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Absiract: Dilution of the haemolympl fram the cswarine pulmonate Amphibola crenata (Martyn)
increased the oxygen ailinity of its hacmocyanin down 1o 25%; sca wiler although the sigmoidal shape
of the oxyeen cquilibrium cnrve was unchanged.

When the hacnmiocyanin was “stripped” of its eatural jenic epviranment il ¢xhibited a hyperbolic
oxygen equilibrium cune between pH 6.5 and 8.0. Under these condilions the haemocyanio molecules
were dissocialed into subunils when viewed with an electron nicroscope. These effects were reversed
when Lhe divalent cations Ca?* and Mp2* were added 10 the *siripped” hacmocyanin.

Increasing the concentrations ol various ions (Cl—, SO3~, Na*, Ca’*, and Mg?*) decreased (he
hacmocyanin's oxygen aflfinity and augmented a reverse Dohr effect. In the estuatine environment where
Amphibola lives, the reverse Bohr and salt ¢fTects might ucl in opposite directions 1o slabilize oxypen
delivery under conditions of fluctnating salinity,

INTRODUCTION

A number ol molluscs and arthropods possess the copper protein haemocyanin
whicl imparts a bluish colour io their blood in the presence ol oxypgen. The
oxygen-transporting funclion of haeniocyanin has been investipated by many authors
who have substantiated the notion that the oxygen-binding properties of this protein
balance an organisin’s demand [or oxygen with its acccess to air (see Jones, 1972,
Gbiretti & Ghiretti-Magaldi, 1975). In the Matacostraca, recent attenlion has
been focused on the relationship beiween hacmocyanin and whole animal physiology
by taking into account the inlluences of the extracellular aud external environments
on haemocyanin function (Truehot, 1973, 1975; Sullivan er al., 1974; Weiland &
Mangum, 1973; Mangum, 1976a ; Manpuin ez a/., 1976). In crustaccan haemocyanins
and some annelid haemnoglobius, a uumber of salts appear Lo iuduce an increase in
oxygen affinity which is opposcd by a normal Bohr cffect, decreasing the oxygen
affinity in the presence of hydrogen ions (Laritner & Riggs, 1964; Pickett er al.,
1966; Everaarls & Weber, 1974; Weiland & Mangum, 1975; Mangum, 1976b;
Ellerton et al., 1977; Brouwer er al., 1978). In a rcmmarkable study for its day,
Redfield & Inpalls (1932) described the effects of salts and hydrogen-ion con-
centration on the oxypen equilibrium of the haemocyanin of the prosobrauch
Busycon canalicidanan. Moreover, Lhese authors autributed the integrity of native
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haemocyanin molecules and the sigmoidal nature of the cquilibriutn curve to the
presence ol calciwn ions, Their essential Nndings have been re-alfirmed 47 years
later by Mangum & Lykkeboe (1979). By contrast, in gastropod and xiphosuran
haemocyanins and in vertebrate hacmoglobins, salls decreasc Lhe oxygen aflinity
which in the case ol hacmocyanin, is accompaniecd by a reversc Bohr efTect
(Redlicld & Ingalls, 1932; Spoek et al., 1964; Er-el er al., 1972; Vannoppen-
Ver Eccke & Lontic, 1973; Sullivan et @f., 1974; Hall et «f., 1975; Manguin, 1976a),

The pulmonates are a particularly inlercsting group of molluscs in thal they
include terrestrial, [reshwater, and marine [orms, all having pulinonary respiration,
The influence of salts on oxygen-binding by pulmonate hacmocyanin has been
examined in the terrestrial snail Helix pomatia (Spock er al., 1964 ; Er-cl er al, 1972;
Yannoppen-Ver Eecke & Lontie, 1973) and in the [reshwater snail Lymnaca stagrialis
(Hall er ai., 1975). Although the presence ol a rcverse Bohr effcct has also been
demonstrated in thc marine snail Siphonaric zelondica (Wells & Wong, [978),
the elfects of salls on the oxygen-binding propertics ol haemocyanin [rom a marine
pnlmonate are entirely unknown.

