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ABSTRACT: Oxygen consumption rate of 8 to 12 mo old river puffer fish Takifugu obscurus was deter-
mined using an automatic intermittent-flow-respirometer (AIFR). During the experiments, the fish
were not fed and were kept in constant darkness and at constant temperature to avoid any extrinsic
disturbances. It was clearly demonstrated that this species has a strong endogenous circadian rhythm
in its instantaneous rates of oxygen consumption, although there were weak minor peaks of 11.4 to
11.7 h intervals. This endogenous rhythm appeared to be independent of the number of fish in the
experimental chamber. The endogenous rhythm in the oxygen consumption rate observed in the pre-
sent study may have profound implications for the physiological processes and biological rhythms of
this species, and could also be a good reference in determining the oxygen consumption rates of other
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aquatic organisms.
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INTRODUCTION

Ever since a tidal rhythm in behaviour was first dis-
covered in the green turbellarian Convoluta roscoffen-
sisin 1903 (Bohn 1903, Gamble & Keeble 1903), many
researchers have observed the circadian and circatidal
rhythms in many species of marine animals (Reid &
Naylor 1989, Northcott et al. 1991, Palmer & Williams
1993, Tankersly & Forward 1994, Akiyama 1995, Zeng
& Naylor 1996).

Previous studies of circadian or circatidal rhythms of
marine organisms have focused on coincidence of the
free-running and locomotor activity rhythm of freshly
collected specimens with the environmental pattern at
the collection site. Persistent activity rhythm of a sin-
gle individual was observed in the fiddler crabs Uca
minax and U. pugnax (Palmer 1988, 1989), and in the
mussel Mytilus edulis (Ameyaw-Akumfi & Naylor
1987), but the individual rhythms in oxygen consump-
tion were not tracked in those studies. Some investi-
gations on the rhythms in oxygen consumption in
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marine animals have been carried out (Aldrich &
McMullan 1979, Marsh & Branch 1979, Hastings 1981,
Fanta et al. 1990, Aagaard et al. 1991, Mehner & Wie-
ser 1994). However, the observation of an endogenous
rhythm associated with oxygen consumption rate in
aquatic animals was hindered by lack of proper
methodology for determining oxygen consumption,
and by technical difficulties in avoiding extrinsic dis-
turbances which affect the biorhythm of the test or-
ganism, in previous studies.

Most respirometers (closed and flow-through) are
incapable of correlating oxygen uptake with defined
activity patterns, which limits their usefulness in bio-
energetics studies (Wrona & Davies 1984). The ad-
vantages and disadvantages of certain respirometers
have also been intensively reviewed by a number of
researchers (Lampert 1984, Wrona & Davies 1984,
Steffensen 1989, Davies et al. 1991). Recently, the lim-
itations imposed by earlier procedures were alleviated
by new techniques which allow non-invasive monitor-
ing of certain rate processes in selected animals using
computer-aided data acquisition and storage systems
(Aagaard et al. 1991, Davies et al. 1991, Dorrien
1993).
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An automatic intermittent-flow-respirometer (AIFR)
employs such techniques and was used to eliminate
some of the problems associated with traditional
respirometers (Kim et al. 1996a). The AIFR was spe-
cially designed by modifying Dorrien’s (1993) respiro-
meter with much improved software. It was hoped that
use of this sensitive respirometer would yield results in
the long-term oxygen consumption rate of fish with
greater reliability than the short-term measurements
of respiration using conventional methods.

The present study was carried out to determine the
possible occurrence of an endogenous circadian
rhythm in oxygen consumption of the river puffer fish
Takifugu obscurus, which is endemic to Korean and
Chinese waters (Chyung 1977).

MATERIALS AND METHODS

Experimental organisms. The river puffer fish Tak-
ifugu obscurus used in the experiment were spawned
as a result of artificial insemination and reared in a cul-
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turc tank {100 1) for 8 to 12 mo at the Korea Qcean

Research and Development Institute (KORDI). Test
subjects [6.5 + 0.1 cm total length, 1.10 = 0.03 g dry wt
(X = SE)] were acclimated to the experimental temper-
ature of 15°C for 4 wk. In 11 experiments, 41 fish were
monitored, with 1, 4, or 6 fish being put in one chamber
at a time (Table 1). Feeding of fish was stopped 48 h
before their introduction into the test chamber, and fish
were not fed during the experiments.

