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Growth rates of many fish species used in
aquaculture are naturally slow, but are
currently being enhanced by tradi-

tional methods of domestication and selec-
tion1. The efficiency of growth and feed-
conversion can also be increased in finfish by
creating transgenic fish that incorporate a
gene construct encoding growth hormone,
giving 3–11-fold gains in weight2–5. Here we
examine growth enhancement due to trans-
genesis in wild (slow-growing) and selected
(fast-growing) commercial salmonid
species relative to growth achieved in
domesticated strains. We find that the
growth response is strongly influenced by
the intrinsic growth rate and genetic back-
ground of the host strain, and that inserting
growth-hormone transgenes into highly
domesticated fish does not necessarily result
in further growth enhancement.

We microinjected rainbow-trout
(Oncorhynchus mykiss) eggs from a very
slow-growing wild strain with a salmon
gene construct overexpressing growth hor-
mone (construct OnMTGH1). Like coho
salmon3, the transgenic trout grew much
faster than non-transgenic sibling controls
(Fig. 1a), achieving a 17.3-fold difference in
weight by 14 months post-fertilization
(non-transgenic: fish weight, 9.750.6 g;
length, 9.350.1 cm; n4247; transgenic
fish: weight, 167.6514.9 g; length,
24.250.9 cm; n440). The amount of
growth enhancement was comparable
(17.6-fold) in a first-generation (F1) family
line established from these fish.

However, the growth of transgenic wild-
strain rainbow trout did not surpass that of
a fast-growing non-transgenic domesticat-
ed strain of trout used in aquaculture (Fig.
1a). We found that introducing the growth-
hormone construct into this domestic
strain (Fig. 1a) did not cause further growth
enhancement (non-transgenic fish: weight,
269.455.9 g; length, 24.050.22 cm;
n4151; transgenic fish: weight,
282.7526.2 g; length, 25.851.58 cm;
n49). These results indicate that similar
alterations of growth rate can be achieved
both by selection and by transgenesis in
rainbow trout, but that the effects are not
always additive.

Transgenic wild-strain rainbow trout
retain the slender-body morphology of the
wild-type strain (Fig. 1a), but their final
size at sexual maturity can be affected by
transgenesis (Fig. 1b), an observation that
warrants concern6. Domestic and wild-
strain transgenic trout had reduced viabili-
ty, and, in the case of the domestic strain,
all transgenic animals died before sexual

maturation. Cranial abnormalities7 detect-
ed in transgenic trout were not seen in
domestic non-transgenic animals, suggest-
ing that, unlike domestication, transgenesis
can affect growth pathways outside the
range supported by the homeostatic
processes that maintain the fish’s normal
morphology and viability.

Trout treated with exogenous growth-
hormone protein8 show similar effects. The
size of untreated wild-strain rainbow trout
increased with a relatively slow weight-
specific growth rate of 0.68% per day,
whereas untreated domestic trout grew at
more than three times this rate (Fig. 1c).
The specific growth rates of hormone-
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Growth of domesticated transgenic fish
A growth-hormone transgene boosts the size of wild but not domesticated trout.

Figure 1 Effect of growth hormone in domestic and wild salmonids. a, Pairs of transgenic (top) and non-transgenic (bottom) rainbow trout

produced from wild (left) and domesticated (right) strains reared at 8 °C. b, Mature wild-strain trout. Top to bottom: cultured transgenic

female (14.2 kg), cultured transgenic male (8.2 kg), wild female (171 g), wild male (220 g). Scale bars represent 5 cm. c, Growth of

domestic and wild rainbow trout strains injected intraperitoneally with 30 ml of a slow-release formulation (Posilac) of bovine growth hor-

mone8. Mean specific growth rates for weight are shown on the right. All groups were significantly different by the end of the trial. 

d, Phenotype of growth-hormone-treated domestic and wild strains of rainbow trout. e, Weights (growth in fresh water to 263 days post-

fertilization) of non-transgenic (green bars) and transgenic (blue bars) coho salmon in wild, domestic, and wild (F77)/domestic hybrid

genetic backgrounds. Strain F77 has a wild genetic background. Statistically distinct groups are indicated by different letters over the bars.
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tially domesticated coho salmon strains, we
have observed that domestication and the
OnMTGH1 transgene can work synergisti-
cally in hybrid strains to increase overall
growth (Fig. 1e). In contrast, growth-hor-
mone constructs that work well in salmon
may not work as well in species that grow
rapidly4. The phenotypic and genetic char-
acter of the starting species or strain, as well
as the strength of the gene construct, need
to be considered when attempting to
improve agricultural animal species.
Robert H. Devlin, Carlo A. Biagi, 
Timothy Y. Yesaki, Duane E. Smailus, 
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has been compressed to a radius Rcöa.
Light is emitted from this region, which is
comparable in size to (or smaller than) the
wavelength of the light.

