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crab Callinectes
swimming crabs th
southern coasts of
Fowler, 1984; Milli
estuarine habitat is characterized by fluctuating salinities and
temperatures, which can impose substantial ionic and osmotic
stress on inhabitants. Although both C. sapidus and C. similis
co-occur in estuarine waters from 30 to 15 ‰ salinity, C.
sapidus also inhabits more dilute waters, as low as 0 ‰, and
generally prefers low salinities (Perry, 1984; Hsueh et al.
1993). In contrast, C. similis is rarely found below 15 ‰ in
Alabama estuaries (Hsueh et al. 1993). Similar salinity-limited
distributions have been observed for these and other
Callinectes species (Tagatz, 1967; Norse, 1978; Paul, 1982).
Diet and habitat characteristics other than salinity were similar
in both C. sapidus and C. similis in Alabama estuaries (Hsueh,

gge
sal
. s
esp
otic

(King, 1965;
1983; Mangum et al. 1985). On the basis of measurements of
hemolymph osmolarity, Engel (1977) concluded that C.
sapidus is the better hyperosmoregulator at lower salinities
because it maintained higher hemolymph concentrations of
Na+ and Cl

 

2 than C. similis.
Hyperosmoregulators are known to maintain high

hemolymph osmolarity by active ion pumping in the gills, from
the more dilute surrounding sea water into the more
concentrated hemolymph (Mantel and Farmer, 1983; Lucu,
1990). The physiological mechanism for active ion uptake
involves the coordinated function of a number of membrane-
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n reported for C. sapidus gills. However,
osmolality and ion concentrations were

lower in C. similis at low salinity than in C.
erefore, although gills from low-salinity-
. similis have a higher oxygen consumption

re mitochondrial cytochromes than C. sapidus
 same level of transport-related enzymes, C.
t homeostatically regulate their hemolymph to
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crab Callinectes sapidus and the lesser blue
similis are closely related species of
at co-occur in estuaries of the eastern and
 the United States (VanDen Avyle and
kin and Williams, 1984; Hsueh, 1992). The
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ork suggests that C. sapidus may be a
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ed ion pumps and other transport-related enzymes. The
step is believed to be independent Na+/H+ and
O32 exchange across the apical membrane of the gill
 and Farmer, 1983; Péqueux and Gilles, 1988), and
mic carbonic anhydrase is believed to supply H+ and
by the catalysed hydration of respiratory CO2 (Henry,
88a,b). The Na+/K+-ATPase, located basolaterally, is

ible for the active transport of sodium into the
ph (for a review, see Towle, 1984). This enzyme

 energy in the form of ATP, which is mainly produced
oxidative phosphorylation in the mitochondria.
e to low salinity causes increases in both Na+/K+-
 and carbonic anhydrase activities in posterior and, to
tent, anterior gills (Towle et al. 1976; Neufeld et al.
enry and Cameron, 1982; Savage and Robinson, 1983;
1988a). The gill oxygen consumption rate also

Animals were acclimated to test salinities at 20±2 ˚C under a
14 h:10 h light:dark photoperiod for a minimum of 2 weeks
prior to use in experiments. No C. similis survived the
acclimation period in 5‰ salinity, even if subjected to gradual
dilution of salinity. Experiments were performed on adult male
and female intermolt animals with an average carapace width
of 13cm for C. sapidus and 8cm for C. similis. All experiments
were performed at 20 ˚C.

Gill preparation

Crabs were chilled on ice for 5–10 min to reduce activity
prior to dissection. A 3 ml hemolymph sample was taken by
syringe at the base of the first pereiopod and stored at 260 ˚C
for later analysis of osmolality and ion content. All pereiopods
were then removed, the carapace opened, and anterior gill pair
4 and posterior gill pair 8 were excised and placed in Millipore-

S. C. PILLER AND OTHERS
s (King, 1965; Engel and Eggert, 1974; Mantel and
 1983; Péqueux and Gilles, 1988), indicating changes
nergy production and consumption of the gills, as well

ble amino acid oxidation.
e present study, we ask whether differences in the
metabolism and transport-related enzymes of C.
and C. similis gills account for their observed salinity-
nt distribution. To answer this, functional
ndrial characteristics of excised intact anterior and
r gills were measured as oxygen consumption rate and
me content. Because an increase in oxygen

ption rate may be accompanied by a greater
nce on ambient partial pressure of oxygen (Herreid,
e measured the partial pressure of oxygen at which

consumption rate is half-maximal and cytochromes are
duced. Activities of carbonic anhydrase and Na+/K+-
 in excised gills were also measured as well as

ph osmolality and ion content. All variables were
d as a function of salinity.

