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ABSTRACT: To explore the inorganic carbon utilization of the freshwater red alga Compsopogon
coeruleus, photosynthetic rates in response to increasing of bicarbonate concentration, the addition of
alkaline HEPES buffer (pH 8.8), acid HEPES buffer (pH 4.0) and the extracellular carbonic anhydrase
inhibitor (acetazolamide, AZ), respectively, were examined in Situ by using a submersible pulse
amplitude modulated (PAM) fluorometer. Among the treatments, adding acid HEPES buffer
significantly reduced photosynthetic rates of the alga, while others showed no effect. Accordingly, we
concluded that C. coeruleus had less or no inorganic carbon (C;) limitation in its natural habitat. The
alga might have higher affinity for bicarbonate and directly uptake bicarbonate as main C; source
without the aid of extracellular carbonic anhydrase.

KEY WORDS: Acetazolamide, Carbonic anhydrase, Fluorometer, Inorganic carbon, HEPES,
PAM, Photosynthesis.

INTRODUCTION

Compsopogon coeruleus (Balbis) Montagne (as Compsopogon chalybeus Kiitzing), a
branched and filamentous macroscopic red alga habitat freshwater, has been recently found in
Taiwan (Liu and Wang, 2004). The alga is widely distributed in clear and alkaline streams
from lowland subtropical to tropical regions worldwide (Kumano, 2002). Most studies of
Compsopogon have focused on its taxonomy and ecology (Necchi et al., 1990; Vis et al.,
1992; Necchi and Dip, 1992; Necchi and Pascoaloto, 1995; Necchi et al., 1999), and ignored
its photosynthetic physiology, in contrast to other members of the freshwater red algae that
have been more extensively examined (Raven and Beardall, 1981; Raven et al., 1982; Kremer,
1983; Sheath, 1984; Sheath and Hambrook, 1990; Karsten €t al., 1993; Leukart and Hanelt,
1995; Necchi and Zucchi, 2001). Hence, it would be worthwhile to characterize the
photosynthetic utilization of inorganic carbon in C. coeruleus.

Though there are three types of inorganic carbon (C;, including CO,, HCO; and CO32_) in
aquatic systems, the major form of inorganic carbon available to C. coeruleus has been found
to be bicarbonate (Necchi and Zucchi, 2001). Two processes of bicarbonate utilization in
aquatic plants have been proposed (Zou et al., 2003). Some plants convert HCO; to CO, prior
to uptake with the aid of extracellular carbonic anhydrase (CA), or they may directly uptake
bicarbonate without the aid of extracellular carbonic anhydrase. The enzyme CA is inhibited
by the membrane-impermeable CA inhibitor, acetazolamide (AZ). Hence, AZ is generally
used to detect whether plants can directly uptake bicarbonate.
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Photosynthetic performance of aquatic plants is traditionally assayed by O, evolution and
carbon isotope techniques in the lab (Raven and Beardall, 1981; Raven €t al., 1982; Kremer,
1983; Sheath, 1984; Sheath and Hambrook, 1990; Karsten et al., 1993; Leukart and Hanelt,
1995; Gao and Zou, 2001; Necchi and Zucchi, 2001; Zou and Gao, 2002; Zou et al., 2003).
Recently, a new method of chlorophyll fluorescence, the pulse amplitude modulated
technique (PAM), has been utilized as a non-intrusive indicator to study photosynthesis in
algae and plants (Maxwell and Johnson, 2000). Schwarz et al. (2000) designed a special
Perspex chamber, along with an underwater PAM fluorometer, permitting in Situ
measurements of photosynthetic rates of aquatic plants under the treatments of various
reagents. According to their results, the authors argued that artificial physiological
experiments in the lab would probably result in misleading information.

In this study, we used an underwater PAM fluorometer with a specially designed Perspex
chamber to examine in Situ photosynthetic rates of C. coeruleus in response to increased
bicarbonate concentration, addition of alkaline HEPES buffer (pH 8.8), addition of acid
HEPES buffer (pH 4.0) and addition of acetazolamide (AZ). The purpose of this study was to
obtain a better understanding of inorganic carbon utilization in this aquatic organism.

