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Plasma growth hormone concentrations were determined in diploid and triploid rainbow
trout of both sexes during sexual maturation. Diploid females grow large ovaries, whereas
triploid female trout show no ovarian development. The plasma growth hormone concen-
tration in triploid female trout remained low and unchanged throughout the study, whereas
it rose slightly, but significantly, in the diploid females that matured, but not in those that
remained immature. On the other hand, triploid males do develop testes like their diploid
counterparts. In both groups spermiation was accompanied by a steady rise in the plasma
growth hormone concentration. The results suggest that the elevated growth hormone con-
centration in mature male trout was a consequence not of reproduction per se, but of the loss
of condition that accompanied spawning. This hypothesis was supported by the results from
the females. Apart from a temporary loss in the mature diploids caused by stripping of the
eggs, female trout did not lose condition, neither did they show any change in the plasma
growth hormone concentration during the period when they ovulated. These results suggest
that it was the nutritional insufficiency accompanying reproduction in male fish that caused
the elevation in growth hormone concentration. In fact, a strong negative correlation be-
tween the plasma growth hormone concentration and the condition factor of the fish was

observed. © 1991 Academic Press, Inc.

It has long been recognised that there is
an association between growth and repro-
duction in fish, as there is in other groups of
vertebrates (reviewed by Le Bail, 1986).
For example, larger trout are more likely to
mature in any given year than are smaller
fish of the same age; that is, early puberty is
linked to a high growth rate. This associa-
tion is certainly complex, and will be very
difficult to untangle. However, certain spe-
cific aspects of the relationship between
growth and reproduction are amenable to
experimentation. One that has received
some attention is the relationship (if any)
between the hormones that regulate growth
and those that regulate reproduction. Sex-
val maturation in salmonid fishes involves
the development of very large gonads (es-
pecially the ovary, which can constitute
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25% of the body weight), and hence intu-
itively it seems likely that hormones that
stimulate somatic growth will also be in-
volved in gonadal growth. In fact, injected
bovine growth hormone has been shown to
stimulate ovarian growth, as well as so-
matic growth, in juvenile coho salmon
(Higgs et al., 1976,1977). Further, both
mammalian and salmon growth hormones
enhance sex steroid production in vivo
(Singh et al., 1988) and in vitro (Singh et al.,
1988; Young et al., 1983). In turn, these
steroids can be anabolic (reviewed in Higgs
et al., 1982), i.e., they stimulate growth,
demonstrating the close interrelationships
between the reproductive hormones and
those controlling growth.

Only a single study in fish has investi-
gated plasma growth hormone levels during
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sexual maturation (Stacey et al., 1984).
This reported that growth hormone levels
in male white suckers (Catostomus com-
mersoni) were not obviously related to
changes in reproductive status (though
these authors investigated the final stages
of maturation only), whereas in female
suckers the plasma growth hormone level
increased significantly at ovulation, and re-
mained elevated following spawning.

To assess whether sexual maturation is
accompanied by changes in the plasma
growth hormone level, we conducted an ex-
periment using rainbow trout that were ap-
proaching 2 years of age, when the majority
were expected to mature. We used both
diploid and triploid fish (Lincoln and Scott,
1983) of each sex because this allowed us to
monitor some fish that did not show any
gonadal growth, others that showed consid-
erable, but not full, gonadal growth, and
others that matured normally during the ex-
periment, yet all were of the same age and
genetic stock (Lincoln and Scott, 1984).

MATERIALS AND METHODS

Fish. Eggs of the "‘Butley” strain were obtained
from a commercial trout farm. Fertilization took place
on January 24, 1985, and triploidy was induced in ap-
proximately half the eggs by applying to them a heat
shock at 28° for 10 min, starting 30 min after fertiliza-
tion (Lincoln and Scott, 1983) and then returning them
to water at 10°. The eggs and fry were reared in de-
chlorinated mains water at the Lowestoft laboratory
and finally transferred as two separate groups of dip-
loids and triploids to compartments (9.4 m*) of a race-
way system (totalling 45 m?) in which mains water was
recycled at the rate of 1 pass every 4 hr, with 10%
replacement per day.