Amphibola crenata (Martyn) is a primitive basommatophoran pulinonate endemic
Lo New Zealand wherc il is common on esluarine mud [lats, oceupying a transitional
habitat between marine and terrestrial conditions. These arcas are subject to
considerable variations in salinity [rom [reshwater run-off and evaporation. We have
re-allirmed Farnie's (1919) observation that these snails survive [or considerable
pcriods of timc in tap or rain water and, therelore, we have addressed ourselves
to the problem of whether Amphibola hacinocyanin, like 1ts terrestrial and freshwater
relatives, is sensitive lo changes in ionic concentration. Furthermore, we have
speculaled on these Mndings in relation to the animal’s natural habitat.

MATERIALS AND METHODS

PREPARATION OF HAEMOCYANIN

A. crenata were eollected [rom an estuarine mud flat exposed at low tide at
Whangaleau, North Auckland (36°20°5:174°46°E). At the time of collection, the
temperature of the water overlying the mud was 24.1 °C while 5 cin below the surface
a temperature of 24.2 °C was recorded. Oxypen-binding experiments were conducted
at 25°C.

Immediately on return to the laboratory, the snails wcre bled by [oot punclure
and the haemolymph was pooled and centrifuged lor 5 min al 5400 g to remove
particulale matter. The dark blue supernatant was then eluted with deionized water
on a 12 x |00 mm Sephadex G-25 column 1o strip the haemocyanin ol its salt
contént. The resulting solution was stored at 4°C until uscd. Aliquots of the
haemocyanin solution to be used [or oxygen aflinily studics were subsequently
dialysed in Visking tubes exhaustively against appropriate buffers and brought to
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known ionic composition by the addition ol various salts, All experiments were
carricd out within 3 days alter preparation.

LIGHT ABSORPTION SPECTRA

Salutions of haemocyanin in pH 9,15 Tris buller were scanned in the ULV .-
visiblerange using 1-cm silica cells in a Unicam SP 1750 recording spectrophotomelter,
Oxyhaemocyanin was preparcd by flushing the sample in a tonometer with pure
oxygen and deoxyhacmocyanin by repeated evacuation.

MEASUREMENT OF HAEMOCYANIN CONCENTRATION

Haemocyanin concentration was mecasured spectrophotometrically froma 1: 100
dilution of blood in oxygen-saturated 0.05 M Hepes bulfer pH 8.6. The absorbauee
of this solution was measured at 345 nm and the concentration of haemocyanin
was calculated using the extinction coefficient £|% =3.28 at 345 nm, given for
gastroped haemocyanin by Nickerson & Van Hokle (1971), assuming the samc
cocfTicienL.

ELECTRON MICROSCOPY

Samples of haemocyanin, at the dilutions used in the oxygen-binding cxperiments,
were negatively stained with 4% uranyl acetate on carbon grids and examined at
10000 times magnification using a Philips 301 clectron microscope. In this way,
the degree of association of the subunils comprising the haemocyanin molecules
could be clearly seen.

