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Acid-Base Balance of Hemolymph in Disk Abalone
Haliotis (Nordotis) discus discus in Normoxic Conditions

Takeshi Handa'", Akira Araki' and Ken-ichi Yamamoto*

Abstract : We examined hemolymph pH, total CO, content (Tco,), CO, partial pressure (Pco,), and bicarbonate

concentration ((HCO;]) in order to evaluate the acid-base balance of disk abalone Haliotis (Nordotis) discus
discus in normoxic conditions. Hemolymph from disk abalone submerged in experimental seawater was
collected anaerobically from the vein located near the margin of the shell using a cannula. The mean values of
hemolymph pH and Tco, were 7.320 and 1.78 mM/L, respectively. The apparent dissociation constant of
carbonic acid (pKapp) was estimated using the following equation: pKapp = - 7.322 + 2.367 ¢ pH + 0.176 * pH*
- 00335 ¢ pH®. Using a co, (37.13 uM/L/torr) and pKapp determined in this study, the hemolymph Pco, and
[HCO;] were calculated as 4.21 torr and 1.63 mM/L, respectively. The non-bicarbonate buffer value was 3.62
Slykes. These hemolymph properties were compared with those of other molluscan species, Pteriidae bivalves.
Disk abalone could have a hemolymph acid-base balance that is similar to other Haliotidae, and have higher
buffer capacity of non-bicarbonate buffer system than bivalves.
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Introduction

Disk abalone Haliotis (Nordotis) discus discus is a marine
mollusc classified in the Haliotidae, Vetigastropoda,
GASTROPODA.” Haliotidae abalones are economically
important species worldwide, and the production volume
amounted to about 162,770 tons from fisheries and
aquaculture in Asia, Africa, Europe, America, and
Oceania in 2016.*¥ In Japan, disk abalone inhabit the
intertidal zone at a depth of about 20 m around the
whole of the Japan Sea and the Pacific coast from Ibaraki
Prefecture to Kyushu,” and is produced as an expensive
food. The disk abalone has been the subject of previous
research in terms of the growth of juvenile abalone,”
ammonia excretion,” oxygen consumption,” amyotrophia,*”
and immune responses to bacterial and viral stresses.'*"”
The anatomical and histological structures of the
digestive diverticula, ctenidium, and circulatory system
were clarified recently in this species.*™ The regulation
of ventilation volume and O, uptake of the disk abalone

ctenidium in normoxic and hypoxic conditions has been

studied."'” However, there are few reports on the
respiratory mechanism from the viewpoint of CO,
dynamic phase and acid-base balance in disk abalone.
Research into the acid-base balance could contribute to
understanding efficient CO, utilization, which is related
to respiration, and calcification for the formation of the
shell in this species. The acid-base status and CO,
dynamic phase of disk abalone was useful for the
evaluation of cultivation environments, and of the effects
of ocean acidification and increasing CO, levels. In some
marine bivalves classified in mollusca, CO, partial
pressure (Pco,) of the hemolymph was 0.57-2.3 mmHg
(torr) in normoxic and normocapnic conditions.*® The
hemolymph Pco, of disk abalone was supposed to be low
and similar to those molluscs; therefore, direct
measurements of Pco, would be difficult. The estimation
of Pco, by application of the Henderson-Hasselbalch
equation is practiced in studies of acid-base balance
owing to the relative ease and accuracy of the
estimates.” In the equation, the characteristic values of

the CO, solubility coefficient ( a co,) and apparent
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dissociation constant of carbonic acid (pKapp) in the
hemolymph were required for experimental animals.
Therefore, we determined hemolymph a co, and pKapp,
and estimated hemolymph Pco, and bicarbonate
concentration ((HCO;]), and evaluated acid-base balance

of disk abalone hemolymph in normoxic conditions.

Materials and Methods

Experimental animals and conditions

The experiments used 19 disk abalone Haliotis (Nordotis)
discus discus (total wet weight: 94.3+20.2 g (mean = SD)).
The animals were obtained from a commercial marine
farm in Yamaguchi prefecture, Japan. After cleaning the
surface of the shell, the animals were reared by feeding
the seaweed (Sargassum macrocarpum, Ecklonia kurome and
Ulva pertusa) for 2 months in aerated seawater at 28°C.
Twenty-four hours before collecting hemolymph, the disk
abalone were transferred to particle-free (>0.45 pm)
seawater without seaweed. All experiments were
conducted in seawater with a salinity of 30 psu, water
temperature 28°C, O, saturation 98%, pH 8.1, and total
CO, concentration 1.5 mM/L.