On 30/4/86 about 60 fish from each group were se-
lected randomly and tagged with individually num-
bered Floy anchor tags (Floy Tagg Manufacturing Co.
Ltd.) through the dorsal musculature. At this stage
ploidy was confirmed in each fish by measurements of
the long axis of erythrocyte nuclei (Wolters et al.,
1982) obtained from blood smears fixed in ethyl alco-
hol and stained in 5% Giemsa.

The fish were fed throughout on commercial trout
pellets, twice daily, ad libitum. Over the experimental
period a minimum water temperature of 10° was main-
tained during the winter. Summer water temperature
reached a maximum of 16.6° in July 1986.
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Experimental design. Although growth data was col-
lected over 2 years, from the fry stage right through
until most diploid fish matured as 2-year-olds. blood
samples for growth hormone determination were col-
lected only over the final 8 months. Blood was first
collected in October, when we predicted that the go-
nads would have been growing rapidly. Our experi-
ence suggested that at this time the gonadosomatic
index (GSI) would have been around 1 in the males
and 3 in the females (see Scott and Sumpter, 1989;
Sumpter and Scott, 1989, for full details on the rate
and timing of gonadal growth in rainbow trout). Blood
samples were collected from all tagged fish (approxi-
mately 120) through the spawning season and well into
the recovery period. At the end of the experiment, in
May, all of the females were fully recovered from
spawning, and most males had ceased spermiation.

Because the fish were tagged, it was possible to
monitor individuals throughout the experiment. Ini-
tially 30 male and 27 female diploid fish, and 39 male
and 20 female triploid fish, were tagged. We randomly
selected 20 fish in each of the four groups for assess-
ment of plasma growth hormone levels. Thus the ini-
tial sample size of each group was 20 at the beginning
of the experiment. At the end of the experiment, in
May 1987, 19, 13, 19, and 15, respectively, of these
tagged fish were alive (trout are especially susceptible
to disease when sexually mature; Pickering and
Christie, 1981).

The last sampling of the males was performed on
May 1, 1987, when they were showing signs of recov-
ery from spawning (see Results). The last sampling of
the females was 1 month earlier, on April 1, 1987.
Sampling ceased then partly because the females had
long since recovered from spawning (see Results), and
partly because we wanted to minimise any further
stress on the females, whose postspawning growth
rate was of great interest to us.

Sampling. At monthly intervals all fish were netted
and lightly anaesthetized in phenoxyethanol (Sigma,
Poole, Dorset). Each fish was weighed (to the nearest
g) and its total length measured (to the nearest mm). A
blood sample was then collected from the caudal sinus
into heparinized syringes, and after centrifugation the
plasma was frozen. While anaesthetized each fish was
assessed for external signs of sexual maturity, such as
an enlarged genital papilla and development of kype
and colouration in males. The time of ovulation and
spermiation was assessed by extrusion of eggs or milt
under application of gentle pressure to the abdomen.
All males, diploid and triploid, matured as 2-year-olds.
None of the triploid females showed any signs of sex-
ual development. Most of the diploid females matured
as 2-year olds, but 6 did not (these would probably
have matured for the first time as 3-year olds). The 20
diploid females selected for growth hormone analysis
included all of these 6 immature diploid females, as
well as 14 diploid females that did mature.
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Radioimmunoassay. The plasma growth hormone
level was determined using the radioimmunoassay de-
scribed by Le Bail et al. (1991). This assay is a homol-
ogous chinook salmon (0. tschawytscha) assay: how-
ever, plasma (and extracts of pituitary glands) from all
Salmo and Oncorhychus genus species tested in this
assay cross-react in a parallel manner to purified chi-
nook growth hormone (e Bail er al., 1991). The re-
cent cloning of rainbow trout cDNAs for GHI and
GHII, allowing prediction of their amino acid se-
quences (Rentier-Delrue et al., 1989), has enabled
these to be compared to the sequences of growth hor-
mones from other salmonids. This comparison re-
vealed that all the salmonid growth hormones fully
characterised to date are structurally very similar
(Rentier-Delrue er al., 1989). These findings suggest
that growth hormone measurements made in this
study, using a heterologous assay, are valid.

