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Few studies exist reporting on long-term exposure of crustaceans to hypercapnia. We exposed juvenile
South African rock lobsters, Jasus lalandii, to hypercapnic conditions of pH 7.3 for 28 weeks and subse-
quently analysed changes in the extracellular fluid (haemolymph). Results revealed, for the first time,
adjustments in the haemolymph of a palinurid crustacean during chronic hypercapnic exposure: 1) acid-
base balance was adjusted and sustained by increased bicarbonate and 2) quantity and oxygen binding
properties of haemocyanin changed. Compared with lobsters kept under normocapnic conditions (pH
8.0), during prolonged hypercapnia, juvenile lobsters increased bicarbonate buffering of haemolymph.
This is necessary to provide optimum pH conditions for oxygen binding of haemocyanin and functioning
of respiration in the presence of a strong Bohr Effect. Furthermore, modification of the intrinsic structure
of the haemocyanin molecule, and not the presence of molecular modulators, seems to improve oxygen
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affinity under conditions of elevated pCO,.
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1. Introduction

Exposure to acute and chronic hypercapnia leads to various re-
sponses in the few different crustacean species investigated sofar[1],
making generalisation difficult and more research necessary. In
marine crustaceans, some responses can be observed in the extra-
cellular fluid. Haemolymph separates the animals’ environment from
the intracellular space and mediates external impacts before they
affect cellular metabolism and oxygen supply of the cells. For
example, tight control of the extracellular pH via regulation of acid-
base balance is essential for oxygen supply and gas exchange [2].
Marine invertebrates are exposed to natural hypercapnia during
events such as upwelling episodes, low oxygen events and — in the
medium to long-term — ocean acidification (OA).
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The West Coast rock lobster, Jasus lalandii, is a cold-water pal-
inurid decapod supporting a valuable commercial fishery in South
Africa and Namibia [3]. The species lives mainly along the West
Coast of Southern Africa in the Benguela Current System in shallow
coastal waters [4]. This environment is characterised by 1) frequent
upwelling events, 2) periods of low-oxygen in some areas due to
algal decay and bacterial respiration and is potentially threatened
by 3) declining pH due to OA. During 1) and 2), the pH can drop to
levels as low as 6.6 for several days [5]. These events have been
forecast to become more frequent and severe due to OA [6,7].
Currently, global pH levels are decreasing at rates between 0.0014
and 0.0024 units yr—! [7] and by the year 2300, a global pH of about
7.3 is expected [8]. Due to the already low pH levels in the Benguela
Current system, extended periods of high acidity could occur
earlier.

Chronic responses to hypercapnia are currently unknown for
this species and, in fact, other palinurid decapods. In general, there
is a lack of chronic studies on crustacean hypercapnia that exceed a
few weeks [1]. The aim of the present study was therefore to
elucidate the responses at the extracellular level in J. lalandii during
true long-term exposure (28 weeks) to hypercapnia.
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2. Materials and methods
2.1. Lobsters

J. lalandii juveniles were collected from oyster settlement plates
of an offshore oyster farm in the Langebaan lagoon, Western Cape,
South Africa. They were transported within +2 h to holding tanks at
the research aquarium in Cape Town in plastic bags filled to 50%
with 4.5 | seawater, bubbled with oxygen before sealing. Bags were
placed into a polystyrene container with ice bricks to ensure Ty
below 20 °C. In Cape Town, they were maintained in flow through
tanks for four months prior to experimentation (pH ranged from 7.9
to 8.1; Ta from 8.4 to 16.8 °C) and fed a mixed diet of mussel
(Chromomytilus meridionalis; Mytilus galloprovincialis), sardines
(Sardinops sagax) and Maasbunker (Trachurus trachurus) twice a
week ad libitum. Feeding was discontinued three days before
handling.