MATERIALSAND METHODS

Study site and the measur ement of environmental variables

Compsopogon coeruleus (Balbis) Montagne was studied in April 2004, in a clear, small
pool of water (ca. 4 m* in area, 20-50 c¢cm in depth) in Bagu Mountain, Changhua City,
Taiwan (N 24°04.948°, E 120°33.451°). Water temperature, pH, conductivity, dissolved
oxygen (DO) and turbidity of the water were measured by thermometer, pH meter,
conducometer, DO meter and turbidity meter in sSitu, respectively. A water sample
(approximately 1,000 ml) was collected, and then measured for dissolved inorganic nitrogen
(DIN, including NO, + NO; + NH;) and dissolved inorganic phosphate (DIP, PO,”) using a
SMAR Tspeciro spectrophotometer (LaMotte, Maryland, USA).

M easur ements of chlorophyll fluorescence

In situ photosynthetic performance of C. coeruleus was analyzed using an underwater
fluorometer (Diving PAM, Heinz Waltz, Germany). A thallus 2-3 mm wide was used to
determine the photosynthetic rates. The light response curve of samples was assessed for
effective quantum yield measurements. The effective quantum yield of PSII (Y =
(Fm’-F)/Fm’, where Fm’ = light-adapted maximal fluorescence, F = fluorescence yield for a
given light state before a saturating pulse) was measured in light-adapted samples at darkness
and eight irradiance levels ranging from non-saturating to saturating intensities (139, 213, 299,
450, 612, 943, 1376, and 2097 pmol photon m” s™); light was provided by an internal halogen
lamp and controlled by the Diving PAM’s RLC (rapid light curve) function at 10s-interval.
Because this study compared only the relative difference before and after treatment, only
relative electron transport rate (RETR) was calculated, using the following equation according
to the manufacture’s manual: RETR = Y*PPFD*0.5*AF, where Y is the effective quantum
yield of PSII, PPFD is photosynthetically available irradiance reaching the leaf (umol photon
m” s'l), 0.5 assumes that half of the PPFD was absorbed by PSII, and AF is the fraction of
PPFD absorbed by the leaf (0.84 in the instrument default value). The light-saturated maximal
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RETR (RETR,,,) and the slope of light-limited RETR (o""'") was calculated using the
hyperbolic tangent equation: RETR = RETR,,,, tanh(a*I/RETR,,.,), where I is the irradiance
(Jassby and Platt, 1976). The light intensity at the onset of saturation (Ex) was then calculated
as: E, = RETR,,,,/a""™*. The relationship between light intensity and photochemical quenching
(qP) and nonphotochemical quenching (qN) was also measured via the RLC function of the
Diving-PAM. Quenching analysis provides insight into the mechanisms controlling the
overall photosynthetic activity. Due to the lack of measurement of dark-adapted chlorophyll
fluorescence parameters, only relative values of quenching parameters, qN and qP, were
determined from RLCs (Schreiber et al., 1994; McMinn et al., 2004).

In situ experimental procedure

The experimental procedure followed that of Schwarz et al. (2000) and was conducted
using a special designed Perspex chamber (20 ml). Experiments were conducted to detect the
preferred C; source and the mechanism of C; transport for C. coeruleus. First, to investigate
the preferred C; source for C. coeruleus, photosynthesis of the sample inside the chamber was
measured using RLC function of the Diving PAM before and after the addition of 1 ml 1 M
alkaline and acid HEPES buffer solution (pH 8.8 and pH 4.0, final concentration 50 mM), at
pH 4.0 CO,/H,CO; constituted ca. 100% of inorganic carbon while at pH 8.8 HCO;
constituted ca. 100% of inorganic carbon (Necchi and Zucchi, 2001). Secondly, to test for
external CA-mediated HCO, uptake, the photosynthetic light response curve of a separate
sample inside the chamber was measured before and after addition of 0.2 ml 0.001 mM
acetazolamide (AZ) solution (a membrane-impermeable CA inhibitor, final concentration 100
uM). All measurements were done in three replicates. In every treatment, the incubation time
was 5 min, and then the light response curve was recorded. Finally to learn whether the alga
had Ci limitated in its natural habitat, we first measured the initial light response curve
without additional treatment. 0.4 ml of 100 mM NaHCO; solution was injected from a 1 ml
micropipette to increase the concentration of Ci by about 2 mM in the chamber, and then the
response curve was measured again. Prior to the third RLC measurement, a further 0.4 ml of
100 mM NaHCOj; was injected to the increased concentration of Cj in the chamber by another
2 mM.

