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Abstract

Net photosynthetic oxygen evolution in Amphiroa
anceps (Lamarck) Decaisne is inhibited at high oxygen
concentrations. Photosynthesis is highest between pll
6.5 and 7.5. At pH 9 10 10 there is still a significant
photosynthetic rate, suggesting that this alga can use
HCOs as a substrate for photosynthesis. At pll 7.0 to
8.5, the photosynthetic rate saturates at a total inorganic
carbon concentration (£ Cj) greater than 3 mM. At pH
8.5 and 8.8, calcification rate continues to increase with
increasing concentration of XC;. Between pH 7 and 9,
the calcification rate in the light in A. folwceo Lamour-
oux is proportional to the pliotosynthetic rate, whereas
st higher pll where the photosynthetic rate Is very low,
tire caleification rate is stimulated by the higher concen-
tration of COJ ion, At all pH values examined. the
calcification rate of living plants in the dark and of dead
plants is directly proportional to the CO}~ ion concen-
tration, suggesting little metabolic involvement in
calcification processes In the durk, whereas calcification
In hive A. foliacea In the light Is influenced both by the
phoutosynthetic rate and the CO} ™ ion cuncentration in
the medium,

Introduction

The pioncering studies of Goreau (1963) and later
workers have shown that light stimulates calcificstion
In most calcareous algae (see Borowitzka 1977, for
review). The mechanism for this light stimulation has
been studied in detail by Borowitzka and Larkum
in the green algae Halimeda spp. (1976 a, b, c; 1977).
The coralline red algae (Rhodophyta, Corallinaceae),
however, differ fron Halimeda spp. in that they deposit
the calcite crystal lsomorph of CaCO, rather than the
tragonite lsomorph. Furthermore, the calclte Is deposited
Within the organic cell wall and the crystals show some

organization with respect to the cell (Borowitzka er al,
1974, Borowitzka and Vesk, 19 78, 1979). The coralline
algal CaCOy also has a different composition of the
stable isotopes of oxygen and carbon from that of
atugonite algal CaCO; (cf. Borowitzka, 1977). These
differences between calcite and aragonite-depositing
algae suggest differences in their caleitication meclunisms,

Knowledge of the source aof morganic carbon for
photosynthesis and calcification is tmportant for under-
standing the calcification system of algae. Recently,
Pentecost (1978) showed that culeification in the coral-
line alga Coralling officinalis is directly reluted to the
photosynthetic rate, and Smith md Roth (1979)
showed that the calcification 1ute s iclated 1o the
inotganic carbon concentration w the medim. This
paver Is a study of the effects of the various species
of inorganic carbon on photosynthesis and calcification
in the coralline algae Amphirva anceps and A foliacea.

Materials and Methods

Amphiora anceps (Lamarck) Decaisne was collected at
3 105 m depth at Dee Why, New South Wales or ftoma
wave-washed area of an intertidul rock platform at Hole
in the Wall, Newport, New South Wales, Australia. These
algae were kept in outdoor aquaria at Dee Why for up to
3 wk. Amphiroa foliacea Lamouroux was collected at
approximately 5 m depth at Nelly Bay, Magnetic Island,
Queensland, Australia, and maintained for up to
4 months in outdoor flowing seawater ayuaria at Cape
Ferguson,

For each experiment, epiphyte-free branches of
approximately 7 to 10 segments length, taken from one
algal clump, were used. Dead plants were obtained by
air-drying the thalli and then resoaking them in sea-
waler.,

For isotope measurements the branches were pre-
treated overnight in the experimental solution Dark-
treated branches were pretreated for 12 h in the dark.
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Fig. |. Amphiroa anceps. Part of a branch, indicating system
uscd for numbering segments. Segments 4 and 5 are next down
from Segment 3 on the main axis

Table 1. Amphiroa enceps. Lifect of oxygen concenuation on
photosynthetic oxygen evolution. Experiments were carried out
at 18°C, pH 8.2