Hemolymph collection and analysis

The disk abalone was submerged in MgCl, solution
(29-31 psu) in order to prevent the contraction of the
muscle” After the muscle relaxed, a polyethylene tube
(0.96 mm outer diameter, 0.58 mm inner diameter, PE-50,
Clay Adams) was inserted into the vein located near the
margin of the shell. The cannulated animal was
transferred to normoxic seawater in a respiratory
chamber and allowed to recover for 1-3 hr at 280 * 0.1C.
The hemolymph sample was then drawn anaerobically
through the cannula using a gas-tight microsyringe
(Model 1750, Hamilton Co.). The volume of collected
hemolymph was 0.4-0.5 mL.

The hemolymph pH and total CO, content (Tco, mM/
L) were measured immediately after each collection. The
pH was measured using a blood gas meter (BGM200,
Cameron Instruments) with pH glass and reference

electrodes (E301, E351, Cameron Instruments). The pH

electrodes were installed in a water jacket maintained at
28.0°C. Tco, was measured using a total CO, analyzer
(Capnicon 5, Cameron Instruments). Hemolymph CO,
partial pressure (Pco, torr) and bicarbonate
concentration ([HCO;], mM/L) were calculated by
rearranging the Henderson-Hasselbalch equation?®®® In
the equation, CO, solubility coefficient (a co, uM/L/torr)
and apparent dissociation constant of carbonic acid
(pKapp) of disk abalone were required. The
determinations of a co, and pKapp were performed by in
vitro experiments.

aco, was determined using hemolymph that was adjusted
to pH 2.5 by the addition of lactic acid (Wako Pure
Chemical Industries, Ltd.). The hemolymph with lactic
acid was centrifuged, and the supernatant was used for
a co, analysis. The supernatant sample was transferred
to a tonometer flask and equilibrated with humidified
standard CO, gas (CO,, 15.0%; O,, 20.9%; N, Balance)
using an equilibrator (DEQ-1, Cameron Instruments) at
28.0°C, and subsequently the Tco, of each equilibrated
sample was measured using a total CO, analyzer. The
Pco, of the equilibrated sample was calculated from
known CO, concentration standard gas (15.0%), prevailing
barometric pressure, and water vapor pressure at

28.0C . The a co, was calculated using the equation:

-1
a co, = Tco, ® Pco,

For the determination of pKapp, the hemolymph sample
was transferred to a tonometer flask and equilibrated
with humidified standard CO, gases (CO,, 0.1%, 0.2%,
0.5%, 1.0%, 2.0%, and 5.0%; O,, 20.9%; N, Balance) using an
equilibrator at 28.0°C. After equilibration, the pH and
Tco, of the sample were measured using a blood gas
meter and total CO, analyzer. Using the sample pH, Tco,,
and a co, calculated from the above equation, pKapp was
determined by rearrangement of the Henderson-

%2 as follows:

Hasselbalch equation

pKapp = pH - log [(Tco, — aco, ® Pco,) ® (aco, ® Pcoy) ']

where Pco, was calculated from known CO, concentration
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standard gases.
The a co, and pKapp obtained in this study were used
for the calculation of hemolymph Pco, from measured pH

and Tcoy:

Pco, = Tco, ® [a co, ® (1 + 10 ©HPKarey)

[HCO4] was calculated from Tco, a co, and Pco, using

the equation:

[HCO4] = Tco, — aco, ® Pco,

Statistical analysis

All data are expressed as means * standard error.
Kruskal-Wallis test was performed for changes in
hemolymph properties using the standard gases. The
comparison of two parameters used Mann-Whitney U
test. Statistically significant differences were set at

P<0.05.