Statistical analysis
The data were expressed as means * standard error (SE). The t-test and analysis of

variance (ANOVA) were used to test the statistical significance of the data with the
significance level set at 0.05.

RESULTSAND DISCUSSION

Results from measurements of environmental variables (Table 1) revealed that C.
coeruleus in this study inhabits a clear, nearly neutral, warm and nutrient moderate aquatic
environment. These results concur with previous reports on the algae in the genus
Compsopogon prefers warmer, nearly neutral or more alkaline and slight by pollutant habitat
(Sheath and Hambrook, 1990; Wehr and Sheath, 2003; Liu and Wang, 2004).

The Rapid light curve (RLC) of C. coeruleus is shown in Fig. 1. The light-saturated
maximum relative electron transport rate (RETR,.), the initial slope of light-limited RETR
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Table 1. Environmental variables in the habitat of Compsopogon coeruleusin this study are listed.

Parameters Values
Water temperature (°C) 20.3
pH 7.18
Conductivity (uS cm”) 469
Dissolved oxygen (mg L") 5.01
Turbidity (NTU¥*) 10.0
Dissolved inorganic nitrogen (ppm) 0.367
Dissolved inorganic phosphate (ppm) 0.447

*NTU, nephelometric turbidity unit.
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Fig. 1. The relative electron transport rate (RETR) of Compsopogon coeruleus at different photosynthetically

photon flux densities (PPFD) measured by an underwater PAM fluorometer. Bars are standard error (SE) (n =
12).

RETR

(a™™) and the light intensity at the onset of RETR,,, (Ex) were about 26 umol ¢ m” s,
0.085 and 301 pmol photon m” s, respectively. The relationship between photochemical
quenching and nonphotochemical quenching is shown in Fig. 2. The qP drops with increasing
light, while the qN rises with increasing light (data not presented). The maximum value of qN
is about half (67%) that of qP. Different relationships between qP and qN have been reported
in plants at low light-adapted condition and high light-adapted condition (Ralph et al., 1998;
McMinn et al., 2004). In plants adapted to low light conditions, qP drops with increasing light
but gN remains low, or less than to half the value of qP. In plants adapted to high light
conditions, qP sustains at high light levels and qN increases. The relationship between qP and
gN of C. coeruleus resembles that of plants at low-light-adapted conditions. The onset of
RETR,,., of C. coeruleus was observed at a low light level about 301 pmol photon m™s™,
which is consistent with the suggestion that the alga is adapted to low light. These results
agree with those of previous studies showing that freshwater red algae prefer low light
conditions (Kremer, 1983; Sheath, 1984; Sheath and Hambrook, 1990; Karsten et al., 1993;
Leukart and Hanelt, 1995; Necchi and Zucchi, 2001).

A 33-37% increase of photosynthetic rates was observed after the increase of 2-4 mM
bicarbonate (Fig. 3). However, the difference between treatment and control is not statistically
significant (p > 0.05). These results indicate that C. coeruleus do not suffer C;limitations in
their natural habitat. In addition, no significant effects on photosynthetic rates were observed
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Fig. 2. Relationship between photochemical quenching (qP) and nonphotochemical quenching (qN) of
Compsopogon coeruleus measured from the RLC function PAM fluorometer. These measurements are only
relative values as the RLCs were conducted in a non-dark-adapted state. Bars are standard error (SE) (n = 12).
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Fig. 3. RETR,,;x of Compsopogon coeruleus under different bicarbonate concentration, the addition of alkaline
HEPES buffer (pH 8.8), the acid HEPES buffer (pH 4.0) and acetazolamide (AZ). Before treatment, the values
of RETR at the highest irradiance are set to 100%. Star indicates statistical significance (p < 0.05). Bars are
standard error (SE) (n = 3).