Analvsis of results. The coefficient of condition
(condition factor; K) of fish was obtained from the
equation: K = [fish weight (in grams)/fish length? (in
cm)] x 100. Changes in the weight, condition factor,
and plasma GH leve! of trout during the study period
were analysed by one-way analysis of variance
(Minitab). The relationship between plasma growth
hormone level and condition factor was shown most
clearly by transformation of the growth hormone val-
ues by a log function prior to plotting. Correlation val-
ues were calculated from the transformed growth hor-
mone data and the (untransformed) condition factor
data using Minitab; the values were taken from a stan-
dard correlation coefficient table. Only the weight and
length data collected during the period when plasma
growth hormone levels were measured have been used
for the analysis and the figures in this paper.

RESULTS

At the beginning of the study period the
two groups of males each weighed signifi-
cantly more than the groups of females
(Fig. 1). This disparity was probably a con-
sequence of the high levels of androgens
present in the males during sexual matura-
tion (Scott and Sumpter, 1989), because
these hormones are strongly anabolic (re-
viewed in Higgs er al., 1982). During the
next 8 months only the triploid female and
immature diploid female fish continued to
steadily increase in weight (Fig. 1), leading
to a doubling of their weight during the
course of the experiment. Diploid and trip-
loid male fish, and the mature diploid fe-
male fish, all went through a period during
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Fic. 1. Growth rates of diploid and triploid rainbow
trout during sexual maturation. Not all of the diploid
females matured as 2-year-olds. Results are expressed
as mean + SEM.

which they lost weight (Fig. 1). This period
of weight loss, which was brief for the ma-
ture diploid female fish, occurred during
the spawning season, and was caused pri-
marily by the removal of ovulated eggs.
Thereafter the mature diploid female fish
recommenced growing, and at the end of
the experiment (in May) they were signifi-
cantly heavier than at the beginning (the
preceding October). On the other hand,
both diploid and triploid males showed a
prolonged period of 4 months during which
they progressively lost weight; this coin-
cided with spermiation (Fig. I). Only at the
very end of the experiment did this weight
loss halt and the males begin to put on
weight again.

The triploid female and immature diploid
female fish maintained a high condition fac-
tor (around 1.5) throughout the experiment
(Fig. 2). Initially the diploid mature females
also had a high condition factor, but this fell
significantly (P < 0.001) at the time of ovu-
lation before recovering to its former value.
The condition factor of both groups of
males fell throughout the course of the ex-
periment and the loss was especially pro-
nounced during the extended period (5
months) of spermiation (Fig. 2). Only at the
very end of the experiment was there any
indication that the male fish had declined to



106

.7
Lo
o
=
g Dip imm Q
s | TripQ
5
z Dip mat @
°
S 1.3
(o]
3
1 op O7
1
. Trip
B Ovulation
1 L
r -
Spermiation
 S— T T T T T T
Oct Nov Dec Jan Feb Mar Apr May

FiG. 2. Changes in condition factor of diploid and
triploid rainbow trout during sexual maturation. Not
all of the diploid females matured as 2-year-olds. To
prevent cluttering of the diagram, only the standard
errors on the data from the diploid and triploid males
are shown. All the other standard errors were of com-
parable magnitude.

their lowest condition factor and subse-
quently would recover condition.