HAEMOCYANIN-OXYGEN-BINDING

Oxygenaled and deoxygenated solutions ol haemocyanin show considerable
dilTerences in light absorption between 300 and 700 nm (see Fig. ). Thesc
difTerences in the visible spectrum arc well known {blue oxygenated haemocyanin
beeomes colourless upon deoxygenatiou) and this observation had been the basis
for spectrophotometric analyses of haemocyanin—oxygen-binding in a number of
earlier publications. More recently, Nickerson & Van Holde (1971) have shown
that the absorption bands of molluscan haemocyunin in the visible speetrum are
complex and require large light-scattering correclions, Accordingly, extinclion
coellicients [or these bands are not available for these haemocyanins. In contrast,
the absorption band in the near-U.V. at 345 nm is unaflfected by anomalous
dispersion and we have found that the spectrnm ncar this wavelength is insensitive
to changes in hydrogen and divalent cations over the range of concentrations used
in our experiments. We have, therefore, measured the percentage saturation of
hacmocyanin with oxygen by measuring the light absorbed at 345 nm aceording
to the lollowing procedure.
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The reaction of haemocyanin wilh oxygen is carried out inside a tonometcr
which may be constructed as shown in Fig. 2. A l-em siliea cuvetie is fused to a
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Fig. I. Absorplion specira of A. crenara oxyhaemocyanin (solid line) and deoxybacinocyanin {broken
line) in 0.05 M Tris bufTer, pH 9.15 and 24°C: in the U.¥, spectrum {a), concentralion of protein 1s
I mgfind and in the visible spectrum (b), 2 mgfml.

round glass bulb which presents a large surface area for gas exchange during
cquilibration. At the top of the tfonometer is a Quicklit fitting with a small hole
for letting in air. A small scratch extends the hole sideways and is used for
allowing small amounts of air to enter the tonometer steadily. The volume of the
lonometer is about 70 ml and is carefully determined before use. The tonometer
with its attached cell fits into the sample position of most single or double beam
narrow-bandwidth spectrophotomelers. I{ is, however, necessary to eonslruct a
light-proof box to aceommodalte the tonometer in the cell compartment — a black
lop'-hat works admirably.

About 100 j] ‘stripped’ hacmocyanin solution were added to 3 ml buffer until
its absorbance read about 0.3 when [Inshed with oxypen, indieating a protcin
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eoneeutratiou of =2 mg/ml. Three ml of bullered haeinocyanin solution were put
‘mto the tonometer which was then evaeuated using an Edwards high vacuum pump.
The haemocyanin was then equilibrated by rapidly rotating the tonometer in a water
bath at 25 £ 0.2°C [or 3 min. For routine measurements, il is convenient o mount
the lonometer in a cradle and usc a meehanieal means of rolatiou. Sinec Lhe
speed of rotalion determines the equilibration time, we found that the samples
were equilibrated within 3 min provided that rotation was not <50 r.p.m. The
cvacuation procedure was repeated twiee and (he absorbance of the deoxy-
haemocyauin then reeorded.

A known volume of air was now allowed (o enter the lonometer [rom a 3-ml
graduated pipetle connecled to the sidc arm of the tonometer through a rubber
tube using a mercury bubble (o indicate the amount of air that had been added.
On cauliously opening the tap, the almospheric air centained in the pipette was
suckcd iuto the tonometer. The volume ol air introduced was measured by the
displacemcnt ol the mercury bubble. The tonometer was then equilibrated [or
3 min in the walerbath, translerred to the spectrophotometer, and the absorbance
recorded. This procedure was repeated until all the haemocyanin was in the
oxygenated [orm, that is, the further addition of air fails (o increase the absorbance.
Full saturation was canlirmed using pure oxygen [or a number of the low oxygen-
affinity curves. An inherent difficulty in the method is that the assuinption ol 1009
saluration of the oxygenated sample is required. The error introduced by this
assumption, however, is negligible in the analysis of the middle part of the oxygen
equilibrium curve (Winslow ¢z al., 1977},

PREPARATION OF SOLUTIONS

BulTer solutions were made up from 0.05 M solutions of the free acid and
sodium salt of Hepes (N-2-hydroxycthylpiperazine-&’-2-ethanesulphonic acid),
Hepes is an ideal buifer for this kind of study because its ciTective bullering rauge
is pH 6.5-8.6 at 20 °C and its effect on ions other than H* (espeeially Ca**, Mg?+)
is negligible {(Gueffroy, 1975). When it was cssential that no divalent cations
remained, EDTA was added to a [inal eoncentration of 10 mM. The chloride
salts of Ca?*, Mg?+, and Na* werc used unless otherwise stated. pH measurements
were checked using a Radiometer PHM64 1neter with a type B electrode which
has a low sall error,

