long and middle wavelengths. One direc-
tion from white indicates the relative in-
crease in the activity of the long-wave-
length cones while the other direction in-
dicates relative increase in the activity of
the middle-wavelength cones. Whereas
representation of the same stimuli in chro-
maticity space shows which colors are
equivalent when used as members of an
MDB pair, representation in border-dis-
tinctness space shows how all possible sets
of such stimuli map along the line, which in
turn predicts their ability to form contours
with other colors.
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Fishes in Oxygen-Minimum Zones: Blood Oxygenation

Characteristics

Abstract. Teleosts living in some mid-water pelagic regions of the Pacific are hypoxic
or anaerobic during most of the day and become aerobic only during their diurnal migra-
tions to and from the sea surface. The blood oxygen capacities of these fishes are among
the lowest ever reported, and the oxygen dissociation curves show a very low affinity for

oxygen. ’

The oxygen-minimum zone in the north-
eastern tropical Pacific is the largest open-
ocean area exhibiting well-developed hy-
poxic or anaerobic features (/). In the east-
ern extremes of this ocean off the coast of
central and southiern Mexico, the depth of
the oxygen minimum (the dissolved oxygen
content is generally less than 0.1 ml per li-
ter of seawater) extends from approxi-
mately 100 to 900 m with relatively little
variation throughout the year, or from
year to year (2).

Biologically, however, the eastern por-
tion of the low-oxygen region is character-
ized by surprisingly abundant populations
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Fig. 1. Oxygen dissociation curves (at 0°C) for
Myctophum nitidulum (@) and Vinciguerria lu-
cetia (O).

of metazoans, living in the oxygen-impov-
erished water at least during daylight
hours, and often associating in deep scat-
tering layers (DSL) (3). These populations,
particularly the fishes, make a diurnal mi-
gration to the surface at dusk and return to
depth just prior to sunrise in the classical
DSL pattern characteristic of these spe-
cies. The vertical migrations amount to
300 m or more.

Paradoxically, the fishes present in the
low-oxygen region often have gas-filled
swim bladders with high percentages of ox-
ygen (Table 1) (4). The means by which
such diverse groups as fishes, squids, crus-
taceans, and others survive in the condition
of low oxygen are poorly understood, but
in the case of some crustaceans and at least
one fish they include -adaptations per-
mitting regulation of oxygen consumption
in environmental oxygen concentrations
dropping as low as 0.2 ml per liter of
seawater (5). We report here some physi-
ological parameters of the blood of repre-
sentative fishes from this region.

Fishes were collected with a Tucker net
(6) equipped with a timer-actuated, open-
ing-closing mechanism, an acoustic depth-
indicating pinger, and a digital flowmeter
mounted within the body of the net. The
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Table 1. Blood oxygen capacities and percentages
and oxygen-minimum zone.

of swim bladder oxygen from fishes in the DSL

Blood oxygen capacity* Swim
Speci Number bladder
pecimens sampled Deter- Percentage oxygent
minations - (by volume) (%)
Myctophidae
Myctophum nitidulumi 22 6 3.6 85
Lampanyctus parvicauda 6 4 1.5 75
Lampanyctus idostigmai 5 2 1.5 §
Diaphus pacificus 3 2 2.2 90
Gonichthys tenuiculust 16 2 3.2 §
Melamphaidae :
Melamphaes acanthomusi 2 1 3.0 85
Scopelogadus mizolepis bispinosus 3 2 1.6 87
Gonostomatidae
Vinciguerria lucetia 12 4 1.5 82
Diplophos (proximus ?){ 3 2 3.6 93

*These determinations represent replicate analyses from a single pooled sample of blood. The maximum range in

the values was + 0.2 percent (by volume).
taken only from Station Westfall (30°N, 120°W), in the Ca
tion was 0.26 ml/liter. Lampanyctus idostigma and Gonic

tHighest individual measurement.

tMyctophum nitidulum was
lifornia Current where the minimum oxygen concentra-
hthys tenuiculus were taken only from 22 °N, 111°W, a

station in the frontal zone in the boundary between the transitional water of the California Current and the equa-
torial water of the eastern tropical Pacific, although both species have listed ranges extending through the oxygen-
minimum zone of the eastern tropical Pacific (/9). Melamphaes acanthomus is found from southern California to
the Gulf of Panama at depths between 700 and 3500 m (20). Our specimens were from a single haul made at 16°N,
107°W, between 850 and 900 m; in that interval the oxygen concentrations ranged between 0.38 and 0.43 ml/liter.