Segment 0, concentration Net photosynthetic rate
(1)) (nmol g=' min*?)
1 80.5 1925
164.3 856
198.8 411
1 82.1 1118
174.1 447
2251 124
3 62.4 940
142.9 592
197.2 ‘ 262
448 105.1 1000
165.9 457
239.9 100
1500 o)
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Branches were then transierred to fresh medium and,
after 30 min in a hermetically sealed labelling chamber,
NaH'*CO; weie added to give a final specific activity
of 92.5 Bqgmmol™ ZC; (where ZC; = [CO,] + [HCO; ]
+ [CO}7)). The temperature was 28°C and a light
intensity of 600 uE m™? 57! was provided by overhead
cool-white Nuorescent lamps, At 90, 120, 150 and 180
min after addition of the isoloEe. 6 to 8 branches were
removed and frozen at —90 C. After frceze-drying,
separation into individual segments and weighing, the
segments were extracted and uptake of isotope into the
inorganic (CaCO,) and organic carbon fractions was
determined according to the method of Borowitzka
(1979). Only the second and third segments (inter-
genicula), (Fig. 1) of cach branch were used except where
noted to minimize variability due 1o age differences
(Borowitzka, 1979). Photosynthetic and calcification
rates were calculated by linear regression through the
puints at the 4 sampling times (i.e., 4 total of 45 to 65
points per treatment, Borowitzka, 1979). Experiments
were  carried  out in Artificlal  Pacific  Seawaler
(Borowitzka amd Lurkum, 1976a). During the course of
an experiment, pll changes in the labelling chambers
weie less than 0.2 pll units,

Oxygen electrode experiments with Amphiroa anceps
were carrled out in aged scawater prepared (rom “Aqua-
sonic” synthetic marine salts. For each set of measure.
ments, 10 to 40} scgments were used. Experiments were
carried out in 2 Rank polarographic oxygen electrode at
18 °C (winter collections) or 22 °C (summer collections)
at a light intensity of 700 uE m™? s~', using a quartz-
iodine lamp; this was sufficient to saturate photo-
synthesis.

The inorgunic carbon concentration (ZC;) was
adjusted with NaHlCO, and pH with NaOH or HQ. O,
concentration was adjusted by bubbling nitrogen gas

Fig 2. Amphiros anceps.
Photosynthetic rmte at dif-
ferent seawater pHs and
oxygen tenslons, and con-
sant LCj of 2 mM. (a)
Ist (young) segmaents; (b)
2nd and 3rd (meturs) seg-
ments (data combined)
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through the solutions. ZC; concentrations were deter-
mined by titration (Strickland and Parsons, 1972).

Results

Preliminary experiments with Ariphirog anceps showed
8 marked oxygen inhibition of photosynthetic oxygen
evolution (Table 1). At pH 8.2, the photosynthetic rate
al near-saturating oxygen concentration (225.1 uaf 0,)
was approximately lislf the rate a1 an oxygen concentra-
tion of approximately 72% saturation (174.1 pA 0,) 1t
was therefore very important in 41 cxperiments to moni-
tor the oxygen concentration and, unless otherwise
noted, all experiments were carried out at 170 1o 190
W Oy (ie., at as constunta level of pariial 0, inhibition
as could be maintained).

Fig. 2 shows the change in net oxygen evolution at
constant IC, but different scgwater plis und 0,
tensions. The shape of the cupve 1 independent oof
segment age; however, the firs Capical) segments vary
more than the second and third segments, probably due
to preater variability in the stape ol growth of the firs
segments. Photosynthetic rares g highest at pll 6.5 4
1.5 in all segments. Inceeasing the 1012l inotganic carhoy
concentration (£C)) in the mediin by 2 mM has little
elfect on the shape of the pli photosynthesis curve (Fig
3), the maximum rate being at pll 7.0, Photosynthetic
carbon fixation by Amphiroa foliacea scems to follow a
sunilar pattern (Fig. 4a) between pll 7.0 and 10.0,

