenic salmon. We suggest that the lack of an increase in gill surface area constrained the maximum performance capacity of these fast growing fish (ie. max. O2 consumption is diffusion limited in GH fish). This conclusion is consistent with Pauly (1998), who provides a comprehensive analysis of the interrelationships between growth rate, swimming capacity, and gill surface area in fishes.
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