Basal plasma growth hormone levels
were low (less than 1 ng ml~?!) during the
study. No significant effect of time on the
plasma growth hormone level was detected
for triploid female fish or diploid immature
female fish; levels remained low throughout
the study (Fig. 3A). However, there were
significant effects of time on plasma growth
hormone levels for triploid male fish (P <
0.05), and diploid male and mature female
fish (P < 0.01 in both cases). This increase
was most marked in the two groups of
males, in which the plasma growth hor-
mone level rose approximately 10-fold,
from 0.3 ng ml~! to around 3 ng ml~'. This
pronounced rise occurred during the period
of spermiation (Fig. 3A). The plasma
growth hormone level of the diploid mature
females rose from 0.3 ng ml~! at the begin-
ning of the study to 0.7 ng mi~! at the end
(Fig. 3B).

For all 5 groups of fish the relationship
(correlation) between plasma growth hor-
mone level and condition factor (for each
fish at each month) was assessed. Signifi-
cant, negative correlations between these

SUMPTER ET AL.

7? A
6
5
3
< J Dip O
‘:; 3
2 Tip
14
Dipimm @
0- Teip Q
Spermiation
1.00 B
Dipmat @

GH ng/ml
e © o
% 8 a

Ovulation

r—— T T T T —

1
Oct Nov Dec Jan Feb Mar Apr May

F1G. 3. Changes in the plasma growth hormone con-
centration of diploid and triploid rainbow trout during
sexual maturation. Not all of the diploid females ma-
tured as 2-year-olds. Results are expressed as mean *
SEM. Where standard errors are not shown they were
within the size of the symbol. The results for diploid
mature females (B) have been plotted on a different
scale compared to the other group (A) to represent
clearly the changes in plasma growth hormone level
that occurred in this group.

two indices were found for diploid male,
triploid male, diploid mature female (P <
0.001 in all cases; Fig. 4a,b.c), and diploid
immature female (P < 0.05; Fig. 4d) fish.
No significant correlation was detected for
triploid female fish (Fig. 4e).

A similar analysis (plasma growth hor-
mone level against condition factor) on a
monthly basis was investigated. Only the
data from the male fish, of both ploidy lev-
els, are shown here (Fig. 5). It can be seen
that the same trends were observed in both
groups of fish. Condition factor fell (the
points drift from right to left) as the study
progressed and this was accompanied by
the correlation between condition factor
and plasma growth hormone level getting
progressively stronger. These effects were
most obvious and pronounced in the trip-
loid males, in which the correlation was not
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FIG. 4. The relationship between the plasma growth hormone concentration and the condition
factor of diploid and triploid rainbow trout during sexual maturation. A dot represents a single fish,
whereas a number signifies more than one fish. The levels of significance of the regressions are
indicated. Note that plasma growth hormone concentrations are plotted on a log scale.

significant in October but became so
by February (P < 0.05) and proceeded to
get stronger (P < 0.01 in April and May;
Fig. 5).

DISCUSSION

The data demonstrate that although
plasma growth hormone levels may be ele-
vated during sexual maturity, high levels
are not a prerequisite for successful matu-
ration. This contention is supported most
clearly by considering in detail the data ob-
tained from the diploid mature female trout.
Although the ovaries of this group grew
rapidly during the first half of the study
{from October to January), during which
the GSI would have increased from about 3
to 20 (Sumpter and Scott, 1989), their

plasma growth hormone level remained low
(~0.3 ng ml~ ). None of the fish had ovu-
lated when they were sampled in Decem-
ber, but 13 out of the 14 had by the time
they were sampled a month later, in early
January. The corresponding plasma growth
hormone levels at these two times were
0.32 + 0.04 and 0.37 = 0.04 ng ml~ ', re-
spectively. Thus, ovulation was not accom-
panied by any significant change in the
plasma growth hormone level. Only after
ovulation did the plasma growth hormone
level rise significantly, though the change
was relatively small (it doubled). Most of
this increase (0.37 + 0.04 to 0.57 = 0.10 ng
mi ™) occurred between January and Feb-
ruary, during the period when the fish had
their lowest condition factor. Overall, the
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data suggest that full ovarian growth is not
accompanied by elevated growth hormone
levels. However, any loss of condition as a
consequence of spawning is accompanied
by elevated growth hormone levels.