CALCULATIONS

The pressure of oxygen in the tonometer corresponding to each introduction of
air was calculated by the following formula:

50, = @B — (R x SYP)) x 02093 Te

¥x,
M1 — Vs Ta



16 RUFUS M.G. WELLS AND SANDRA E. SHUMWAY

where, pB = barometric pressure in mm Hg; RH = relative humidity; SVP =
water vapour pressure at Ta; 0.2093 = fraction of oxygen in air; Te = temperature
of equilibration in °K; Ta = ambient temperature iu °K ; ¥1 = volume of tonometer
iuml; ¥s = volume of buffered haemocyanin solution in ml; and ¥x = total volume
of air added in ml.

The percentage saturation of haemocyanin was calculated {rom the following
formula;

%S = A, partially oxygenated Hey — A,,; deoxy Hey
x4, fully oxygenated Hey — A4, deoxy Hey

= £00,

where %S, is the saturation at a pO, of X mm Hg, and A, is the absorbance.

The %S is then plotted against pQ, for a dissociation curve. Knowledge of the
absolute absorbance is not required as only the difference in absorbance is uscd in
calculation.

RESULTS

In addition to the usual protein band at 280 nm, ‘stripped’ oxyhaemocyanin had
absorption maxima in the near-U.V. and in the visible region (Fig. la,b). Thcse
maxima, at 345 nm and 570 nm disappear in deoxygenated solution as is charac-
teristic of othcr gastropod haemocyanins (Nickerson & Van Holde, 1971,
Ghiretti & Ghireui-Magaldi, 1972; Hall et «f, 1975; Wells & Wong, 1978).
Identical U.V. spectra were obtained al pH 6.5 and when whole blood was diluted
with sea water, indicating the stability of the 345-nm peak in the presence or
absence of various ions. Accordingly, the oxygen-bindiug studies were carried out
using absorbance measurcments at 345 nm.

HAEMOCYANIN CONCENTRATION IN HACMOLYMPH

The mean hacmocyanin concentration of the haemolymph from 16 animals was
16.98 (+0.89) mg/ml. The volume of blood obtained from single animals was too
small Lo measure directly the oxygen combining capacily of the blood. Nevertheless,
assuming that 50000 g" haemocyanin binds | mol oxygen (Klarman er al., 1972)
and including the 0.47 vols % oxygen carried in physical sohition at 35% salinity
and 25°C, the capacity of Amphibola blood is 1.23 vols %,

ELECTRON MICROGRAPHY

Haemocyanin dialysed against 50 mM Ca** and negatively stained, showed rod-
like moleculcs with dimensions of 22 100 x 32 nm bul these structures were not seen
after exhaustive dialysis against 50 mM EDTA (see Fig. 10).
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OXYGEN EQUILIBRIUM

Oxygen affinity was quantified by the P, or pO, atwhich half of the hacmoeyanin
is in the oxygenated forin, while the shape of the oxygen-equilibrium curve, which
reflects the degree of cooperalivity between oxygen-binding sites in the pigment,
was quanlified by Hill's (1910) coefficient, », from the equation ¥ = 100 (p/P )"/
([ + (p/P.}"), where Y is the percentage of hacmocyanin combined with oxygen
and p is the pressure of oxygen in mmn Hg,

The oxygen-binding properlics of gastropod hacmocyanin are indepcndent of
protcin concentration over the range 0.5-4 mg-ml~' (Vannoppen-Ver Eecke &
Lontie, 1973), At the 2 mg- ml~ ' used throughout this study, there was no cvidence
of concentration-dependent subnnil dissociation of the hacmocyanin (see Fig. 10a),