2.2. Hypercapnic exposure

Lobsters were weighed (w), carapace length (CL) measured and
placed into individual perforated 750 ml plastic containers. Twelve
individuals (mean + S.E.; w: 2.3 + 0.4 g; CL: 16.0 + 0.8 mm) were
placed into a 1000 | tank with normocapnic seawater and 12 in-
dividuals (w: 2.1 £ 0.3 g; CL: 15.5 + 0.7 mm) into a 1000 | tank with
hypercapnic seawater. Student's t-test revealed no difference be-
tween w and CL between the two groups. Tanks were well mixed
and aerated. Lobsters were acclimatized for a week to around 18 °C
after which the pH in one tank was lowered in two steps in five days
from approximately 8.1 to 7.3 using a pH controller (7074/2, TUNZE,
Germany) containing a solenoid valve (7074.111) and a pH electrode
(7070.110) attached to a 9 kg CO, bottle (technical). Lobsters
remained under these experimental conditions for 195 days (~28
weeks). Seawater (~80%) was exchanged with pre-conditioned
seawater twice a week. Seawater parameters pH and T, were
measured five times a week, Ar and salinity twice weekly. These
conditions are summarised in Table 1. Seawater pCO,, HCO3 and
€03~ were calculated using measured pH, Ta, salinity and At [9] as
constants in CO2SYS software [10], using dissociation constants
refitted by Ref. [11] from Ref. [12] and KSO,4 from Ref. [13]. Lobsters
were fed ad libitum five days a week, 3 days with pelleted feed
(Nutrafin max, A6792U), the other two, fresh mussel (Choromytilus
meridionalis and Mytilus galloprovincialis). Food and moults were
removed and water quality monitored by measuring NH} concen-
tration (Ammonia test kit, Sera, Germany). The latter never excee-
ded 04 mg 1L

2.3. Haemolymph sampling

At the time of haemolymph sampling, lobsters had the following
size: Normocapnia: w 10.7 + 0.8 g, CL 26.6 + 0.7 mm; hypercapnia:
w 9.6 + 0.5 g, CL 25.6 + 0.4 mm. Student's t-test revealed no dif-
ferences in w and CL between the groups. Pre-branchial haemo-
lymph (max. 0.3 ml) was extracted from the arthrodial membrane
at the base of the fifth pair of pereiopods by syringe with hypo-
dermic needle (Neomedic 1 ml, 29 G); avoiding tail flips by securing

Table 1

the abdomen with a firm grip. The sample was placed in a 0.5 ml
Eppendorf tube for acid-base analysis or frozen at —80 °C for
haemocyanin studies. Subsequently, the moult stage of each lobster
was determined microscopically from setagenic stages of pleopods,
based on a moulting stage range of AB, C, through to D4 [14].

2.4. Haemolymph acid-base balance

pH was measured within 20 s after sampling using a Orion 3 star
pH meter equipped with an Orion 8220 BNWP micro pH electrode
(Thermo Scientific, USA). Calibration was performed with NBS
precision buffers (Applichem, Germany) at the same temperature
as that of ambient seawater of the lobster tanks. A haemolymph
subsample (50 pl) was immediately injected into a de-gassing
(magnetic stirrer) chamber containing 200 pl of 100 mM H»SO4
and liberated total CO, (cCO,) determined by CO, analyser (SBA4,
PP Systems, USA) using CO,-free Ny (technical) as carrier gas
(50 ml min~") calibrated against freshly made NaHCO3 standards
(1—-10 mM). From measured pH and cCO; values, pCO,, and [HCO3 ]
were calculated using derivatives of the Henderson Hasselbalch
equation (I and II). The required solubility coefficient aCO, and
dissociation constant pK; of carbonic acid were adopted as
described previously for Carcinus maenas [15].

CCOZ

I pCco, — :
PE22 = 00 DK, 5 €O, + aCO,

I HCO3 = cCO, — aCO, x pCO,

Ca®*, Mg?* (Diaglobal, Germany) and t-lactate concentrations
(Roche, Germany) were determined by commercial kits on small
subsamples from each individual. Haemocyanin concentration was
determined spectrophotometrically (335 nm) in 1:50 haemolymph
vs. J. lalandii Ringer solution (0.52 M Nacl, 0.015 M MgSQy4, 0.013 M
CaS04, 0.005 M KCl, 0.005 M NaHCOs3, pH 7.8), calculated using an
extinction coefficient e335 = 0.233 AE units mg~' ml~" [16].

