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A fresh water calcareous alga Chara braunii (Charophyta) formed one or two definite bands of
CaCO; deposits on the surface of the young internodal cells when the alga was grown in aquaria con-
taining Ca?*-enriched pond water. The alkalinization of the culture media was always accompanied
by CaCOj; deposition on the cells. Many hexagonal and foliated crystals were observed with scann-
ing electron microscope and they were identified as calcite by X-ray diffraction. The alga was em-
bedded in 0.5% low gelling-temperature agarose gel prepared with artificial pond water containing
HCO;~ and pH indicator, phenol red, to study OH~ accumulation and its role in calcification. One
or two reddish alkaline bands were detected on the internodal cells by illumination of the alga, and
this formation was strongly but reversibly inhibited with Diamox, an inhibitor of carbonic anhydrase
and DCMU, an inhibitor of photosynthesis. CaCOj; bands were always associated with alkaline
bands on the internodal cells but the reverse was not true. The alkaline bands often induced CaCO;
crystals on uncalcified cell surfaces when the agarose gel contained sufficient HCO;~ and Ca?*. These
results strongly suggest a close relationship between CaCOj; deposition and alkaline band formation
resulting from HCO; ™~ utilization by photosynthesis.
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It has been known that the fresh water
algae Chara and Nitella deposit calcitic
CaCQO, in bands on the outer surface of their
internodal cells (LEwiN 1962, BorowiTZKA
1982). SpEAR et al. (1969) and Lucas and
SmrtH (1973) showed the formation of alka-
line and acid bands on the surface of Nitella
and Chara cells and suggested that this phe-
nomenum was intimately coupled with algal
photosynthesis. The base bands seemed to
be dependent on an OH™ efflux caused by
HCO;™ utilization in photosynthesis (Lucas
1979). The localized alkalinization is be-
lieved to cause precipitation of CaCOj; on
the cells (Spear et al. 1969, Lucas and
Smit 1973). However, no experimental
evidence regarding this has been reported
until now. In this paper, we describe a
relationship between CaCQOj deposition and
alkaline banding on the internodal cells of
Chara braunii.

Materials and Methods

Plant material

Chara braunit was grown in an aquarium.
The aquarium was filled with tap water
(20!), and small plastic containers (200
ml) containing a total of 500g of soil
were placed at the bottom. Ig of
Ca(OH), was mixed with the soil to
neutralize the soil and to increase Ca** in
the medium. 10 cm tall Chara plants were
planted in the soil in the aquarium. The
plants grew to about 20 cm at 22°C under
7,000 lux illumination (12 hr light: 12 hr
dark) after three weeks, and clear CaCO,
deposits on the internodal cells were ob-
served after one month. Ca*' and Mg**
contents in the medium were determined by
an EDTA-chelating titration. The pH of
the medium was measured with a combined
glass pH electrode.
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Observation of CaCO; deposiis on the cells by
scanning electron microscopy (SEM)

Internodal cells, averaging 3cm in
length, were separated from intact plants.
The cells were fixed at 4°C for 1 hr in
59, glutaraldehyde in 0.1 M cacodylate
buffer (pH 7.4) satuarted with precipitated
CaCO,, followed by fixation in 2%, osmium
tetroxide in the same buffer at 4°C for
1 hr. Then the samples were dehydrated
through an ethanol series saturated with
precipitated CaCO,, and then dried in a
critical point dryer (JCGPD-5) after replace-
ment of ethanol with isoamylacetate. They
were coated with palladium-gold, and exa-
mined with a scanning electron microscope
(JSM-F15) at an operating voltage of 15 kV.

Deiection of alkaline band on the cell

Small pieces of plants with about five
internodal cells were taken from the tips of
the intact plants. They were kept under
3,000 lux illumination at 24°C for 2 hr in
a 1 mM NaHCOj-containing bathing solu-
tion (pH 7.0) consisting of 0.6 mM NaCl
and 0.2 mM each of KCl, Na,SO, and CaCl,
and then kept in the dark for 20 min prior
to being used in experiments. These pre-
treated plants were embedded in 0.5%, a-
garose gel (Sigma low gelling-temperature
agarose) in a Petri dish. The agarose gel
was prepared with the above bathing solu-
tion containing 0.2 mM NaHCO, and 0.1
mM phenol red as a pH indicator. The
embedded plants were illuminated at 7,000
lux from two tungsten lamps to detect the
alkaline and acid bands formed on the
surface of the internodal cells.