Materials and methods
Animal collection and maintenance

filtered (0.45 mm) acclimation sea water at room temperature.
Within 30 min of dissection, excised gills were mounted on
specially designed gill holders and placed in the respirometer
or spectrophotometer cuvette. Gill pairs 4 and 8, which are
similar in size, were selected as representatives of anterior and
posterior gills, respectively, for respirometric and
spectrophotometric experiments, in which similar gill size was
considered desirable for uniform solution stirring and to reduce
variability associated with light pathlength for optical
absorbance measurements. Gill pairs 3 and 7, which are
different in size from each other, were excised and stored at
260 ˚C for later analysis of transport-related enzyme activity.

Gill holder

A gill holder was constructed with 60 mesh type 304
stainless-steel wire cloth (Small Parts, Miami, FL; Fig. 1). Its
U shape was 14.5 mm wide at the base, with 11 mm long
upright arms. In the cutout portion, two wires approximately
3 mm apart extended from the base to the top of the arms. A
midsection of the gill, approximately 15 mm long, was held in
a vertical orientation by sliding the afferent and efferent vessels
onto these two upright wires. A short length of thin-walled
silastic tubing placed around each arm secured the holder
ectes sapidus (Rathbun) and C. similis (Williams)
llected between September 1991 and November 1992
tuaries of the Gulf of Mexico near Dauphin Island, at
th of Mobile Bay, Alabama. Specimens were captured
ffshore with an Otter Trawl from the research vessel A.
ll or inshore with hand nets. During summer months,
idus were also obtained from fish markets in
ham, Alabama. Within 10 h of collection, specimens
ced in aquaria containing artificial sea water at one of

t salinities (30 ‰, 20 ‰, 10 ‰ and 5 ‰), obtained by
sea salts (Tropic Marin) with dechlorinated tap water.
inities were maintained within ±2 ‰. Three to four
 were housed in each aquarium equipped with
ound gravel filters. Animals were fed chopped fish or
very second day. Ammonia and nitrate levels, checked
uaria test kits (Tetra), remained below 15 mmol l21

l21) and 7 mmol l21 (0.33 mg l21), respectively.

inside 16 mm diameter cuvettes. The holder was positioned in
the spectrophotometer so that the sample light beam passed
through the center of the gill (Fig. 1). The light beam
pathlength through the gills, estimated from the measured
thickness at the midsection, averaged 5.6 mm for the anterior
gills and 7.7 mm for the posterior gills for C. sapidus and
4.0 mm for the anterior gills and 5.6 mm for the posterior gills
for C. similis. The gill holder was positioned above the
magnetic stirring bar in the respirometer.

Respirometry

A closed-chamber temperature-controlled polarographic
respirometer, equipped with dual Pyrex chambers, titanium
stoppers and magnetic stirring bars (Oxygraph 67097,
Cyclobios-Paar, Graz, Austria), was used to measure the rates
of oxygen consumption of excised gills. In the respirometer
chamber, gills on the gill holder were bathed in Millipore-
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 (0.45 mm) acclimation sea water containing 5 mmol l21

ne as substrate (Pressley and Graves, 1983). Oxygen
ption rates were calculated as the slope of the declining
ording at specific PO∑ values between 70 and 90 % air

ion, well above the PO∑ at which oxygen consumption
f all gills began to show conformity, between 24 and
ir saturation, irrespective of acclimation salinity (data
wn). Blank oxygen consumption rates were determined
and after gills were added to the chamber. Gill mass
0 mg wet mass, 5–20 mg dry mass) and chamber volume

were similar in both respirometer and spectrophotometer
s (see below). Oxygen was completely consumed
2–3 h in the closed chamber. Normoxic oxygen
ption rate remained constant for at least 8 h after

n. Gill dry mass was used to normalize oxygen
ption rate, ṀO∑, and is reported as
s21 mg21 dry mass.

