Photosynthesis in Copepods

Abstract. Zooplankton grazers consume appreciable amounts of algae that are not
digested. Indigestibility has been considered of adaptive value to the algae and an
unqualified disadvantage to the grazer. In Cartesian diver experiments, freshly killed
copepods (Acanthocyclops vernalis) produced significant amounts of oxygen when
exposed to the light, even after 24 hours of starvation. Also, significant amounts of
oxygen were consumed by dead copepods in the dark. These observations suggest
that the copepod gut is well suited for photosynthesis by ingested algae.

While investigating changes in meta-
bolic rate during copepod development
(1), we found that copepods that were
accidentally killed by anesthetic over-
dose produced substantial oxygen in the
light. We concluded that viable orga-
nisms, including algae, must be sustain-
ing significant metabolism inside cope-
pods. In this report we describe the
magnitude of the photosynthetic and res-
piratory activity in one copepod species.

Changes in oxygen concentration in
Acanthocyclops vernalis (Fischer) (2)
were determined with a Cartesian diver
microrespirometer (3). There were three
groups of experimental animals: group |
had free access to food, group 2 was
starved for 3 hours, and group 3 was
starved for 24 hours. All experimental
copepods were Kkilled with MS-222 just
before we made metabolic rate determi-
nations (4). Each experimental group
was divided into two treatment catego-
ries: illuminated (light) and not illuminat-
ed (dark) (5). Oxygen change per unit
time was the dependent variable in all
experiments. The control group consist-
ed of living copepods (6).

Differences in oxygen consumption
among groups and between treatments
were determined by two-way analysis of
variance (7). The difference between
treatments (light and dark) is statistically
significant (Table 1). Values of oxygen
change for the dead, illuminated animals
were always positive, indicating net pho-
tosynthesis. Values for the dark treat-
ment were always negative indicating
substantial respiration, even though the
copepods were dead. Control divers
without animals showed no oxygen
change, so the changes reported in Table
1 must be associated with the copepods.
Microscopic examination showed no ex-
ternal algae on the copepods.

The statistically significant difference
among groups (Table 1) indicates that
both oxygen production (light) and con-
sumption (dark) change according to the
elapsed time since the last food intake
before death. This change over time was
analyzed by regression analysis in which
duration of starvation was the indepen-
dent variable and oxygen consumption
or oxygen production per individual was
the dependent variable. Both respiration
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and net photosynthesis decrease signifi-
cantly as duration of starvation increases
(8) (Fig. 1); the slope of the regression
line for the dark treatment is significantly
steeper (P < .05) than that for the light
treatment.

We interpret the results as follows., A
significant amount of oxygen i$ produced
by algae within the copepod gut. There is
also substantial oxygen consumption in
the dark by algae, and possibly by other
organisms, within the gut. The other
organisms might include bacteria living
on detritus that has been consumed (9).
There are measurable changes in oxygen
concentration even for copepods starved
for 24 hours before being killed, indicat-
ing that significant portions of the gut
contents are retained during starvation

Table 1. Metabolic activity in dead copepods.
Two treatment categories (light, dark) and
three feeding regimes are compared. Statisti-
cally significant differences exist among
groups (P < .01) and between treatments
(P < .01). Values are mean * the standard
error.
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Fig. 1. Regression lines showing oxygen
change associated with freshly killed cope-
pods. Standard errors are indicated by the
dashed lines. Differences among treatments
and between groups are statistically signifi-
cant (P < .05).
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and that some of this material remains
alive and metabolically active. Since the
rate of oxygen generation decreases with
time of starvation at a rate lower than
that of the decrease in oxygen consump-
tion, the viable algae must be less dam-
aged than some of the other organisms
retained within the gut. The decrease in
respiration and photosynthesis with time
of starvation also shows that these pro-
cesses are the result of organisms within
the gut, since it is unlikely that other
sources of gas change (that is, epizoic
organisms) would be affected by starva-
tion.

Metabolic activity in the gut has im-
portant implications both from a techni-
cal and from an ecological-evolutionary
standpoint. From a strictly technical per-
spective, photosynthesis and respiration
of the magnitude we have observed in
the gut can create seriously misleading
information concerning metabolic rates.
In our experiments, metabolism of living
Acanthocyclops vernalis would have
been overestimated by 40 percent if mea-
sured in the dark and underestimated by
20 percent if measured in the light be-
cause of metabolic activities of orga-
nisms within the gut (J0). Since we made
no attempt to maximize photosynthesis
either by increasing the amount of algae
in the diet or by optimizing light intensi-
ty, maximum photosynthesis and associ-
ated technical problems in determining
metabolism could be much greater.
These problems can be especially impor-
tant in experiments involving systematic
changes in light regime, as in diel stud-
ies. :