Calcification rates in Amphiroa foliacea in the light
at pH 7.2 and 8.3 are almost the sane, but at pH 9.0 the
rate falls rapidly to a value below that of living plants in
the dark or of dead plants (Fip 4b). This fall in the
calcification rate is similar (o the fall in the photo-
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100 -3- - ments only; 2.2 mAf ICy. (a) Photosyn-
g thetic rate st different sawater phis; (b)
aalcification rate at different scawater phis
_J In the light (open clrcles), dark (filled
£ circles) and in dead plants (triangles)
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Fig. 5. Amphiroa anceps.
Mature  sgments  only,
Photosynthetlc 1ate with
Increasing £Cp. 1100 uE
em™' ' light Intensity
and 22°C. (a) Photosyn-
thetic rate at pH 7.0 (cl-
cles) and pH 8.5 (triangles);
(b) photosynthetic rate at
pH B.S (ulangles), and pH
B.8 (circles). Respiration
rates ¢ standard eqrors are
Indicated In lower right-
hand corner of esch graph.
Note that CaCO, precipita-
ton nocurred ahove 1 pmAf
ZC atpll 8.8
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synthetic rate over the same pH ranpe (Figs. 2-4a). Al
pH 0.7, the calcification rate reaches a high value (Fig.
4b), presumably due to the great increase In [CO} | at
this pll. In the dark, the calcification rate bicreases
dightly with increasing pH, whereas dead thalli show a
large increase in calcification rate with increasing pH
(Fig. 4b). Regression analysis of dead thallus calcifica-
tion rate with [CO3 ] gives a correlation of 0.95, indica-
ting that calcification is directly correlated with [CO} 7.

In order 1o establith whether effects of changes in
scawater pH on the photosynthetic and calcification
system are largely due to changes in the relative propor-
tions of the inorganic carbon species and not to pH
acting on metabolism directly, two kinds of experi-
ments were carried out:

£C,imM)

Fig. 6. Amphirca follacea. Mature seg-
ments only, Calcification rate with increas
ing £Cy. (a) Living plants in the light at pH
B.5 (triangles) and at pH 8.8 (circles); (b)
living plants in the dark at pH 8.5 (1rk
& angles, pll B.8 (clrcles) and dead plants at
R K (dlamands)

(1) Scgments of Amphtroa anceps were placed In
seawater at pH 9.5 and transferred In a stepwise fashion
to ptl 6.1, After 30 min at pl 6.1, the segments were
transferred to pll 9.5 sgain. Photosynthetlc and dark
respiration rates were measured at each step. The
experiment was also carried out In the reverse order
starting at pH 6.5. Despite pre-incubation at either
high or low pH, the photosynthetic and dark respiration
rates immediately after the pH change were those
previously measured at that pll. No significant residual
effect of pre-treatment at high or low pH values was
detected,

(2) In the second series of experiments, photosyn-
thetic and calcification rates at constant pH but varying

levels of ZC; were studied. At each pH value the photo-

!
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synthetic rate rose with increasing ZC; and eventually
reached a platesu value. At pH 8.8 the photosyntheitic
rate fell when EC; was greater than 3 mM, because of
CzCO, precipitation in the medium. High values of ZC;
could not be uchieved at high pli due to precipitation of
CaL0, at high pH and high £C;. At pH 8.5 and 8.8 and
x(; higher than 3 mM, the actual value of ZCj must be
considered as approximate, due to possible CaCOjy
precipitation. In all experiments there Is considerable
variation between plants, making direct comparison
difficult (cf. Fig. §); however, experiments conducted
with branches from the same plant can be compared.
Fig. 5a shows photosynthetic oxygen evolution at pH
7.0 and 8.5 with increasing EC,. Fig. 5b shows 8 similar
experiment at pi 8.5 and 8.8. In all experiments, photo-
synthesis appears to saturate at a £C; value higher than
3 mM. except at pH 8.5 in one experiment (Fig. 5h)
wiere photosynthesis had not yeu saturated at 5 mdf.