Experimental design. The oxygen consumption rate
was measured by the AIFR (1 system with 2 chambers).
The AIFR has a greater flexibility in determining the
oxygen consumption at various inter-
val levels (seconds) and oxygen ten-
sions than other types of respirometer.
Seawater (30.1 to 30.5%0) was filtered
free of bacteria through sterile mem-
brane filters (with 2 Sartorius Capsule

tored using a thermometry sensor (Pt-100, Farnell,
Germany) and a barometric pressure sensor (Sensym
Hs 20, Farnell), respectively. Salinity (%o) was mea-
sured with a salinometer (LF 320, WTW, Germany).
The oxygen consumption rate was calculated using the
formulae of Dorrien (1993} and Weiss (1970). When the
oxygen level dropped below the predetermined limit,
the magnetic drive gear pump and 3-way magnetic
valve (332F, Nortec, Germany) supplied the system
with saturated seawater until the selected oxygen level
was reached. After each experiment, the chamber was
rinsed with oxygen-saturated water and the probe
voltage was examined to ascertain whether it had
deviated from the gauge voltage at the beginning of
the experiment. After calibration of the oxygen probe
(15 p PO,, Eschweiler, Germany), the measuring sys-
tem was started and the experiment was controlled
automatically by a computer program. At every second
the actual oxygen leveis were recorded by the digital
controlling unit through a picoammeter. Oxygen con-
sumption values for the test organisms were calculated
every 90 s by the computer and the calculated mean
oxygcen consumption was displayed graphically cvery
90 s. The time series of oxygen consumption were con-
tinuously recorded. No measurements were made
while flushing the chamber with oxygen saturated sea-
water from a storage tank (10 1) to restore the upper
oxygen level to 95% of saturation. Data readings,
including local and experimental time (seconds), tem-
perature (°C), air pressure (hPa), oxygen consumption
(ml O, h™') and oxygen levels (%), were stored directly
in a hard disk drive for future analysis. More detailed
descriptions of calculation methods and schematic of
the apparatus are given in Kim et al. (1996a).

Table 1. Takifugu obscurus. Experimental parameters and oxygen consumption
rates for the 1, 4, and 6 river puffer fish groups. Statistical values were computed
for each batch from the 1843 to 3185 data points measured. Values are

means (+ SE where given)

Filters, input 0.2 pm and output _ ) _
. . 1 Fish 4 Fish 6 Fish
0.07 pm). Oxygen levels in the experi- . - — -
mental 0.3 (1 fish) and 1.4 1 chambers Total length (cm) 6.4 59 6.0
(4 and 6 fish) were maintained be- Wet weight (g ind™) 9.6 7.6 7.6
tween 95 (highest) and 86 % (lowest) gghmnpfrifuje °C) 15'1316%'001 14'6;6 ?'004 14'53%?'005
. . ity (%o . . .
of saturation. The measuring system Levels of oxygen saturation (")  94.9-91.3 94.9-86.3 94.4-86.8
was installed in a constantly darkened (£0.01) (£0.04) (£0.05)
incubator (MLR-350, REVCO, USA) Chamber volume (1} 1 0.3 1.4 1.4
: o Flow volume (ml min™) 345 690 690
h onstant t ature of 15°C.
with a con . n ‘emper e S Duration of the experiment (h}) 198.1 120.3 88.1
The magnetic drive gear pump (MS-Z, Number of points measured 2765 3185 1843
Ismatec Sa, Switzerland) installed pro- Measurement interval {s) 90 90 90
duced a horizontal water flow at rates Oxygen consumption rate 0.69 £ 0.01 0.79 £ 0.01 0.91+0.01
1 4-1
of 345 and 690 ml min~' During the [ml O (g dry wi)"" h™]
. Number of experiments 3 5 3
experiments, water temperature and Total number of fish 3 20 18
air pressure were continuously moni-
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Fig. 1. Time series of oxygen con-
sumption rate (ml O, h™!) by (A) 1 river
puffer fish Takifugu obscurus (9.6 g
wet wt) during about 8 d, (B) 4 fish {
(30.4 g wet wt) during 5 d, and (C) 6 Local O+
fish (456 g wet wt} during 4 d. (o) time (h) 12:00 24:00 12:00 24:00 12:00 24:00 12:00 24:00 12:00
Mean oxygen consumption rates over (Date) (Jan. 19) (Jan. 20) (Jan. 21) (Jan. 22) (Jan. 23)
90 s. Arrows indicate peaks of oxygen
consumption at around 08:00 h 1996
Analysis of oxygen consumption records. Rhythmic- chamber, respectively) measured during January