Results

Hemolymph samples were collected anaerobically from
disk abalones through a cannula. The mean values of
hemolymph pH and Tco, in normoxic conditions were
7.320 and 1.78 mM/L, respectively (Table 1). The
hemolymph a co, was 37.13 uM/L/torr. The hemolymph
pKapp at known CO, partial pressures (standard gases)
and the corresponding measured pH and Tco, values are

shown in Table 2. The calculated pKapp from all
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hemolymph samples was 6.302168 +0.017538. Hemolymph
Pco, and [HCO;] were calculated by substitution of the mean
values of aco, and pKapp in the rearranged Henderson-

Hasselbalch equation as follows:

Pco, = Tco, ® [0.03713  (1+10 PE6302168)1
[HCO5] = Tco, — 003713 * Pco,

where the units of the parameters in the equations are
torr for Pco, and mM/L for Tco, and [HCO;].
Hemolymph Pco, and [HCO;3] at 28°C in normoxic
conditions were 4.21 torr and 1.63 mM/L, respectively
(Table 3). In in vitro experiments (Table 2), the changes in
pH, Tco, and pKapp were statistically significant with
the increase in Pco, (Kruskal-Wallis test, P<0.05). At the
same time, the interaction between pKapp and pH was
analyzed (Fig. 1), and the correction equation for pKapp

was obtained as follows:

pKapp = 33462 - 13.032¢ pH + 2.065 » pH* - 0.1088 * pH*

For comparison, Pco, and [HCO,] were estimated using
the mean value of pKapp and the correction equation.
There was no significant difference in hemolymph Pco,
and [HCOy'] calculated by the two methods (Mann-
Whitney U test, P>0.05, Table 4). The non-bicarbonate
buffer value (Byg), which was obtained as a regression
coefficient relating pH and [HCO;], was 3.62 Slykes
(Table 5).

Table 1. Hemolymph pH and total CO, content (Tco,) of disk abalone
(Haliotis (Nordotis ) discus discus ) at 28°C in normoxic conditions

Mean SE N

pH 7.320 0.0217 7

Tco, mM/L 1.78 0.049 7

Water temperature, 27.8 £ 0.1 °C (Mean + SD)
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Table 2. Mean values of measured pH, total CO, content (Tco,) and calculated
apparent dissociation constant of carbonic acid (pKapp) of the hemolymph of
disk abalone (Haliotis (Nordotis ) discus discus) with known Pco, standard

gases
Standard gas Hemolymph

CO, Pco, pH Tco, pKapp N
(%) (torr) (mM/L)
0.102 0.740 7.608 0.840 6.1321892 9
0.203 1.48 7.500 1.043 6.2580713 12
0.515 3.76 7.361 1.808 6.2927812 12
1.01 7.36 7.232 2.623 6.3077984 10
2.00 14.6 7.144 3.472 6.4182550 10
5.01 36.6 6.803 4.877 6.3976120 10

Barometric pressure, 758.3 + 0.9 torr; water temperature. 27.8 £ 0.2 °C (Mean % SD)
Mean value of pKapp, 6.302168

Table 3. Hemolymph CO, partial pressure (Pco,) and bicarbonate concentration
(HCOs)) of disk abalone (Haliotis (Nordotis ) discus discus ) in normoxic

conditions
Mean SE N
Pco, torr 4.21 0.149 7
[HCO;'] mM/L 1.63 0.049 7

Water temperature. 27.8 = 0.1 °C (Mean £ SD)

Table 4. Compariosn of the values calculated using the correction equation and from
the mean pKapp in the hemolymph Pco, and [HCO;]

Pco, [HCOs7]
(torr) (mM/L)
the mean value of pKapp 4.21+0.149 1.63+£0.049 7

pKapp calculated by the correction

. 429+0.224 1.62+0.051 7
equation

Data show mean + SE. No statistically significant difference (Mann—Whitney U test, P>0.05)
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Table 5. Mean values of measured pH and calculated bicarbonate concentration
([HCO4]) of the hemolymph of disk abalone (Haliotis (Nordotis ) discus
discus ) with known Pco, standard gases

Standard gas Hemolymph
Co, Pco, pH [HCO; ] N

(%) (torr) (mM/L)
0.102 0.740 7.608 0.859 9
0.203 1.48 7.500 0.988 12
0.515 3.76 7.361 1.668 12
1.01 7.36 7.232 2.350 10
2.00 14.6 7.144 2.930 10
5.01 36.6 6.803 3.519 10