Isolation of gill mitochondria

Mitochondria were isolated from gills of C. sapidus
following the procedure of King (1966). Briefly, gills were
excised and homogenized on ice with a mortar and pestle.
Shearing was increased by adding clean sea sand. Sheared
tissue was suspended in 0.05 mol l21 potassium-phosphate-
buffered 0.85 mol l21 sucrose (pH 7.4) in a 1:10 (w:v) mixture.
The suspension was centrifuged at 2500 g for 10 min and the
supernatant was centrifuged at 18 000 g for 50 min at 4 ˚C
(Sorvall RC2-B). The mitochondrial pellet was resuspended in
2 volumes of sucrose buffer and used in the spectrophotometer.
Spectral signatures of the cytochromes were obtained by
constructing difference spectra of mitochondria reduced with
dithionite minus mitochondria oxidized in air.

Enzyme assays

Gill pairs 3 and 7 of C. similis were thawed to 0 ˚C on ice
and cut in half for use in both the carbonic anhydrase and
Na+/K+-ATPase assays. For the carbonic anhydrase assay, gills
were homogenized in 5 volumes of cold buffer containing
225 mmol l21 mannitol, 75 mmol l21 sucrose and 10 mmol l21

ketch of the gill holder with gill. The arrow indicates the light
passing through the tissue in the spectrophotometric
ents. 
2

Optical spectrophotometry

cal spectra were acquired with a recording
photometer (Cary 14) equipped with a scattered
ission accessory and a digital data-acquisition and
s system (Aviv Associates, Lakewood, NJ). The
photometer was modified to record optical spectra
tissues were held under specified gas mixtures
berg and Wittenberg, 1985, 1987). Excised gills on the
were placed in the temperature-controlled sample

 containing 3.5–5 ml of stirred acclimation sea water
mmol l21 L-alanine. A piece of white transparent plastic
imation sea water with 5 mmol l21 L-alanine was used
ter the light beam in the reference cuvette. Humidified
xtures of air and nitrogen ranging from 100 % air to 0 %
pared with a mass flow controller (Tylan, Carson, CA),

Tris (pH 7.4). Homogenates were sonicated at 25 W for 30 s
(Heat Systems Ultrasonics) and centrifuged at 12 000 g for
20 min at 4 ˚C (Sorvall RC-5B). The catalysed rate of CO2

hydration was determined electrometrically using the delta pH
method described by Henry (1991). Protein concentration was
determined by Coomassie Blue (BioRad Laboratories), and
carbonic anhydrase activity was reported as
mmol CO2 mg21 protein min21.

For the Na+/K+-ATPase assay, C. similis gills were placed
in 10 volumes of cold buffer containing 250 mmol l21 sucrose,
50 mmol l21 imidazole, 2 mmol l21 ETDA, 5 mmol l21

mercaptoethanol and 0.1 % deoxycholate (pH 7.4), and
homogenized in a motor-driven Teflon–glass homogenizer.
Homogenates were sonicated as above and centrifuged at
8500 g for 20 min at 4 ˚C (Sorvall RC-5B). Activity was
determined from the rate of oxidation of NADH using a
pyruvate kinase/lactate dehydrogenase-linked assay (Gibbs
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ero, 1989). Protein concentrations were measured as
and activity was reported as

P mg21 protein min21.

Hemolymph osmolality and ion content

lymph and seawater osmolality were determined using
r pressure osmometer (Wescor 5100C). Chloride
ations were measured with a chloridometer

r–Cotlove). Hemolymph and seawater sodium and
m concentrations were determined using a flame
ter (Radiometer FLM3). Measurements were obtained
eviously frozen hemolymph after samples had been

at room temperature, then sonicated and centrifuged to
clots.

Data analysis
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Oxygen consumption rate, ṀO∑, of gills from Callinectes
(filled circles) and C. sapidus (open circles) as a function of
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, values are means ± S.D.; N values are given in parentheses.
ks mark statistically significant differences between the
.

are presented in the text and shown in figures as mean
ard deviation (S.D., error bars in figures), with the
of repetitions in parentheses. Statistical comparisons

ade with Student’s t-test and analysis of covariance
VA). Statistical significance was assigned at P<0.05
 by asterisks in figures).