Similar experiments with Ampliroe follacea showed
that calcification rates at pil 8.5 and &8 continued to
inciease with increasing TC;, with 2 higher rate at pHl
8.8 (Fig. 63). The non-linearity of these calcification
graphs suggests thut the increase in calcification rate is
due to both the increased photosynthetic rate and the
increase In JCO} "] with the increase In EC. This is
further supported by the fact that the calcification rates
in living plants in the dark and in dead plants increase
almost linearly with increasing ZC; (Fig. 6b). Calcifica-
tion rates in the dark at pll 8.8 were higher than those
at pll 8.5, The gradients (k) of the regression lines of
Z1; aminst calcilication rate are in almost the same
proportion (knyg:kgs = 1.59) as the concentrations of
the CO3~ fon ([CO3 ) ana:1COY ) g5 = 1.66). There is
no significant difference between calcification rates of
the living plants in the dark and the dead plants.

Discussion

The eltect of acygen concenteatlon on photosynthetic
axveen evolution in Amy:ltiroa spp. supgests the presence
of photorespiration in these algae (Tolbert, 1974).
altuph no Oy hurst was observed upon light/dark
tansdton. Similar effects were demonstrated by Black
et al. (1976) and Downtoner al, (1976) for a wide range
of tropical marine algae, though not for coraliine algae.
However, the studles of Lloyd et al. (1977) suggest that
photorespiration does not occur In algae and that the 0,
consumption In the Jight may be due to the oxldation of
some component In the photochemical electron trans-
port chain rather than glycolate formation and oxidation,
or CO, evolution. A. anceps appears to be especially
sensitive to exlernal oxygen tension, The cause of this
oxygen inhibition of photosynthetic oxygen evolution
in A agnceps as in other algae requires further study (see
also Canvin, 1979). lmespective of the cause of this
inhibition, it is of great importance to monitor oxygen
concentration in studies of photosynthesis and calcifi-
cation carried out with this alga and probably all other
calcareous algae.

2
The shape of the ptl/photosynthesis curve of
Amphiroa spp. Is similar to that of other algae (- g.
Paasche, 1964; Borowitzke and Larkum, 1976b), with a
maximum pholosynthetic rate between pH 6.5 ind
7.5. The shape of this curve is apparently not influen ed
by oxypen tension, and the spparent photosynth:tic
rate it clearly not wholly dependent on CO; concer tra-
tion. The values for photosynthesis below pH 7 nd
above pH B are respectively lower and higher than wi 11d
be expected if CO; only were being taken up (Fip ).
The 11CO;5 of the external solution must, therefore, ! a
second source of inorganic carbon for photosyath <is.
However the question of whether this HCOj is taker 11p
across the plasmalemma as HCO; or as CO, rem. s
unanswered, and cannot be answered in experiny -+ ts
where the external medium pH is altered. It ks g 1
possible that localized pll changes in the cell wal' o
in the unstirred layer on the surface of the algal thy!
ot even an extracellular carbonde anhydiase, ¢ 1)
result in the extracellular conversion of HCOj to ¢
and Oll°, with subscquent uptake of the COQ,
Berry er al., 1976 Miyachi and Shiraiwa, 1979). e
possibility of such localzed pH changes is of consider: !
importance In determining the mechanisin of calcil
tion, and requires study. The apparent inhibition
photosynthesis at low pH and high CO; concentrat n
(e.g. Fig. 3) also requires further study. From stu
to date, it is unclear whether this is an effect of { 1,
concentration or pHl per se (Livingston and Fra
1940; Steemann Nielsen, 1955; Swift =+ laylor, 19
In A. anceps, photosynthesis appears to saturate
sbout 3 mM IC, irrespective of pH (Fig. 5) although th
is some variation between plants. The fall in ph
synthesis at S mM IC, and pH 8.8 is probahly dur -
reduced CO; and HCO3, due to precipitation of Cal |
in the medlum which conld nat be prevented,

7 3

OB A 3.5

Calcification in the light at medium carbon ¢con
trations generally follows the photosynthetic 1»
diopping between pll R and 9. Pentecost (11
nhserved o diect gelytion:hip between photorynthe
rate and calcificstion in Comiling officinalis in a8 non
pH range. However, the rise in calcification ohserved
pH 10 can be attributed wholly to the Increased coni: -
tration of CO}~ at this pH. This conclusion Is RIppot
by the correlation of [CO} "] with the calcification 1: 1+
in plants at pH 8.5 and B8 (Fig. 6; see also Fig. 1 11
Smith and Roth, 1979),