The effect of diluting whole haeinclymph with 100, 50, and 259 sea water is

Ground
glass

=

19.5 cm

Graded seal

1 cmlight path
silica cuvelle

Fig. 2. Diagram of the plass tonometer used 1o equilibrate bullered solutions of hacmocyanin o known

pQ;: the Pyrex bowl ol the tonometer has an oplical cell fused to one end and 1o the other end the inner

part of 3 3-way vacuum stopeack; the ouler part of the stopeock has the vertical arm sealed and (orms

a lid with a side arm for admilling or removing air; the pround joint should be liberally conated with
silicone prease before vacuuwm is applied to the side at.
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Fig. 3. Hill plots of oxygen equilibrium data for whole blood diluted with 25%, (@), 50% (Q), and
1¢0% (M) buliered sea water at pH §.08 and 25°C.
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Fig. 4. The effect of 50 mM Ca2’ on the shape of the oxygen cquilibrium curve of A. erenata
_haemocyamn in 0.05 M Hepes buffer, pH 7.5 and 25°C.
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Fig. 6. Hill plots of the oxygen equilibria at different pH [or 4. erenata haemocyanin in the presence
ol 450 mM NaCl, 0.05 M Hepes buffers, 25°C.
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seen in the Hill plots of Fig. 3, where dilution of the medium increases the
haemocyanin-oxygen aflinity while the shape of the curve is unaffected over the 3
range presented. .

When Admphibele haemocyanin is ‘stripped’ of its salts at pH 7.5, a hyperbolic .
curve results, the effect being dramatically reversed in the presence of 50 mM Ca?*,
while the P, remains essentially unchanged (Fig. 4). A similar effect was noted
when Mg?* was substituted for Ca**,

Over the pH range 6.5-8.0, the P, of ‘stripped’ haemocyanin is markedly sensitive
to changes in pH, showing a reverse Bohr effect, but at extreme pH values, the Bohr
effect is reduced or absent (Fig. 5). Throughout the pH range, the curves are all
hyperbolic and » values range from 0.95-1.07.

When brought to 450 mM with NaCl, the curves are displaced Lo the right
and the oxygen affinities arc decreased (Fig. 6). Below pH 8.0 the curves are
hyperbolic although slight cooperativity (n = 1.46) is seen at pH 8.5. To a lesser
extent Mg?* increased P, bul was more polent in inducing cooperativity at
pH > 8.0 where n=2.11 (Fig. 7).

While it was apparent that salt concentration per se contributed to a decrease
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Fig. 7. Hill plots of the oxygen equilibria al different pH for A. crenata haemocyanin in the presence
of 50 mM Mg2t, 0.05 M Hepes buffers, 25°C.
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in oxypen affinity throughout the pH range (Fig. 8), the influence of dilferent
salts augmented the Bohr effect in an unexpected manner (Fig. 9). The maximal
value of the Bohr coelficient (4 log P,,/4 pH) varied according lo whether mono-
valent or divalent ions were present. Furthermore, the pH at which the Bobr protons
exhibiled their greatest influence on Py, also varied according lo the ions present.
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Fig. 8. Loganthmic ploL of oxygen hall-saturation pressures Pyg against pH for A, erenuta hacmocyanin,
aL 25°C in the absence of sulls, and in the presence of 450 mM Na(ll, and 50 mM Mp-.
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Fig. 9. Magnitude of 1the Bohr effect as a function of pH in 'stripped’ haemocyanin solutions and in
1he presence of 450 mM NaCl or 50 mM Mp?* a1 25°C.
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In the sali-free preparation, the Bohr effect was maximal at pH 6.7, for NaCl, pH 7.2,
and Mg**, pH 7.7.