Results
ygen consumption rate as a function of salinity

oxic oxygen consumption rates of excised gills
ed to 30 ‰ salinity were 11.7±4.6 (4) for anterior gills
±4.1 (4) pmol O2 s21 mg21 dry mass for posterior gills
sapidus and 11.5±2.8 (6) and 13.8±2.0 (6) pmol O2 s21

y mass from C. similis. These rates compare well with
eported for C. sapidus gills (Engel and Eggert, 1974;
o and Rao, 1978).
th species, the oxygen consumption rate of gills was
e same at 30 ‰ and increased as acclimation salinity
d (Fig. 2). However, at each salinity tested except
e anterior and posterior gills of C. similis generally
ificantly higher oxygen consumption rates than those
apidus. The rise in oxygen consumption rate as
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Fig. 2. 
similis
salinity
figures
Asteris
species
ion salinity decreased (slope of fitted lines in Fig. 2)
 significantly greater, approximately 3.1-fold, in gills
imilis than in those of C. sapidus. The oxygen
tion rates of gills from 10 ‰ salinity-acclimated C.
were 20 % (anterior gills) and 33 % (posterior gills)

than those of gills from 30 ‰ salinity-acclimated
 In contrast, oxygen consumption rates of gills from
linity-acclimated C. similis were 103 % (anterior gill)
 (posterior gill) higher those that of gills from 30 ‰

acclimated animals.

ochrome content of gills as a function of salinity

ugh very few features were observable in the direct
spectra of excised gills, mathematically constructed
ce spectra exhibited abundant and pronounced
. Difference spectra of gills of each species in nitrogen-
ted sea water minus gills in air-equilibrated sea water

oxidized mitochondrial cytochromes: cytochrome aa3 at
603 nm and 445 nm, cytochrome c at 550 nm and cytochrome
b at 557 nm and 426 nm (Fig. 3). These wavelength maxima
compare well with those in optical spectra from C. sapidus
claw muscles (Gilles, 1973).

The DOD of each cytochrome in difference spectra
increased as a function of decreasing acclimation salinity in
anterior and posterior gills of both species, as represented by
the increase in the DOD of cytochrome aa3 (Fig. 4). However,
cytochrome content was higher in C. similis gills than in C.
sapidus gills at all salinities tested. The increase in cytochrome
aa3 content from high to low acclimation salinity (slope of
fitted lines in Fig. 4) was 2.3 times greater in anterior gills and
four times greater in posterior gills of C. similis compared with
the corresponding gills of C. sapidus. The cytochrome aa3

contents of gills from 10 ‰ salinity-acclimated C. sapidus
were 136 % (anterior gill) and 71 % (posterior gill) higher than
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ig. 4. Difference in optical density (DOD) of cytochrome aa3 at
45 nm minus 470 nm of gills from Callinectes similis (filled circles)
nd C. sapidus (open circles) as a function of salinity. (A) Anterior
ills 4. (B) Posterior gills 8. Optical density was normalized for the
ght pathlength.
of gills from 30 ‰ salinity-acclimated animals. The
rome aa3 contents of gills from 10 ‰ salinity-acclimated
lis were 103 % (anterior gills) and 75 % (posterior gills)
than those of gills from 30 ‰ salinity-acclimated

s.

tion/reduction state of mitochondrial cytochromes as a
function of PO∑

erence spectra of gills in nitrogen-equilibrated sea water
gills in air-equilibrated sea water were used to determine
aximum cytochrome reduction achieved under these
ons, calculated as maximum DOD. The relative reduction
vidual mitochondrial cytochromes at each ambient PO∑

lculated as the ratio of DOD taken from difference spectra
a
s

e gill in air-equilibrated sea water (lower trace) and isolated
us gill mitochondria in buffer containing dithionite minus the

mitochondria in air-equilibrated buffer (upper trace).
ngth maxima of cytochromes aa3, b and c are given in the text.
l difference spectrum is representative of the gill spectra used
tudy. Scales are expressed in units of optical density.

F
4
a
g
li
 in sea water at that PO∑ minus gills in air-equilibrated
ter to maximum DOD. The ambient PO∑ resulting in a
eduction of cytochrome aa3, calculated using the Hill
n and called P(cyt)50, did not significantly change in
r and posterior gills of both species as acclimation salinity
creased (Fig. 5). The P(cyt)50 of cytochromes b and c
d the same pattern (data not shown).