2.5. Oxygen affinity of haemocyanin

After transporting frozen samples to Diisseldorf, aliquots from
each treatment were pooled due to their small individual volumes;
subsequently the clotted haemolymph was re-suspended by means
of a pestle, and centrifuged for 15 min at 17 100 g and 4 °C
(Eppendorf, Germany). Aliquots (1.5 ml) from each pool were dia-
lysed (1:1000 ratio haemolymph vs. Ringer) at 4 °C for 48 h against
two changes of standard dialysis Ringer (0.017 M NaCl, 0.006 M
CaS04, 0.003 M MgS0y4, 0.013 M KCl, and 0.012 M NaHCO3 pH 7.8).
Aliquots of full and dialysed haemolymph were transferred into
2 ml reaction tubes and centrifuged for 15 min at 13 000 rpm (4 °C).
Subsequently, 200 ul supernatant was centrifuged (Airfuge ultra-
centrifuge, Beckman, USA) for 30 min at 160 000 g. The top 100 pl
were removed and the remaining 100 pl re-suspended with the
haemocyanin pellet, doubling the concentration of haemocyanin.
From these preparations, oxygen affinity curves were established
and analysed for whole and dialysed haemolymph using a spec-
trophotometric method on 5 pl haemocyanin samples in a diffusion
chamber [17] modified as described previously [18,19]. The non-

Seawater conditions recorded during exposure to normocapnic and hypercapnic conditions during a period of 28 weeks.

Salinity (%o) T (°C) pH Ar (umol kg~1) pCO, (Torr) HCO3 (mmol I-1) C03~ (mmol 1I"1)
Normocapnia 344 + 0.1 18.8 + 0.1 8.02 + 0.02 1903 + 8 0.27 + 0.01 1.58 + 0.02 0.14 + 0.01
Hypercapnia 344 + 0.0 18.8 + 0.1 7.32 + 0.01 1925 +7 1.57 + 0.03 1.88 + 0.01 0.04 + 0.00

Values are given as means =+ S.E.
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Table 2

Haemolymph parameters of juvenile lobsters after exposure to normocpanic and hypercapnic conditions for 28 weeks.
Haemolymph pH cCO, pCO, HCO3 Ca%* Mg?* 1-lactate Haemocyanin
parameter (mmol I1) (Torr) (mmol I1) (mmol I1) (mmol I1) (mmol I1) (mg ml™1)
Normocapnia 7.760 + 0.025 42+04 1.7 +02 41+04 128 + 0.8 17.5 + 0.6 0.4 +0.1 223 +20
Hypercapnia 7.655 + 0.061 8.5+ 1.2* 3.9+ 0.2* 84 +1.2* 9.2 + 0.6 194 + 1.5 03 +0.1 13.9 +2.1*

Values are mean + S.E. (n = 12). *denotes significant difference to normocapnic value (p < 0.05, Student's t-test).

bicarbonate buffer capacity was calculated from carbon dioxide
titration of 50 ul aliquots in a Radiometer BMS II system (Radi-
ometer, Denmark), used to measure haemolymph pH at carbon
dioxide tensions provided by gas mixing pumps (WO0stoff,
Germany).