According to standard formulae of plas-
ma physics, the photon–matter interaction
length is large compared to a (ref. 4). There-
fore, the proposed spectrum2,5 is not that of
a black body, but bremsstrahlung from a
thermally ionized plasma. At 17,500 K, the
noble gases are only weakly ionized, and the
radiation is approximately proportional to
the square of the degree of ionization,
e1x/kT, where x is the ionization potential
(25 eV for helium and 12 eV for xenon).
Thus, radiation from a uniform He bubble
should be less than that from a Xe bubble
by more than four orders of magnitude for
electron–ion bremsstrahlung, and by two
orders of magnitude for electron–neutral
bremsstrahlung. But in fact, the observed
emission from He is less than that from Xe
by only about a factor of 3 (refs 1, 6) — a
discrepancy between theory2 and experi-
ment of one to three orders of magnitude7.

Another problem with Hilgenfeldt et
al.’s model is that the theory encapsulated
in equations (1) and (2) is applied in a limit
where it is not valid8. For Rayleigh’s equa-
tion to apply, the speed of the collapsing
bubble wall, Ṙ, must be small compared to
the speed of sound in the gas, cg (that is, the
Mach number, e¬Ṙ/cg , must be much less
than 1). But experiments show1 that eg¤1,
undermining the assumption that the bub-
ble’s contents are uniformly compressed2.

Although sonoluminescence is arguably
nature’s most nonlinear oscillator9, equa-
tion (1) is derived using the linear wave
equation to describe the motion of the
water. Photographs of high-Mach-number
shocks emanating from a bubble10 show
that the physics of sonoluminescence con-
tradicts the simplifications of equations (1)
and (2). Löfstedt et al.8 have also pointed
out the inconsistencies involved in applying
these equations to a sonoluminescence
bubble near Rc.

If the asymptotic expansion leading to
equation (1) were applied within its range
of validity (eg!1; e¬Ṙ/c!1), then terms
that appear at higher order in e should have
a small effect. But this is not the case:
adding a typical e 2 term [e 2(R2/r)d 2Pg/dR2]
to the right side of equation (1) now yields
a collapse temperature of 9,000 K, and an
even greater discrepancy between theory
and experiment. 

Another problem with Hilgenfeldt et
al.’s theory2 is that it neglects the important
role of water vapour11,12. For all noble 
gases, strongly different sonoluminescence
intensities can be observed as the ambi-
ent temperature is varied1. As this effect 
can occur at fixed bubble size, one con-
cludes that water vapour is a key feature 
of sonoluminescence11,12.
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treated wild-strain trout were enhanced
2.7-fold, whereas domestic trout displayed
a much more modest increase of only 9%.
Cranial abnormalities and silver body col-
oration were also seen in only the hor-
mone-treated animals from the domestic
strain (Fig. 1d). The fact that domestic
trout respond to the exogenous growth-
hormone protein but not to OnMTGH1
transgenesis suggests that ‘stronger’ gene
constructs could be effective, although they
might be associated with a higher incidence
of abnormalities.

The effect of introducing a growth-hor-
mone gene construct into fish to increase
growth rates appears to be dependent on the
degree to which earlier enhancement has
been achieved by traditional genetic selec-
tion. Such effects are likely to be specific for
different species, strains and transgenes —
in selected mice or in domesticated, rapidly
growing farm animals, for example, growth-
hormone transgenesis can have little effect
on growth or it can induce pathological
effects9,10, as we have seen in transgenic
salmonids. 

Depending on the genetic and physio-
logical basis, not all gains made by selection
are likely to be epistatic to the effects of
growth-hormone transgenesis, and some
might actually prime metabolic pathways to
respond to endocrine stimulation. In par-
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Cavitation science

Is there a simple theory
of sonoluminescence?

An abiding issue in cavitation science is
the focusing of energy by the collapse
of a gas bubble in water. In particular,

one would like to understand the origin of
the flash of light (‘sonoluminescence’) that
accompanies bubble collapse1. Hilgenfeldt
et al.2 have presented a simple explanation
for this light emission, based on a hydro-
dynamic (Rayleigh–Plesset) analysis of bub-
ble dynamics. Here we argue that their
model is too simple, on the grounds that it
cannot account for some well-established
observations and that it involves the appli-
cation of this hydrodynamic equation out-
side its range of validity.

Hilgenfeldt et al.2 calculate the interior
temperature of a collapsing gas bubble in
water, Tg, from the Rayleigh–Plesset equa-
tion for the radius, R(t), of a pulsating
bubble:
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supplemented by adiabatic equations of
state for the gas temperature Tg and pres-

sure Pg inside a uniformly compressed
bubble:
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where g is the ratio of heat capacities
CP/CV; a is the radius of the gas when com-
pressed to its van der Waals hard core; and
r, c, s and h are the density, speed of
sound, surface tension and viscosity of
water. Equation (2) applies when the
motion is sufficiently rapid, when R R0,
the equilibrium radius. (For slow pulsa-
tions, TgöT0, the ambient temperature.)
When an isolated bubble is trapped and
driven by a sound field with amplitude
Pa(t)4P8acosvat, the bubble emits one flash
of light with each cycle3.

Although helium and xenon have very
different physical properties, the similarity
of their sonoluminescence constitutes a 
litmus test for theories. When dissolved 
in water at 3 torr partial pressure, these
gases can form light-emitting bubbles with
R044 mm and a maximum radius of
Rm430 mm at 40 kHz driving frequency.
Equations (1) and (2) yield a collapse tem-
perature, Tc, of 17,500 K when the bubble
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