ity was determined by plotting with a Maximum
Entropy Spectral Analysis (MESA) program using raw
data transformed into 40 min lag intervals. Time series
were analysed for periodicity using MESA spectra
following the procedures and algorithms described by
Dowse & Ringo (1989).

RESULTS

The oxygen consumption rates of the river puffer fish
in 3 sets of experiments (with 1, 4, and 6 fish in a test

through May 1996 are shown in Table 1.

The instantaneous rates of oxygen consumption
exhibited a rhythmicity throughout the experiments in
both single and grouped river puffer fish. The frequen-
cies of rhythmicity observed were 8 cycles in the
period of 8.3 d (198.1 h) for 1 fish and 5 cycles in 5.0 d
(120.3 h) in the 4 fish group. In the 6 fish group, how-
ever, the rhythmicity was not evident during the first
12 h, possibly due to stress; this group, therefore,
showed 3 cycles in 3.7 d (88.1 h).

The mean oxygen consumption rate in the rhythms
of the 1 fish appears to gradually decrease with time
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(r=0.86, p < 0.05; Fig. 1A}, while they grad- 1
ually increased in the 4 fish group (r = 0.94,

1 fish, from 0.9 to 7.3 ml O, h™!in the 4 fish

Jam +la

40
in e

group, and fiom 1.5 t0 11.7 ml Oy h™!
6 fish group, respectively, showing a large

variation between the 'basal’ rate and high 0
uptake of oxygen.

p < 0.05; Fig. 1B). The oxygen consumption 0.8
rate of the 6 fish group was higher during 06
ca the first 13 h than in the later part of the ’
experiment (Fig. 1C). 0.4
The river puffer fish maintained a rela-
tively low uptake of oxygen consumption 0.2
during the night (which is referred to as the
'basal’ rate in this paper), even though they 0
were kept in constant darkness. Thereafter,
the rate of oxygen consumption dramati- 20
cally increased, reaching the peak at early
morning, 1 to 2 h after sunrise (indicated by P
arrows, Fig. 1), in all experiments. The 2 13
. : o
amplitude of the oxygen consumption rate a
ranged from 0.5 to 1.3 ml O, h™' for the T 10
3
[¢0]
Q
w

s

Fig.
the data sets presented in Fig. 1. The peaks
in oxygen consumption mainly occurred at
24.6 and 24.8 h intervals, which corresponds
with a circadian rhythm, as shown by MESA
spectral density (Fig. 2A, B). However, the
peak in oxygen consumption by 6 fish group
exhibited 22.7 h interval (Fig. 2C). The in-
stantaneous rates of oxygen consumption by
the 4 and 6 fish groups also showed minor
peaks in short periods of 11.4 and 11.7 h in-
tervals, respectively (Fig. 2B, C).

Mean oxygen consumption of the animals
in each group was calculated by averaging
over the entire duration of the experiments
and entire range of oxygen saturations
(Table 1). The mean (x SE) oxygen con-
sumption rates of fish kept at oxygen levels
between 94.9 and 86.3 % of saturation were
0.69+0.01 ml O, (g dry wt)"' h™! for the 1 fish,
0.79+0.01 ml O, (g dry wt)"' h™!in the 4 fish group, and
0.91 + 0.01 ml O, (g dry wt)™* h™! in the 6 fish group,
respectively. These values show that oxygen consump-
tion rates slightly increased with increasing number
of experimental fish placed in the chamber at a time.