3. Results
3.1. Haemolymph acid-base balance

Measured pH in the haemolymph from hypercapnic incubated
lobsters was lower than in the normocapnic group, whereas cCO,
had doubled to 8.5 mM under hypercapnia compared with nor-
mocapnia (Table 2). Accordingly, calculated pCO, and [HCO3 | were
3.9 Torr compared to 1.7 Torr and bicarbonate 8.4 mM compared to
4.1 mM under normocapnia, respectively. [Ca®*] was significantly
lower (28%) under hypercapnic conditions, whereas [Mg?*]
changes were slight and not significant (Table 2). Lactate concen-
trations were relatively low at 0.4 to 0.3 mM in both groups. pH and
[HCO3] values were similar within the normocapnic group and
most values below the 2 Torr isopleth (Fig. 1A). They varied
considerably, however, in both pH and [HCO3], in the hypercapnic
group and are assembled along the 4 Torr pCO; isopleth with no
value below the 2 Torr isopleth (Fig. 1B). The non-bicarbonate
buffer line of haemolymph from the hypercapnic group is
elevated and shifted parallel compared with that of the normo-
capnic lobsters (Fig. 1C). At the same time, haemocyanin concen-
tration in the haemolymph decreased by 38% under hypercapnic
exposure indicating a decrease in oxygen carrying capacity.

3.2. Oxygen affinity of haemocyanin

In Fig. 2 oxygen affinity is depicted in whole blood and dialysed
(Fig. 2A) and dialysed blood (Fig. 2B) together with cooperativity
measured as n50. The slope of the regression lines indicate the Bohr
coefficient, -0.42 in normocapnic whole haemolymph and higher
at —0.66 in hypercapnic whole haemolymph. Dialysis had no effect
on the Bohr coefficient of hypercapnic or normocapnic haemo-
lymph (Fig. 2A).

Oxygen binds cooperatively to J. lalandii haemocyanin. Maximal
cooperativity (Hill coefficient nsg = 4.15) was found in dialysed
haemolymph from normocapnic lobsters but was marginally
smaller (nso = 3.92) in dialysed haemolymph from hypercapnic
lobsters. Cooperativity was lower in both whole haemolymph
samples, again with that of hypercapnic haemolymph slightly
lower (nsg = 3.22) than in normocapnic haemolymph.

A full oxygen saturation curve was constructed using the hae-
mocyanin from the juvenile lobsters that were exposed to nor-
mocapnia, using a 0.1% CO; to set pH. The curve is described by the
equation: y = —2E—08x°> + 7E—06x* — 0.0006x> + 0.0141x?
— 0.0846x + 0.152 (R? = 0.9957, pH = 7.216, 15 °C) (not shown
here).

3.3. Moult stage

Each experimental group consisted of a cohort of lobsters that
were in a similar range of moult stages. In the normocapnic group,
two lobsters were at stage AB, three at C, two at Dy, four at D1 and
one at D4. In the hypercapnic group, three lobsters were at stage AB,
five at C, three at D7 and one at D,

HCO; [mmol I]
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Fig. 1. Henderson-Hasselbalch (pH-bicarbonate) diagrams for haemolymph of juvenile lobsters incubated for 28 weeks. (A) Individual values from 12 lobsters exposed to nor-
mocapnic conditions, (B) individual values from 12 lobsters exposed to hypercapnic conditions and (C) mean + S.E. from values depicted in (A) and (B). pCO, isopleths were derived
from the Henderson-Hasselbalch equation. Values for the first dissociation constant (pKj) and Solubility coefficient (2CO,) were derived from Ref. [23] and were: pK; = 6.01,
2CO, = 0.044 (18 °C). Blue dashed line = normocapnic seawater isopleth, red dashed line = hypercapnic seawater isopleth. Dotted black line = normocapnic non-bicarbonate buffer
line, solid black line = hypercapnic non-bicarbonate buffer line (see also materials and methods). (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article.)
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Fig. 2. pH-dependence of oxygen affinity of haemocyanin from whole and dialysed haemolymph from juvenile lobsters incubated for 28 weeks in normocapnic and hypercapnic
seawater, respectively. (A) Relationship of haemocyanin-oxygen affinity as log Pso and pH (upper part and left y-axis) and cooperativity of haemocyanin-oxygen binding and pH
(lower part and right y-axis) for whole blood. (B) Bohr effect (upper part) and cooperativity (lower part) of haemocyanin from dialysed haemolymph only from juvenile lobsters

after normocapnic and hypercapnic treatment, respectively.