This explanation is supported by the re-
sults of the males. Unlike the situation in
females, triploid males do develop large go-
nads, accompanied by elevated sex steroid
levels (Lincoln and Scott, 1984). Although
none of the diploid males were running at
the beginning of the study, 18 out of the 20
were a month later, in mid-November, and
all were in December. Over this period the
plasma growth hormone level of the diploid
males remained unchanged (~0.3 ng ml ).
Thus, as observed with the diploid mature
females, the later stages of gonadal growth,
and gamete release, were not accompanied
by elevated plasma growth hormone levels.
However, subsequently, during the pro-
longed period of spermiation, the plasma
growth hormone level rose appreciably.
Again, this rise was accompanied by a pro-
nounced loss of condition, the two indices
being closely negatively correlated.

Similar results were observed with the
triploid males. It is usually impossible to
express milt from triploid males (Lincoln
and Scott, 1984), and hence it was not pos-
sible to assess their degree of testicular de-
velopment without Kkilling the fish. How-
ever, the timing of testicular development
is considered to be similar in both diploid
and triploid male trout of the same stock
(Lincoln and Scott, 1984; Benfey et al.,
1989). Thus, it is very likely that full go-
nadal development was reached in the trip-
loid male trout without any accompanying
change in the plasma growth hormone
level. Like the diploid males, these fish also
suffered a dramatic loss of condition during
the following months, which was accompa-
nied by an elevated growth hormone level.

Our proposition that the nutritional insuf-
ficiency which occurs during reproduction,
especially in males, is the reason for the
elevated growth hormone levels, rather
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than reproduction per se, is supported by
our results on the effects of starvation. We
have shown that starvation, and the accom-
panying loss of condition, is associated
with elevated growth hormone levels
(Sumpter et al., 1991). It is likely that the
elevated growth hormone levels associated
with nutritional insufficiency serve to mo-
bilize lipid reserves to supply energy
(Sheridan, 1986,1988; Sumpter et al., 1991).
It is difficult to compare meaningfully our
results with those of Stacey er al. (1984).
We determined the plasma growth hormone
level during the major phase of gonadal
growth, spawning, and subsequent recov-
ery, a period of 8 months in all. Stacey et al.
(1984) determined plasma growth hormone
concentrations in white suckers as they en-
tered a spawning stream from a lake, during
spawning, and on return to the lake, cover-
ing a period of only 2 months. Further, we
monitored the condition of our fish,
whereas they did not. Nevertheless, there
are some similarities in the two sets of data.
Stacey et al. (1984) observed relatively con-
stant plasma growth hormone levels
throughout the spawning season in males.
In females, however, plasma growth hor-
mone levels were lowest in prespawning fe-
males, were increased significantly at ovu-
lation, and remained high in spent females.
Thus, in our study we observed elevated
growth hormone levels in males, but not
females, whereas Stacey et al. (1984) re-
ported the opposite. Without knowing more
about the reproductive cycle of white suck-
ers, it is not possible to assess whether a
similar reason (nutritional insufficiency)
was the cause in both cases.
Paradoxically, our data show that trout
with low plasma growth hormone levels can
grow rapidly (the triploid females and the
diploid, immature females), whereas fish
with high plasma growth hormone levels
may grow slowly, if at all (the diploid and
triploid males). We observed a similar neg-
ative association between growth rate and
plasma growth hormone level in another
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study concerned with the effects of starva-
tion on rainbow trout (Sumpter et al.,
1991); possible explanations are discussed
by Sumpter et al. (1991).
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