(p > 0.05) (Fig. 3) when an alkaline HEPES buffer and AZ were added, while a significant
decrease in the photosynthetic rate was observed after adding acid HEPES buffer (p < 0.05).
These results indicate that C. coeruleus has a higher affinity for an inorganic carbon source as
HCO;, and directly uptakes HCO; without the aid of external CA-mediated conversion of
HCO; to CO,. Similarly most marine macroalgae are no C; limitated under natural conditions
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and using uptake HCO; as their main C; source without the aid of external CA (Beer, 1994).
However, very few studies have examined inorganic carbon utilization in freshwater
macroalgae, particularly freshwater red algae (Raven and Beardall, 1981; Raven et al., 1982;
Necchi and Zucchi, 2001). Raven and Beardall (1981) and Raven et al. (1982) analyzed the
inorganic carbon utilization of Batrachospermum sp. and Lemanea mamillosa Kiitzing, which
use only free carbon oxide, not bicarbonate, as the main C; source. On the other hand, Necchi
and Zucchi (2001) investigated at the C; utilization of eight freshwater red algal species
(Compsopogon coeruleus, Audouinella hemannii (Roth) Duby, A. pygmaea (Kiitzing)
Weber-van Bosse, Batrachospermum ambiguum Montagne, B. delicatum (Skuja) Necchi et
Entwisle, B. vogesiacum Skuja, and Thorea hispida (Thore) Desvaux) and found that they
varied in the form of inorganic carbon used. According to these data, three types of C;
utilization can be found in the freshwater red algae: (1) higher photosynthetic rates, under pH
8.5, suggesting higher affinity for inorganic carbon in the form of bicarbonate, found in algae
such as C. coeruleus, A. hermanii, A. pygmaea, B. ambiguum; (2) rates that do not differ when
pH falls between 4.0 and 8.5, suggesting affinity for both carbon dioxide and bicarbonate,
found in algae such as B. delicatulum and T. hispida; and (3) higher rates under pH 4.0,
suggesting higher affinity for inorganic carbon such as carbon dioxide, found in algae such as
Batrachospermum sp., B. vogesiacum and L. mamillosa. C. coeruleus as studied here and by
Necchi and Zucchi (2001). Schwarz et al. (2000) studied the C; utilization of seagrasses in
situ using the Diving-PAM and argued that artificial physiological experiments in the lab
would give misleading result. In contrast, we found consistent results between in Situ
measurements in the field (this study) and artificial measurements in the lab (Necchi and
Zucchi, 2001). In addition, the present study was the first to demonstrate that C. coeruleus can
directly uptake bicarbonate without the aid of external CA-mediated conversion of HCO; to
CO,. This more efficient means of HCOj; utilization may be an adaptation for highly-unstable
aquatic environments (Axelsson et al., 1995). After excluding the possibility of CA-mediated
transport of HCO;', we examined other possible transport pathways of HCO; in C. coeruleus.
Transport of HCO;™ across the plasma membrane may be either associated with Na /HCO;’
symport, Na'/H" antiport, HCO,/CI” exchange, or OH/HCO;” exchange (Gao and Zou, 2001).
In one experiment we found that the net photosynthesis of C. coeruleus was not affected
under CI-free and Na'-free medium (data not shown). These results indicate that HCO;
utilization by C. coeruleus involves neither a Na'/HCO; symport nor a CI/HCO; exchange
system. Whether the transport pathway of HCO; across the plasma membrane involves the
other two possible systems in C. coerules needs further investigation.

Under higher pH conditions, the resulting CO, concentration is very low. The ability of
direct HCO; utilization without the aid of external CA is very important in maintaining
photosynthetic efficiency (Axelsson et al., 1995). This ability to sustain photosynthetic
performance under higher pH conditions may explain the reason that most species of
Compsopogon are able to endure higher pH environments (Raven and Beardall, 1981; Raven
et al., 1982; Sheath and Hambrook, 1990; Wu, 1999; Necchi and Zucchi, 2001; Wu, 2001;
Wehr and Sheath, 2003; Liu and Wang, 2004). Dreschsler et al. (1994) found that in the green
macroalgae Ulva sp. the probable active sites of direct HCO; transport protein contain
high-pK amino acid arginine and lysine residues. These residues maintain a positive charge
and hence attract HCO; even at very high pH values. Although no similar research has been
done on Compsopogon, it is possible that a similar amino acid structure may be found in
HCO; transport proteins in C. coeruleus.