Barometric pressure, 758.3 = 0.9 torr; water temperature. 27.8 + 0.2 °C (Mean + SD)

Non-bicarbonate buffer value (Byg), 3.624

Hemolymph pKapp

6.5007

6.4001 + ******** %

6.3001 % N 3
6.200-
6.1007 %

6.000 T T T T T 1
6.600 6.800 7.000 7.200 7.400 7.600  7.800
Hemolymph pH
Relationship between pH and apparent dissociation

constant of carbonic acid (pKapp) of hemolymph in
disk abalone Haliotis (Nordotis) discus discus at 28°C.
Values are means * standard error. Dashed line fitted
to the data and the equation: pKapp = 33.462 - 13.032e
pH + 2065 « pH” - 0.1088 * pH’ (r* = 0.9036)

Discussion

We collected the hemolymph and examined hemolymph
pH, Tco,, Pco, and [HCO4] in order to evaluate the acid-
base balance of disk abalone in normoxic conditions. The
hemolymph was collected anaerobically through a
cannula, and the hemolymph pH and Tco, measured
immediately were 7.320 and 1.78 mM/L at 28.0°C,

respectively. Although there are few descriptions of

hemolymph pH and Tco, in disk abalone, hemolymph pH
of Haliotis iris was 7.16-7.17 (15°C), and Haliotis diversicolor
supertexta had hemolymph pH 7.23-7.28 and Tco, 1.82-2.18

29,30

mM/L (25°C) in normoxic conditions.**” The hemolymph
pH in disk abalone was almost the same as that in A.
diversicolor supertexta and higher than in H. iris. The
content of carbonic acid and CO, was approximately the
same as H. diversicolor supertexta. Disk abalone could have
a similar acid-base status to the hemolymph of H.
diversicolor supertexta.

Cameron (1986) reported CO, solubility as a function of
temperature and salinity, and the solubility coefficients
were 3549-38.12 uM/L/torr at 26-28°C and 30-35 salinity
(psu).™ The hemolymph aco, in disk abalone (37.13 uM/
L/torr) was in the range of the coefficient reported in
previous study.”? The mean value of hemolymph pKapp
in this study was 6.302168. There are few reports of
hemolymph pKapp of disk abalone, but other molluscs,
including marine bivalves, have reported hemolymph
pKapp values of 5.8191-6.2609 at 12-28°C."*® The pKapp
value is equal to the pH value at which it is most
effective as a buffer.” The effective buffer pH of disk
abalone seemed to be higher than that of bivalves.

Using the hemolymph a co, and pKapp determined in
this study, Pco, and [HCO;] of the hemolymph of disk

abalone were calculated. The mean values of Pco, and
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[HCO47] in disk abalone were 4.21 torr and 1.63 mM/L,
respectively. In H. diversicolor supertexta, hemolymph Pco,
and [HCO;] were 4.0-4.5 mmHg (torr) and 1.71-2.05 mM/
L, respectively™ The hemolymph acid-base balance of disk
abalone approximated to that of H. diversicolor supertexta.
The Byg of disk abalone hemolymph (3.62 Slykes) was
higher than that of bivalves, (akoya pearl oyster Pinctada
fucata martensii, 1.35-145 Slykes® blue mussel Mytilus edulis,
04-0622 Slykes;** marine mussel M. galloprovincialis, 0.65
Slykes:" hard-shelled mussel M. coruscus, 044 Slykes;”
Pacific oyster Crassostrea gigas, 0.73 Slykes?”). Disk
abalone hemolymph exhibited a higher non-bicarbonate
buffer value than those of bivalves. The non-bicarbonate
buffer value was determined by the buffer capacity of the
non-bicarbonate buffer system (for example, protein buffer
system), and used to quantify the amount of buffering of
the solution component. In disk abalone, changes of
hemolymph pH would need greater quantities of acid or
base in comparison with bivalves, and disk abalone may
have a better ability to maintain hemolymph pH. Disk
abalone seemed to be tolerant to some changes of water

quality, such as the rise in CO, level.
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