4. Discussion

Our study reveals, for the first time, adjustments in the hae-
molymph acid-base balance of a palinurid crustacean during
chronic hypercapnic exposure. During 28 weeks of exposure to a
water pH level of about 7.3, the following changes in the haemo-
lymph of juvenile J. lalandii occurred:

1. Adjustment of the acid-base balance by increased bicarbonate
2. A change in quantity and oxygen binding properties of
haemocyanin

4.1. Regulation of acid-base balance

Extracellular pCO, is maintained above environmental pCO; to
ensure an outward gradient for CO, removal [20,21] whereas ox-
ygen affinity has to be safeguarded in the presence of a pronounced
Bohr shift in J. lalandii haemocyanin (Fig. 2B). Under hypercapnia,
this requires extra buffering achieved by bicarbonate and non-
bicarbonate buffers [22]. In adult J. lalandii, acute environmental
hypercapnia causes acidosis driven by CO; increase but is adjusted
by increased [HCO3] within 5 h (unpublished data). Here, we show
that a secondary [HCO3] increase (i.e. above the non-bicarbonate
buffer line) is present as chronic adjustment of extracellular pH in
juveniles. Compared with lobsters kept in normocapnic seawater,
those under hypercapnic conditions doubled their [HCO3]. Non-
bicarbonate buffer capacity, however, is almost exclusively ach-
ieved by haemocyanin in crustaceans [23], whose concentration
decreased under hypercapnia here. This may be compensated by an
increase of other non-bicarbonate buffer substances, such as pro-
teins or inorganic phosphate. Variation in [HCO3] between in-
dividuals is large in the hypercapnic group (Fig. 1B), whereas it is
small in normocapnic individuals (Fig. 1A). The values for hyper-
capnic lobsters spread along the 4 Torr pCO, isopleth, suggesting
that individual differences in pH were primarily due to differences
in [HCO3]. Individual [HCO3] values are not correlated to [Ca®*]
(not shown), indicating, as does the spread of moult stages in both
groups, that this is not a moult effect. Data suggest that, after non-
respiratory compensation, hypercapnic juveniles had reached a
steady state at a more acidic level (i.e. only partial compensation)
after exposure, similar to other crustacean species [21], and

maintained it thereafter. In other crustaceans, an elevated [HCO3]
could not be maintained over an extended period, see Ref. [1]. The
pCO, data for water and haemolymph from Tables 1 and 2 show
that the CO, gradient across the gills increases from 1.4 Torr to
2.3 Torr, changing from normocapnia to hypercapnia. This could
indicate that metabolism also increased during hypercapnic expo-
sure as would energetically be expected to fuel the ionic pumping
of bicarbonate from sea water.

4.2. Properties of haemocyanin

Fig. 3 summarizes the calculated changes in haemolymph oxy-
gen affinity together with in vivo pH changes. In whole blood Psg
remains relatively constant even though haemolymph pH drops by

0.1 units. Without compensation Psy would decrease by
25 .
Whole blood E Dialysed blood
2
~ 15
S :
= :
3 :
S 104 :
5 :
0 ‘ —Ll ‘ ‘ ‘
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Fig. 3. Calculated Psg values for respective treatments at in vivo pH conditions. Values
were calculated for the different pH values using the regression equations shown in
Fig. 2. In vivo pH values (indicated in column label) were taken from Table 2. Labels:
W = whole blood, D = dialysed blood, Normo = normocapnia, Hyper = hypercapnia.
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Table 3

Comparison of oxygen affinity (Pso) of haemocyanin from different crustacean species measured at a specific pH and temperature.
Species P50 (Torr) pH T (°C) Source Whole (W)/

dialysed (D)

juvenile West Coast rock lobster (Jasus lalandii) 14.8 8.0 15 current study W
adult West Coast rock lobster (Jasus lalandii) 141 7.8 15 unpublished data "
European spiny lobster (Palinurus elephas) 6.5 8.0 20 [25] D
(Australian) Spiny rock lobster (Jasus edwarsii) 25.8 7.8 20 [28] "
European Lobster (Homarus vulgaris) 9.3 7.9 15 [32] W
Intertidal prawn (Palaemon elegans) 9.0 7.8 10 [19] W
European shore crab (Carcinus maenas) 109 7.8 15 [33] w