DISCUSSION

Many researchers have reported that most marine
fish exhibit rhythms of 12.4 h in their behaviour and
metabolic processes coinciding with the rise and fall of
tides, i.e. tidal rhythms (Northcott et al. 1990, 1991,
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Fig. 2. Maximum Entropy Spectral Analysis (MESA) plots for {A) 1, (B) 4,
and (C} 6 river puffer fish Takifugu obscurus for the data sets presented in
Fig. 1A, B, and C. Period lengths (h) corresponding to dominant peaks in

the MESA spectra are given in parentheses

Gibson 1992, Leatherland et al. 1992). In the present
study, fish used were kept away from any external
stimuli, such as light, food, temperature, salinity or
tide, which may affect the rhythmic activity of the test
subjects. Nevertheless, the river puffer fish exhibited a
strong endogenous circadian rhythm in the instanta-
neous rate of oxygen consumption. However, the phys-
iological significance of the minor peaks of oxygen
consumption at 11.4 to 11.7 h intervals in the 4 and 6
fish groups cannot be immediately explained; whether
they were due to group effects or had a genetic deriva-
tion is unknown. Currently, we only suggest that this is
consistent with the view that fish reared in the labora-
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tory after insemination are much more likely to exhibit
responses due to their living environment rather than
of genetic derivation to circatidal fluctuations or cer-
tain geophysical forces, e.g. geomagnetism, which eas-
ily penetrates otherwise constant laboratory conditions
(Palmer 1995). Further work is needed to elucidate the
minor-peak phenomenon.

The gradual decrease or increase in both magnitude
and amplitude of the oxygen consumption in this study
was similar to those observed with other species
(Shirely & Findley 1978, Hastings 1981, Tankersly &
Forward 1994). Mean oxygen consumption rate in the
rhythms of 1 fish appeared to gradually decrease with
time (r = 0.86, p < 0.05), while that in 4 fish increased
(r =0.94, p <0.05), as shown in Fig. 1B. A decrease in
oxygen consumption could be due to starvation (Lewis
1971, Widdows & Bayne 1971, Kim et al. 1996b). An
increase in oxygen consumption could be partially due
to effects of microbial respiration deriving from inter-
nal organs and some excretory materials of fish with
time during experiments. However, these effects
appeared not to be significant for the observation of
endogenous rhythm in the river puffer fish in this
study.

In the present study, differences between 'basal’
oxygen consumption and maximum oXygen consump-
tion were 260 to 810 % for the 1 to 6 fish groups. A sim-
ilar result (300 to 700 % for 12 to 32 animals) was found
in the oxygen consumption of a sand-beach isopod
Tylos granulatus by Marsh & Branch (1979).

The variation in oxygen consumption during the ini-
tial phase by the 6 fish group (Fig. 1C) can be inter-
preted as stress effects due to ‘handling’ (Reubush &
Heath 1996, Waring et al. 1996) or as ‘non-steady-state
effects’ (Jobling 1981, Follum & Gray 1987).

It is a generally known fact that oxygen consumption
per unit weight is lower in fish in a larger group of fish
than in isolated fish or fish in a small group (Iltazawa et
al. 1978, Kanda & Itazawa 1981, Honda 1988). In this
study, however, the oxygen consumption rates slightly
increased with increasing number of fish in the exper-
imental chamber. It could be partly due to differences
in behaviour among species. For example, flounder in
a large group are put at ease by visual contact with
fellow fish and reduce their oxygen consumption
(Itazawa et al. 1978), while pulffer fish bite their fellow
fish's tails when starved (Pyun & Rho 1970), and thus
Increase oxygen consumption.

The observed rhythm of the river puffer fish ap-
peared to be independent of oxygen levels between
94.9 and 86.3% of saturation, which are considered to
be well above the critical oxygen concentrations. The
critical oxygen levels which limit the respiratory
process of a cichlid fish Oreochromis niloticus were
below 25% of saturation (Fernandes & Rantin 1989).

In conclusion, the rhythmicity of river puffer fish was
found to be predominantly circadian. The use of an
AJFR made it possible to measure the endogenous
rhythm of oxygen consumption of fish, which is diffi-
cult to detect by way of conventional respirometers.
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