— - —

At very high pll (Fig. 4), some inhibition of calclfi
tion In living thalll in the dark compared to dead thalli 15
observed. This may be due to respiratory CO, evolutiin
causing localized acidification (Borowitzka and Larkur,
1976h). Previous workers (lkemord, 1970, Okazskier . |
1970; Pearse, 1972) using long incubation times (> § '}
have obtained higher rates of **Ca depasition in livii
plants in the dark compared to dead plants. Their resul -
ate probably artifacts of the single time-point meth: |
used. Kinetic studies are more sccurate (Béhm, 197 .
Borowitzka, 1979), and show that the calcificatii
rate (accretion rate sensu Goreau, 1963) of living tha -
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in the dark Is the same as for dead thalll in Amphiroa
foliacea st normal seawates pH (Borowitzka, 1979).

Although expcriments 1o date do not allow the
formulation of a meaningful testable model for the
mechanigm of calcification in the Corallinaceae, some
general properties of the calcification system can be
described and evaluated in light of existing theoties on
algal calcification. Borowitzka (1977) lists a number of
the theories which have been proposed to explain algal
calcification.

Comparison with the aragonite-depositing green algae
Halimeda spp. is of some value. Borowitzka and Larkum
(1976b) proposed that the photosynthetic stimulation
of CaCQy deposition in Halimeda spp. is due to localized
changes in pll and [CO}] due to photosynthetic
uptake of CO, from the semi-isolated intercellular space.
Coralline algac do not have a¢ an cxtensive intercellular
space (Borowitzka and Vesk, 1978, 1979) as does
Holimeda spp. { Borowitzka and Larkum, 1977). The cell
walls of coralline algal cells touch, and the CaCQy is
deposited within the organic material of these cell walls.
Tlie nature and function of this organic material in coral-
line calcification are unclear, but it is probably of great
importance to the mechanism of calcification. The
organic material may act as a nucleating site for CaCO,,
either by acting as a template for epitaxial nucleation o
by attracting Ca’* jons electiostatically (Degens, 1976).
Ca** -binding polysaccharides have recently been demon-
strated in some calcareous red alpac (Misonou er al,
J4980). One apparent effect of this wall material is that
cotalline algae deposit the culcite crystal bsomorph of
CaCOy, whereas Hallmeda spp. deposits the aragounite
isomorph (Borowitzka ef al,, 1974, Borowitzka, 1977).
Halimeda spp. do not have an orginic matrix within
which the CaC0, is deposited, although some organic
material has been observed to coat the aragonite crystils
(Nakahara and Bevelander, 1978). Many organic com-
pounds have been shown to influence the type of CaCO,
isomorph precipitated In experimental solutions (Kitano
and Hood, 1965).

Calcification rates in coralline algae are pieatly
influenced by the external carbonate ion concentration
and hy the photosynthetic rate (Goreau, 1963; lkemori,
1970; Okazaki er al., 1970; Pentecost, 1978 and present
study). The role of metabolism may be to create changes
in cell wall pH or [CO3 "], favoring CaCOy precipitation
[see Raven and Smith (1974) and Borowitzka (1977) [or
possible mechanisms]. Metahollc involvement may also
be via continued synthesis of organic compounds favour-
ing CaCO; precipitation or by actively transporting Ca**
ions to the site of calcification (LaVelle, 1979). Okazaki
(1977) has found a Ca’*-dependent ATPase in some
Corallinaceae but not In other calcareous and non-
calcareous algae. On evidence (o date, it appears that the
mechanism of coralline algal calcification Is more com-
plex than that occurring in Halimeda spp., with both
metabolic and physical factors directly contributing. It
also scems likely that the relative importance of metab-
olism compared to physical factors varies with the stage
of development of the genlculum, However, no meaning-
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ful model for calcification In the coralline algae can ax
yel be formulated.
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