TauLr I

Pacamelers of the hacmocyanin-—oxygen equilibrinm from Amplibsla in the presence or absence of
specific ions: duta recorded at pH 8.0 and 25°C.

lonic species Hill coefTicient O, afTimity

n Ppmm Hg
None 0.93 4.2
NaCl 450 mM 0.86 12.2
Mgy80, 50 mM 1.37 4.6
MeCl, 50 mM 1.40 6.2
CaCl, 50 mM 2.01 4.5

When the effects of SO~ and Cl~ salts of Mg®* arc compared (Table I}, it
appears that chloride has little influcnce on the shape of the oxygen-binding curve,
but deccreases the oxygen affinity. It is also evident that both Ca®' and Mg?*
promoted cooperativity at 50 mM; Ca®* generated a higher » value,

DISCUSSION

A. crenqra is one of a small number of marinc pulinonates and in contrast to
freshwater and lerrestrial snails, it is subject to considerable fluctuations in salinity.
The ecolegical distribution of this primitive species led Morten ([955) te surmise
that Amphibola has a wide range of tolerance to salinity. Unpublished observations
show that the blood of Amphiboia remains isosmolic down to an exiernal dilutien
of 25% sca waler and thal below this level, the snail is a near-perfeet osmoregulator.
Thus, although wc have observed Ampitibola to survive for long periods in fresh
water, the salt content of the extracellular environment which contains the haemo-
cyanin does not fall below 25% sea water. Cur results indicate thar if this were notl
the casc and haemolymph was diluted with decreased salinily in the external
environmenti, then the haemocyanin—oxygen equilibrium curve would assume a
hyperbolic shape with very high oxygen affinity, thereby being unable to deliver
oxygen at pO,’s adequate to sustain a VO, in the normal range. The manner in
which salts and H' act upon the oxygen equilibrium of Amphibela hacmocyanin is
qualitatively similar to that already observed in {reshwater and terrestrial pulmonates
(Spoek er af., 1964; Vannoppen-Ver Eecke & Lonlie, 1973; Er-el e al., 1972;
Hall ef &f., 1975) and iu marine prosobranchs (Mangum, 1976a; Wood et ai., 1977).
The immediate significance of our observations in the marine environmeut is clear
enough: a deerease in salinity increases the haemocyanin’s affinity for oxygen.
Provided that a period of haemolymph dilution coincided with a period of decrcased
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oxygen availability, such as mighl occur when the animal is crawling through finc
sediment, then an increase in hacmocyanin—oxygen affinity would be advanlageous.

Fip. 10. Electron imcrographs of A. crenara haemocyanin, nepatively slained wilh 4% nranyl acetate,
pH 6.8: a, 'siripped’ haemocyanin in 10 mM EDTA: b, in 10 mM Ca?* ; whole hnemocyanin molecules
arc seen as cylinders end-on {circles) or side-on {reclangles): some hall molecules are also scen.

Al low tide, particularly in warm weather, the tendency to hacio-concentration
causcd by desiccation may be great. It may be significant in this respect that
Amphibola is the only adult pulmonate known 1o possess an operculum and thus
by closing the shell. water may be preserved a1 the expense of access lo oxygen.

While the Amphineura have littlec or no Bohr effect (Manwell, 1958; Redmond,
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1960}, and the cephalopod molluscs have a strong normal Bohr eflcet, gastropod
haemocyanins typically show a reverse Bohr effect. The question of the functional
significance of a reverse Bohr effect in gasiropods has attracted some speculation,
When the animal is active ai low lide, the carbon dioxide in the near-environment
may rise and the pO, fall due Lo the activities of micro-organisms on the mudflats.
Under these conditions, an increase in oxygen affinily promoted by the negative
Bohr effect might be beneficial. This explanation could also cxplain the reverse
Bohr effect in the marine prosebranch Busycen (DePhilips er al., 1970) but is clearly
inadequalte for fully terrestrial snails. An ualternative explanation seems possible.
Jones (1972) pointed out that gastropod circulation is rather sloppy and there is
scant evidence for rhythmic ventilation of the lung. The presence of a large blood
space in the pedal sinus of Amphibole may well promote circulation through the
movements of the whole animal. Some of the blood eniers the pulmonary vein
directly from the anterior sinus, but most reaches the heurl only afler passing
through the vessels of the mantle-rool, which constitntes the lung. Because the
mantle eavily is lilled with water (Morton, 1967), paseous exchange in the lung is
possible when the animal is immersed. Therelore, the release of respiratory carbon
dioxideinto the lung may be dilTusion-limited and consequently the pnlmonary pCQ,
may be quite high. Under these hypereapnic conditions, carbon dioxide would im-
pede the nplake of oxygen in meollnscs having a normal Bohr clTeet like the ce-
phaloepods (Johansen & Lenfant, 1976). The reverse Bohr effect in snails may
actually assist in oxygen uptake by the network of blood vessels in the rool of
the mantle. Measurements of in vivo pO, and pH under a variety of environmental
conditions in the xiphosuran Limmdus, which also has a reverse Bohr efTect, tend to
confirm this hypothesis (Johansen & Petersen, 1975). It is certainly clear that the
advanlages of unloading oxygen are minimal with a reverse Bohr efTecl.