Oxygen consumption rate as a function of PO∑

ambient PO∑ at which oxygen consumption rate was
aximal, calculated using the Hill equation and called
)50, did not change significantly in gills of both species
rent acclimation salinities (Fig. 6).

sport-related enzyme activity as a function of salinity

0 ‰ salinity, carbonic anhydrase activity of C. similis
as relatively low and not significantly different between

in the posterior gills, with an approximately ninefold increase
in posterior gill 7 at 10 ‰ salinity (Fig. 7). These results are
virtually identical to those seen in C. sapidus anterior and
posterior gills at 28 ‰ and 10 ‰ salinity, respectively (Henry
and Cameron, 1982; Henry, 1988a). Carbonic anhydrase
activity also increased significantly (doubled) in C. similis
anterior gill 3 at 10 ‰ salinity, a result not seen in C. sapidus
anterior gills (Henry and Cameron, 1982).

The Na+/K+-ATPase activity of C. similis posterior gills
increased by fourfold betwen 30 ‰ and 10 ‰ salinity (Fig. 7).
Values for Na+/K+-ATPase activity in Fig. 7 are within the
range previously reported for C. sapidus gills
(100–400 nmol ATP mg21 protein min21; Neufeld et al. 1980)
and show the same magnitude increase as the posterior gills of
C. sapidus (two- to fourfold; Towle et al. 1976; Neufeld et al.
1980) and other euryhaline crustaceans (Siebers et al. 1982;
Holliday, 1985).
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ng hyperosmoregulation at lower salinities.
trations of Na+, Cl2 and K+ in the hemolymph of
ecies acclimated to 30 ‰ salinity were consistently
those of the acclimation sea water, indicating
ulation, whereas ion concentrations in the
mph of animals acclimated to salinities below 20 ‰
nsistently above acclimation seawater values, also

ng ionoregulation (Fig. 8).
ectes sapidus maintained a significantly higher
ph osmolality at 10 ‰ salinity than did C. similis

). In addition, Na+, Cl2 and K+ were maintained at
emolymph concentrations in C. sapidus acclimated to
linity than in C. similis (Fig. 8B–D).

acid–base balance and osmotic and ionic regulation (Henry and
Cameron, 1983; Henry, 1987; Lucu, 1990). Most euryhaline
crab species are hyperosmoregulators at low salinities, actively
pumping ions from the sea water into the hemolymph (Mantel
and Farmer, 1983; Lucu, 1990). The two main enzymes
involved in the ion-pumping process are the ouabain-sensitive
Na+/K+-ATPase (Towle, 1984; Burnett and Towle, 1990) and
carbonic anhydrase (Henry, 1984, 1988a). The responses of
euryhaline crab species acclimated to low salinity include
increased oxygen consumption rate of whole animals
(Sabourin, 1983) and excised gills (Engel and Eggert, 1974;
Engel et al. 1975; Péqueux and Gilles, 1988), proliferation of
mitochondria-rich chloride cells, with changes in
mitochondrial ultrastructure (Copeland and Fitzjarrell, 1968;
Péqueux and Gilles, 1988), increased gill Na+/K+-ATPase
activity (Towle et al. 1976; Neufeld et al. 1980; Savage and
Robinson, 1983; Péqueux and Gilles, 1984), increased gill
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ic anhydrase activity (Henry and Cameron, 1982;
 1984, 1988b), decreased water and ion permeability of
animals (Cantelmo, 1977; Oglesby, 1981) and of

d tissue (Mantel and Farmer, 1983; Péqueux and Gilles,
 increased amino acid oxidation (Pierce, 1982; Gilles,
Pressley and Graves, 1983), an increase in gill