approximately 2.5 Torr. Since calcium levels are 28% lower in the
hypercapnic group and decreases in calcium will lead to a lowering
of oxygen affinity [24,25], one would expect an even greater change
to the detriment of oxygen transport. The role of other co-factors
such as lactate [2] can be ruled out since these levels are similar
in both normocapnia and hypercapnia. For dialysed blood at con-
stant levels of Mg+ and Ca®™, it is clear from Fig. 3, that an increase
in intrinsic affinity by almost 5 Torr occurred. Haemocyanin con-
centration was low in normocapnic juveniles compared with adult
lobsters (70 mg ml~!, unpublished data). Such differences between
life- and moult stages, however, are not uncommon [26,27]. In
terms of oxygen affinity, haemocyanin of juvenile and adult
J. lalandii is similar (Table 3). Compared with other palinurids, af-
finity of J. lalandii haemocyanin (Psg ~14 Torr) is much lower than
the very high affinity of the European spiny lobster, Palinurus elephas
(Ps5p = 6.5 Torr in dialysed blood, using Tris-Buffers, [25] and, taking
into account the difference in incubation temperature, should be in
the low affinity range as its Australian relative Jasus edwardsii
(Psp = 26 Torr, [28]). Oxygen affinity is generally higher in hypoxic
environments [29] and the difference between the three palinurid
species could therefore be an expression of the oxygen availability in
their respective environments. Compared with crustacean species
that live in shallow waters or in the intertidal, haemocyanin of ju-
venile J. lalandii has a low oxygen affinity, an indication that these
juveniles are normally exposed to well-oxygenated seawater.

Haemocyanin was termed the “interface” of crustacean physi-
ology due to its molecular and biochemical flexibility [2]. This
flexibility is present in J. lalandii haemocyanin: Dialysed haemo-
cyanin from juvenile lobsters kept in hypercapnic seawater for 28
weeks had an increased oxygen affinity compared with that from
normocapnic juveniles. A possible explanation is a modification of
the intrinsic structure of the haemocyanin molecule [2,30] and this
could be a mechanism to conserve energy under environmental
stress. Also, such structure change could explain the observed in-
crease in oxygen affinity [31].

In hypercapnic conditions, a decline of pH by 0.1 units (27%
acidification) was observed. It is probably not energetically possible
to maintain constant ‘normal’ pH in the long term. The lower pH
could also just be a result of the increased extracellular pCO,. The
latter ensures a gradient for removal of respiratory CO; under hy-
percapnia which becomes necessary when environmental pCO,
almost reaches normocapnic extracellular pCO; levels (1.6 vs
1.7 Torr). There is also a potential influence of molecular modula-
tors on haemocyanin properties: The reduced [Ca®*] may be due to
energetic costs, too, or as a result of calcification processes in the
exoskeleton. The slightly elevated [Mg?*], meanwhile, may ensure
an increased Bohr coefficient and oxygen affinity of haemocyanin
[24]. In the crab C. maenas, Ca®* increases oxygen affinity whereas
Mg?" increases oxygen affinity AND Bohr coefficient [24]. Protect-
ing the Bohr shift guarantees loading of haemocyanin with oxygen
at the gills and unloading in the tissues.

Although it was not the aim of this study to investigate the effect
of the various molecular modulators of oxygen affinity in detail, the
differences between full and dialysed haemolymph show that ox-
ygen affinity is not decreased in hypercapnic juvenile lobsters when
these modulators are removed. Cooperativity values were similar in
all treatments.

In conclusion, we have shown that, to ensure functioning of
respiration during prolonged hypercapnia, juvenile lobsters are
capable of bicarbonate buffering of their haemolymph to provide
optimum pH conditions for oxygen binding in the presence of a
strong Bohr Effect. In addition, modification of the intrinsic struc-
ture of the haemocyanin molecule, and possibly the presence of
molecular modulators, seems to improve oxygen affinity under
conditions of elevated pCO,.
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