The possible adaptive significance of
metabolically active algae within the gut
is considerable. Certain phytoplankton
are known to pass through the guts of
planktonic grazers without undergoing
any appreciable digestion (17, 12). Porter
(13) has referred to the relation between
grazer and algae as nonobligatory mutu-
alistic symbiosis, thereby implying that
both members profit from the associa-
tion. Although Porter has shown several
advantages to the algae associated with
the phenomenon, hypotheses concerning
the possible adaptive advantages of the
relation to the grazer have not been
convincing. Porter (/3) suggests that the
nutritive value gained from partial diges-
tion of the gelatinous sheath may be a
significant source of energy for the graz-
er during resource scarcity. Although the
sheath may be nutritious, most of the
potential energy is not used because the
algal cell itself is not digested. Further-
more, many indigestible species lack a
gelatinous sheath and therefore would be
of no nutritional value (/2). Without
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some better argument for the advantage
to the herbivore, its failure to digest
many algae appears to be a major adap-
tive inadequacy of the herbivore. This is
possible, but it seems unlikely that the
herbivore is truly blocked from selection
of digestible foods or from development
of mechanisms for digesting refractory
foods.

Research (13) on the significance of
undigested algae to the grazer has not
dealt with the potential for photosynthet-
ic activity during passage through the
gut, probably because it would not be
obvious that photosynthesis would pro-
ceed so effectively. Since active photo-
synthesis can occur in the gut, even for
long periods, advantages may accrue to
the herbivore by this route. Gases, pho-
tosynthate, or both, may be involved.
Algae may be trading photosynthate to
copepods in return for viable gut pas-
sage; this would imply coevolved mecha-
nisms, including extraordinary release of
photosynthate or important growth fac-
tors such as vitamins (/4) by the cells
and enzymatic selectivity by the herbi-
vore to protect the algae. Gases are a
second line of interaction. An internal
oxygen pump of this magnitude opens
possibilities for improved efficiency in
food gathering and locomotion. Removal
of CO, is also affected to the benefit of
both herbivore and algae. Behavioral al-
teration of gut photosynthesis by adjust-
ment of light climate during vertical mi-
gration is a potentially important by-
product of algal-copepod coevolution.
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Phase Locking, Period-Doubling Bifurcations, and Irregular

Dynamics in Periodically Stimulated Cardiac Cells

Abstract. The spontaneous rhythmic activity of aggregates of embryonic chick
heart cells was perturbed by the injection of single current pulses and periodic trains
of current pulses. The regular and irregular dynamics produced by periodic
stimulation were predicted theoretically from a mathematical analysis of the
response to single pulses. Period-doubling bifurcations, in which the period of
a regular oscillation doubles, were predicted theoretically and observed experimen-

tally.

The phase of neural and cardiac oscil-
lators can be reset by a single brief
depolarizing or hyperpolarizing stimulus
(1~3). Experimental determination of the
dependence of the phase shift on the
phase of the autonomous cycle at which
the stimulus was delivered allows com-
putation of a mathematical function
called the Poincaré map (4). Analysis of
the Poincaré map is carried out to predict
the response to periodic stimulation ({,
2, 4). This work provides experimental
confirmation of a recent theoretical pre-
diction (4) that period-doubling bifurca-
tions and irregular dynamics (5) should
be observable in periodically stimulated
oscillators.

The preparation has been described in
detail (6). Briefly, apical portions of
heart ventricles of 7-day-old embryonic
chicks were dissociated into their com-
ponent cells in 0.05 percent trypsin. The
cells were transferred to a flask contain-
ing tissue culture medium (818A with a
potassium concentration of 1.3 mM),
which was placed on a gyratory shaker.
Spheroidal aggregates (100 to 200 um in
diameter) of electrically coupled cells
that beat spontaneously with a period
between 0.4 and 1.3 seconds form after
48 to 72 hours of gyration. Experiments
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were performed on aggregates in the
same culture medium at 35°C under a gas
mixture of 5 percent CO,, 10 percent O,,
and 85 percent N,. Intracellular electri-
cal recordings were made with glass mi-
croelectrodes filled with 3M KCI (resist-
ance, 20 to 60 megohms). Current pulses
were delivered through the same elec-
trode and measured with a virtual ground
circuit. Impalements were maintained
for 2 to 5 hours. This report presents
results for two aggregates out of ten
studied.

Consider the response of an aggregate
to a single current pulse delivered 8 msec
after the upstroke of the action potential
(Fig. 1A). The length of the cycle imme-
diately preceding the perturbation is
called 7, and the phase ¢ of the cycle at
which the stimulus was delivered is
& = 8/1,0 < ¢ < 1. Control ¢cycles with
the phase labeled are shown in Fig. 1B.
The cycle time of the perturbed cycle
(the time from the upstroke immediately
preceding the stimulus to the next up-
stroke) is called 7. A stimulus was deliv-
ered after every ten beats, with & in-
creased by 10 msec each time. In Fig. 1C
the normalized perturbed cycle length
T/7 is plotted for two different prepara-
tions. In a single preparation, an increase
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