The taxonomy of the eastern Pacific species of Diplophos i
is tentative.

s quite unsettled (21). Thus our identification of this fish

§The swim bladder of Lampanyctus idostigma is regressed and fat-invested. No swim bladder was

observed in Gonichthys tenuiculus, in agreement with the observations of Marshall (22), who found no trace of a

swim bladder in Gonichthys cocci adults from the Atlantic.

idostigma and G. tenuiculus were 3.9 and 12.7 percent, res
ties obtained on blood from these animals.

closed net was lowered to a selected depth,
allowed to open, and trawled, generally in
stepwise fashion, for 35 to 95 minutes until
closure occurred (7). Because the net was
open only for specified intervals of time
and depth, the fishes and larger plankton
sampled were uncontaminated by speci-
mens from other depths. Within 10 min-
utes of closure, the net was on deck; the
fishes were immediately placed in iced
seawater, and blood sampling was begun.
An incision was made from the ventral side
into the pericardium, exposing the beating
heart. Blood was obtained from the ven-
tricle by puncture with a heparinized capil-
lary tube fitted with a length of polyethyl-
ene tubing used for suction. Standard
lengths of the fishes ranged from 25 to 100
mm.

Blood gases were determined micro-
gasometrically (8) on pooled blood sam-
ples. All blood was equilibrated at 0°C in
an ice slurry. Oxygen capacities were de-
termined by air equilibration, and we con-
structed the dissociation curves by equili-
brating blood with different air-nitrogen
mixtures. The swim bladder gases were an-
alyzed with an accuracy of 0.2 to 0.3 per-
cent (by volume) (9). Blood gases were an-
alyzed with comparable accuracy (8). The
precision of duplicates was 0.2 percent (by
volume) for both gas and blood analyses.
The CO); tension of the blood was equal to
or less than 0.3 torr.

The low oxygen capacities (Table 1) and
the low affinities for oxygen demonstrated
in the dissociation curves (Fig. 1) are strik-
ing. Oxygen capacity or affinity can some-
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Hematocrits obtained from pooled blood samples of L.
pectively, further substantiating the low oxygen capaci-

times be correlated with oxygen demand as
in tunas and their relatives (10). Fishes in
low-oxygen waters in some cases have
evolved air-breathing habits and have
higher blood oxygen capacities than fishes
from more normally oxygenated environ-
ments (I1). A few teleosts have blood oxy-
gen capacities approaching those reported
here, but these fishes tend to be benthic
forms living in areas of comparatively high
oxygen (12). Factors such as temperature,
the partial pressure of CO, (pCO,), and
organic phosphates within the erythro-
cytes, along with physical activity and pos-
sible accessory respiratory organs, all fur-
ther complicate interpretation of the oxy-
gen dissociation curves of fish blood (13).

These DSL fishes, however, undertake
vigorous vertical migrations of several
hundred meters toward the surface at dusk
and return to depth at dawn. Most of the
migrations are accomplished in 1 to 2
hours, as a result of which these fishes en-
counter rapidly changing environmental
variables, such as dissolved oxygen concen-
trations changing by one to two orders of
magnitude, temperatures varying by as
much as 20°C or more, and hydrostatic
pressures increasing or decreasing by 30 to
40 atm. During daylight hours the fishes
are probably inactive (/4) and are strongly
hypoxic or anaerobic.

Data available at present do not permit
us to conclude that small mesopelagic fish-
es from less limited oxygen environments
will not also have blood oxygen capacities
as Jow as those reported here. For ex-
ample, Myctophum nitidulum (Table 1;

Fig. 1) from a station in the southern part
of the California Current (30°N, 120°W)
seldom encounters an oxygen minimum
lower than 0.2 to 0.3 ml/liter, whereas the
lower values in the area sampled on the
Minox cruises were an order of magnitude
below these. Thus, it is not yet clear wheth-
er the low capacities we report here repre-
sent an adaptation to the ultralow oxygen
regime per se or are a response to a com-
plex of factors associated with a life-style
oscillating daily between relatively quies-
cent, hypoxic, cold episodes at depth, and
active, oxygenated, warmer intervals con-
nected with near-surface feeding at night.