September, 2004 Liu et al.: Inorganic carbon utilization of Compsopogon coeruleus 215

ACKNOWLEDGEMENTS

We would like to thank Mr. Michael Turton of Chaoyang University, Taiwan for his help
in reading this manuscript. This study was supported by Acadamic Sinica Grant APEC II
(Asia Paleo-Environment Change II) and Council of Agriculture, Executive Yuan Grant 91
Conservation foundation-6.1 (16).

LITERATURE CITED

Axelsson, L., H. Ryberg and S. Beer. 1995. Two modes of bicarbonate utilization in the
marine macroalgae Ulva lactuca. Plant Cell Environ. 18: 439-445.

Beer, S. 1994. Mechanisms of inorganic carbon acquisition in marine macroalgae (with
special reference to the Chlorophyta). In: Round, F. E. and D. J. Chapman (eds.).
Progress in Phycological Sesearch. pp. 179-207. Biopress. Bristol. UK.

Dreschler, Z., R. Sharkia, Z. 1. Cabantchik and S. Beer. 1994. The relationship of arginine
groups to photosynthetic HCO; uptake in Ulva sp. mediated by a putative anion
exchanger. Planta 194: 250-255.

Gao, K. and D. Zou. 2001. Photosynthetic bicarbonate utilization by a terreatrial
cyanobacterium, Nostoc flagelliforme (Cyanophyceae). J. Phycol. 37: 768-771.

Jassby, A. D. and T. Platt. 1976. Mathematical formulation of the relationship between
photosynthesis and light for phytoplankton. Limnol. Oceanogr. 21: 540-547.

Karsten, U., J. A. West and E. K. Ganesan. 1993. Comparative physiological ecology of
Bostrychia moritziana (Ceramiales, Rhodophyta) from freshwater and marine habitats.
Phycologia 32: 401-409.

Kumano, S. 2002. Freshwater Red Algae of the World. Biopress Limited Press, England. pp
375.

Kremer, B. P. 1983. Untersuchungen zur &kophysiologie einiger siisswasserrotalgen.
Decheniana 136: 31-42.

Leukart, P. and D. Hanelt. 1995. Light requirements for photosynthesis and growth in several
macroalgae from a small soft-water stream in the Spessart Mountains, Germany.
Phycologia 34: 528-532.

Liu, S.-L. and W.-L. Wang. 2004. Two new members of freshwater red algae in Taiwan:
Compsopogon tenellus and C. chalybeus (Compsopogonaceae, Rhodophyta). Taiwania
49: 32-38.

Maxwell, K. and G. N. Johnson. 2000. Chlorophyll fluorescence — a practical guide. J. Exp.
Bot. 51: 659-668.

McMinn, A., J. M. Runcie and M. Riddle. 2004. Effect of seasonal sea ice breakout on the
photosynthesis of benthic diatom mats at Casey, Antarctica. J. Phycol. 40: 62-69.

Necchi, O. Jr., C. C. Z. Branco and R. R. V. Gomes. 1999. Microhabitat and plant structure of
Compsopogon coeruleus (Compsopogonaceae, Rhodophyta) populations in streams from
Sao Paulo State, southeastern Brazil. Crypt. Algol. 20: 75-87.

Necchi, O. Jr. and M. R. Dip. 1992. The family Compsopogonaceae (Rhodophyta) in Brazil.
Algol. Stud. 66: 105-118.

Necchi, O. Jr.,, R. M. Goes and M. R. Dip. 1990. Phenology of Compsopogon coeruleus
(Balbis) Montagne (Compsopogonaceae, Rhodophyta) and evaluation of taxonomic



216 TAIWANIA Vol. 49, No. 3

characters of the genus. Jap. J. Phycol. 38: 1-10.

Necchi, O. Jr. and D. Pascoaloto. 1995. Morphometry of Compsopogon coeruleus
(Compsopogonaceae, Rhodophyta) populations in a tropical river basin of southeastern
Brazil. Algol. Stud. 76: 61-73.

Necchi, O. Jr. and M. R. Zucchi. 2001. Photosynthetic performance of freshwater Rhodophyta
in response to temperature, irradiance, pH and diurnal rhythm. Phycol. Res. 49: 305-318.

Ralph, P. J., R. Gademann and W. C. Dennison. 1998. In situ seagrass photosynthesis
measured using a submersible, pulse amplitude modulated fluorometer. Mar. Biol. 132:
367-373.