transport chain and a higher oxygen consumption rate
(Whittam, 1963; Péqueux and Gilles, 1984). Crucial to these
processes is a continuous supply of oxygen, and if oxygen
diffusion becomes limited, oxidative phosphorylation rates
decline proportionally. An increased tissue oxygen
consumption rate causes an increase in the PO∑ at which
diffusion becomes limited, called the critical PO∑ (Herreid,
1980), as well as an increase in the P(ṀO∑)50 and possibly in
the P(cyt)50. Although the gills of C. similis and C. sapidus
showed a significant increase in oxygen consumption rate at
dilute salinities, both P(ṀO∑)50 and P(cyt)50 remained constant
in gills of both species at all salinities tested. This lack of
change in P(ṀO∑)50 and P(cyt)50 may occur if the average
diffusion distance in low-salinity-acclimated gills remains
constant and the additional mitochondria maintain an oxygen
consumption rate comparable to that of the few mitochondria
in high-salinity-acclimated gills (see Rumsey et al. 1990).
Alternatively, the diffusion distance to mitochondria may be
reduced and oxygen diffusion enhanced if gills of Callinectes
species show a great increase in membrane infoldings, similar
to those found in the gills of Eriocheir sinensis acclimated to
low salinity (Péqueux and Gilles, 1988). Enhanced oxygen
diffusion would enable an increased oxygen consumption rate

400
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100

0
10 20 30

Salinity (‰)

Activities of transport-related enzymes in Callinectes similis
 gills 3 (hatched bars) and posterior gills 7 (open bars) as a
 of salinity. (A) Carbonic anhydrase. (B) Na+/K+-ATPase.

are means + S.D., each data point represents an average of 4–6
ents.
ane phospholipids (Whitney, 1974) and a decrease in
P content (Engel et al. 1975). These studies indicate

w-salinity stress induces a suite of changes in order to
in osmotic and ionic homeostasis.
 of both C. sapidus and C. similis showed increased
 consumption rates with decreasing acclimation
, as has been shown for many osmoregulating animals
l and Farmer, 1983). However, C. similis gills had a
antly higher oxygen consumption rate than C. sapidus
 lower salinity. Increases in both amino acid oxidation
+/K+-ATPase activity have been proposed to account

rt of the increased oxygen consumption rate at low
 (Gilles, 1983; Mantel and Farmer, 1983; Pressley and
, 1983). It is noteworthy that at 30 ‰ salinity, where
c stress may be minimal for each species, gill oxygen
ption rates were not significantly different. However,

without an accompanying rise in critical PO∑, P(ṀO∑)50 or
P(cyt)50 (Herreid, 1980). Assuming that the ultrastructural
changes at low salinity acclimation observed in C. sapidus gills
(Copeland and Fitzjarrell, 1968) support elevated energy
metabolism without altering P(ṀO∑)50 and P(cyt)50, our data
suggest that homologous changes in C. similis gills are perhaps
more pronounced.

In most euryhaline species, the larger posterior gills 6 and 7
are major sites of ion transport, containing higher activities of
Na+/K+-ATPase and carbonic anhydrase and more
mitochondria-rich ion-pumping cells than the anterior and
other posterior gills (Neufeld et al. 1980; Péqueux et al. 1984;
Henry, 1987; Lucu, 1990). Gills 6 and 7 also show the largest
increase in Na+/K+-ATPase activity in response to low-salinity
acclimation (Neufeld et al. 1980). However, Na+/K+-ATPase
activity in gill pairs 4, 5 and 8 also increases significantly in
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ilarity in observed responses. These results are in
nt with the respirometric measurements made by

t al. (1975), in which excised C. sapidus gills 1–5 were
 as anterior and 6–8 were grouped as posterior. In their
o consistent differences in oxygen consumption rates
und between anterior and posterior gills (Engel et al.
n all excised gills, oxygen consumption rates at low
cannot be ascribed solely to higher ion-pumping rates,
y also reflect other cellular adjustments, such as
d amino acid oxidation for cell volume regulation (for

see Gilles, 1983).
w salinity, C. similis is a weaker osmotic and ionic
r than is C. sapidus (Engel, 1977; Fig. 7). Osmotic and
gulation results from the interaction between active
f ions from the medium and the outward diffusion of

oss the gills and loss by bulk urine flow (e.g. Cameron,
In the present study, mitochondrial ATP production

being more permeable. Euryhaline marine organisms such as
C. sapidus do not appear to reduce gill permeability in low
salinity water (Cameron, 1978); rather, they compensate for
ion loss by the activation of ion uptake mechanisms. If the gills
of C. similis are more permeable than the gills of C. sapidus
(S. C. Piller, J. E. Doeller and D. W. Kraus, in preparation),
then energy metabolism and uptake mechanisms may not be
able to compensate for diffusive ion loss below a certain
critical salinity, and this may limit the degree to which C.
similis can invade the more dilute waters of estuaries.
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