Oxygen minima are a ubiquitous feature
of the oceanic world, but seldom in the pe-
lagic realm is the oxygen minimum found
to be so pronounced or of so great an ex-
tent as in the region of our study. Conceiv-
ably, the complications associated with the
delivery of oxygen to the tissues in an envi-
ronment exhibiting such an extreme pauci-
ty of oxygen may be the factors responsible
for these very low blood oxygen affinities
of the teleost fishes listed here (Fig. 1). On
the other hand, no more than | percent of
the hemoglobin would be oxygenated un-
der these circumstances while the fishes are
at depth (Fig. 1), and it seems more likely
that they must obtain energy by alternate
pathways as suggested for other facultative
anaerobes (15).

The swim bladder oxygen that must be
resorbed into the vascular system during
upward migration is also available for
aerobic metabolism. The situation is re-
versed, however, when the fishes migrate
downward and apparently resecrete some
gas into their swim bladders, perhaps at
least in part for buoyancy regulation (4,
16). The energy requirements of these ac-
tivities have been studied (/7) but can still
only be approximated, because in the ex-
treme oxygen minimum the particular
physiological and biochemical processes
involved are as yet poorly understood.

Adaptation to an extreme environment
frequently involves changes in several as-
pects of a physiological system. The hemo-
globin-free blood of antarctic icefishes, for
instance, also has a low oxygen capacity
(18), but the subzero habitat is well oxy-
genated. The low oxygen capacities of the
Minox fishes, like the icefishes, could in
part be supplemented by various cardio-
vascular adjustments such as increased
cardiac output, increased blood volume, or
circulatory shunts (/8), but these adjust-
ments are difficult to assess in the small
fishes we examined. In light of the low
blood oxygen affinities reported here, it
seems to us more likely that these fishes
may possess enhanced anaerobic capabili-
ties. Future studies may reveal that many
of the mesopelagic organisms from the ox-
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ygen minimum of the eastern tropical Pa-
cific have additional, perhaps heretofore
undescribed, means of meeting their ener-
gy requirements in that comparatively vast
area of vanishingly low concentrations of
dissolved oxygen.
EVERETT L. DOUGLAS
Department of Biology,
Case Western Reserve University,
Cleveland, Ohio 44106
WiLLiaM A. FRIEDL
GEORGE V. PiIcKwELL*
Biosystems Research Department,
Naval Undersea Center,
San Diego, California 92132
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Epoxide to Olefin: A Novel Biotransformation in the Rumen

Abstract. Studies with an insect juvenile hormone mimic and the insecticide dieldrin
have shown that enzymatic processes in the rumen reduce the epoxide moiety in these
compounds to an olefin. This reaction is apparently microbial in origin and does not in-
volve an observable intermediate. Epoxide reductions in the digestive tract of ruminants
and possibly other mammals may be important in the detoxication of biologically active
epoxides, including pesticides, alkylating agents, and carcinogens.

Enzymatic detoxication reactions pro-

tect mammals against the potentially toxic

- effects of foreign compounds to which they

are almost continuously exposed. Oxida-
tive, reductive, hydrolytic, and conjugative
reactions transform the compounds to me-
tabolites that usually have reduced biologi-
cal activity or are more readily excreted
from the body. Although most detoxica-
tions occur in the liver after absorption, it

is

advantageous to the organism if detoxi-

cation occurs before absorption, that is, in
the case of oral exposure while the com-

pounds are still in the alimentary canal.
The epoxide moiety, whose presence in or-
ganic compounds often confers high bio-
logical activity (I), is reduced in the rumen

in

appreciable quantity to an olefin, a reac-

tion which may represent a significant
detoxication mechanism.

Studies on the metabolic behavior in

steers of the insect juvenile hormone mim-

ic

epoxy-trans-2-octene
20458), labeled with C in the phenyl ring,

1-(4'-ethylphenoxy)-3,7-dimethyl-6,7-
(1) (Stauffer R-

indicated that the compound was totally
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