Raven, J. A. and J. Beardall. 1981. Carbon dioxide as the exogenous inorganic source for
Batrachospermum and Lemanea. Br. Phycol. J. 16: 165-175.

Raven, J. A., J. Beardall and H. Griffiths. 1982. Inorganic C-sources for Lemanea,
Cladophora and Ranunculus in a fast-growing stream: measurements of gas exchange
and of carbon carbon isotope ratio and their ecological implications. Oecologia 53: 68-78.

Schreiber, U., W. Bilger and C. Neubauer. 1994. Chlorophyll fluorescence as a non intrusive
indicator for rapid assessment of in vivo photosynthesis. Ecol. Stud. 100: 49-70.

Schwarz, A. M., M. Bjork, T. Buluda, M. Mtolera and S. Beer. 2000. Photosynthetic
utilization of carbon and light by two tropical segrass species as measured in situ. Mar.
Biol. 137: 755-761.

Sheath, R. G. 1984. The biology of freshwater red algae. In: Round, F. E. and D. J. Chapman
(eds). Progress in Phycological Research. Pp. 89-157. Biopress. Bristol. UK.

Sheath, R. G. and J. A. Hambrook. 1990. Freshwater ecology. In: Cole, K. M. and R. G.
Sheath (eds.). Biology of the Red Algae. pp. 423-453. Cambridge University Press.
Cambridge.

Vis, M. L., R. G. Sheath and K. M. Cole. 1992. Systematics of the freshwater red algal family
Compsopogonaceae in North America. Phycologia 31: 564-575.

Wehr, J. D. and R. G. Sheath. 2003. Freashwater Algae of North America: Ecology and
Classification. Academic Press, California, USA. pp. 197-224.

Wu, J.-T. 1999. Occurrence of four freshwater rhodophytes in Taiwan. Taiwania 44:145-153.

Wu, J.-T. 2001. Supplements to the freshwater rhodophytes in Taiwan. Taiwania 46: 359-362.

Zou, D. and K. Gao. 2001. Effects of desiccation and CO, concentrations on emersed
photosynthesis in Porphyra haitanensis (Bagiales, Rhodophyta), a species farmed in
China. Eur. J. Phycol. 37: 587-595.

Zou, D., K. Gao and J. Xia. 2003. Photosynthetic utilization of inorganic carbon in the
economic brown alga, Hizikia fusiforme (Sargassaceae) from the South China Sea. J.
Phycol. 39: 1095-1100.



September, 2004 Liu et al.: Inorganic carbon utilization of Compsopogon coeruleus 217

—fll’# -_'E ‘“7-% e 7]0,4]\-%1?/24: -‘5-‘7 IRy =g M\?‘L o
Compsopogon coeruleus (Balbis) Montagne F if( @

p oM 1) —(1,2)
RN T RN 3 &

m\iv

(zf6p ¥ 12004 & 57 28 p ;4= p & 12004 & 81 17 p)

5 2

AT RE R EHEFF AR TR R LR RPRBEBER ~ R
HEPES ¥ @r,,z (pH 8.8) » 7 4r k1 HEPES % ek (pH 4.0) fove b gl fis 2 fir 3e 1) 3]
acetazolamide (AZ) # {& ¥4 -k = % Compsopogon coeruleus k&I iE F gk o
Ep R Cocoeruleus ot AR B AR R A Py B EH T ’,,J 4‘:;2& 1+ HEPES %
r?rmz (pH 4.0) ¢ » C. coeruleus £ & £ * 3¢ 5 3 ‘*F‘:‘—"L_—"‘ "% (p<0.05)> H @& J2p] b
B Tt s Apin i Cocoeruleus i H 4 R g T A X FIELR A &;m"'# ; L_Juﬁ‘&
m,};—zmﬂ@r POHERMBAL I RESRES A EARA TS S A R
bR L e B TR e E R e 5 e

B 43 © Acetazolamide ~ BLFAFL v ~ ¥ &~ 47 &k ~ & 88 ~ HEPES ~ & {ofd k% fir « &

L iER o

1. Eé?]:_ GlLER A F A 4 koo 450 500 240K 1 5L S e
2. i F—‘Fﬁ o Tel: 886-4-7232105 ext. 3436; Email: wlwang@cc.ncue.edu.tw