Mangum et af., (1976) have commented on the interesting observation that H*
and the ions of inorganic salts have oppeosite ellects on in vitro oxygenation. Salts
increascoxygenaffinity and there is a normal Bohr elfect in crustaceans;in gastropods
andin Limulus, salts decrease oxygen afTinity and there is a reverse Bohr eflect. These
are not exclusive possibilitics, for in spiders, both salts and H* decrease oxygen af-
finity (Loewe & Linzen, 1975).

When the blne crab, Callinecres sapidus, is exposed to decreasing salinity, the salt
eflects on its haemocyanin are opposed by a rise in blood pH and hence restoration
of P,, by the normal Bohr effect (Mangum & Weiland, 1975; Weiland & Mangum,
1975). On the other hand, the efTect of reduced salts on haemocyanin oxygenalien in
Limulusisnot opposed bya large increase in blood pH, but by a drop in heart rate and
tence blood pQ, (Mangum er al., 1976). We agree with Mangum that a de-
crease in bloed pQ, at low salinity is nccessary for maximal utilisation of the
haemocyanin-oxygen binding properties. The small size of Amphibola precluded
measurements of biood pH and pO, under changing salinity. We would expect, how-
ever, a low pO, when the animal is covered by water and then burrows into the sedi-
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ment. Mangum & Shick (1972} recorded a haemelywmph pH [rom heart puncture of
7.84 in Busycon, a value within our range of oxygen-affinity measurements, but con-
siderably higher than the mammalian value of pH 7.4 often assumcd for inverte-
brate bloods. It may be thal the in vivo pH is even higher, bearing in mind the
sensitivity of pH to sampling stresses in other marine orgauisms (see Qvist er al,,
1977).

The meebanism of respiratory adaptation in estuarine conditions may be dilferent
for gastropods and erustaceans, but the end result is similar - a coustaucy of oxygen
supply by the huemocyauin in order to meel respiratory demand. Experiments by
one of us (8.E.S.) sugpest that this is so in Amphibole where oxygen uptake is
independent of salinity. Furthermore, the rales are similar in air and waler.

We couclude that wheu the tide is out aud Amphibola is aclive on the mudflats,
the respiratory réle of its haemocyanin is very much like that of the terrestrial
pulmonates. But when the snails are covered by the tide or by a mixture ol scawater
and ireshwater run-off, and they begin to burrow, then the marked salt effect of
the haemocyanin and tbe reverse Bohr effect acl in eoncert (o stabilize the oxygen
supply and minimize the environmental perturbations. The oxygen-combining
capacity of the haemocyanin (1.2 vols?,), which is modest as in all huemocyanin-
containing bloods (see Mangum er al., 1975), may contribute at low tide 10 greater
unloading potential as the amount of oxygen physically dissolved in the haemolymph
decreases.

The haemocyanins of the Mollusca and Arthropoda are built on entirely diffcrent
plans of orpanization {(Nickerson & Van Holde, 1971; Ghiretti ef af, 1973;
Waxman, 1975; Bonaventura er af., 1976, 1979) so perhaps it is not surprising that
the physiological properties of haemocyanins possessed by ruarine species Munction
in different ways.
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