Inhibitors

Diamox (acetazolamide), a specific inhi-
bitor of carbonic anhydrase, and DCMU
(3-(3,4-dichlorophenyl)-1,1-dimethylurea), a
specific inhibitor of photosynthesis, were
used to examine their effects on alkaline
band formation. Diamox and DCMU
were added to the bathing solution
containing 1 mM NaHCO, at 1 mM and
at 0.01 mM, respectively. In the case of

DCMU, the bathing solution contained
0.059, ethanol to increase the solubility
of DCMU. At first, plants were embedd-
ed in the agarose gel, as described above,
to confirm their ability to form alkaline
bands. These plants tested were transfer-
red into a bathing solution containing 1
mM NaHCO, and 1 mM Diamox or 0.01
mM DCMU, and were incubated at 3,000
lux for 15 hr (for Diamox) or for 3 hr (for
DCMU). These plants were embedded in
agarose gel containing 0.2 mM NaHCO,
and Diamox or DCMU at the same con-
centration as above, and were illuminated
at 7,000 lux to examine the effect of these
inhibitors on the alkalinization on the cells.
Then, the embedded plants were carefuly
removed from the gel and washed thorough-
ly with bathing solution for 24 hr to remove
the inhibitors incorporated into plants.
The washed plants were embedded again
in the gel to test resumption of their alka-
linizing activity.

Induction of CaCOj, crystals on the cell in gel

Sections of plants which were free from
CaCO, on their cells were embedded in
agarose gel containing 0.2 mM NaHCO,,
0.1 mM phenol red and 10 mM CaCl,
and kept at 24°C under illumination at
3,000 lux (12 hr light: 12 h dark) for one
month. CaCO, crystals formed in alkaline
bands on the internodal cells were observed
under polarized light with a camera (Asahi
Pentax SP) through a close-up lens or under
normal light with a microscope.

Results

CaCO, deposition

Chara braunii grown in the aquarium de-
posited several CaCO, bands on its inter-
nodal cells after one month (Fig. 1).
CaCO, deposition was not observed on
the first, youngest internodal cell, but the
second and third cells from the tip became
encrusted with CaCO, deposits. Calcifi-
cation was completed at the fourth inter-
nodal cell with about two bands of CaCO,
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Fig. 1. Heavily calcified Chara braunii grown
in Ca®"-enriched pond water. Note white bands
of CaCOj deposited on the internodal cells of main
axis and wheels. Photograph was taken under
polarized light. Scale=1 cm.

Table 1. Contents of Ca?* and Mg?**, and
pH change of culture medium of Chara braunii.

Aqarium Caz* Mg?+ Initial Final

No. (mM) (mM) pH pH*
1 0.45 0.21 7.2 8.7
11 0.53 0.25 8.1 9.3

111 0.39 0.15 7.8 9.0
18Y 0.59 0.18 72 9.2

*Values after one month.

deposits (Oxkazakr and Furuva 1983).  As
shown in Table 1, Ca*" and Mg** concen-
trations in the culture medium were about
0.5 mM and 0.2 mM, respectively. Calci-
fication was never found when the medium
was not enriched with Ca** by adding
Ca(OH), in the soil. A remarkable increase
in the pH of the culture medium was always
observed with the growth of plants. A
change from pH 7 to pH 9 was observed
after one month, for example, and CaCO,
deposition on the cells was initiated near
pH 9. This indicates that an increase in
the CO,*” concentration in the medium
took place with alkalinization in the medi-
um, resulting in CaCO, deposition. Fig. 2
A, B and C show scanning electron micro-
graphs of CaCO, crystals deposited in a band
on the fourth internodal cells. Well-

Fig. 2. Scanning electron micrographs of
calcite crystals deposited in band on the fourth
internodal cell from tip. Note that most crystals
are hexagonal and foliated. C shows a magnified
view of a crystal in B.

Scale=100 #m (A), 10 zm (B), 5 zm (C).
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developed crystals were hexagonal, with a
length of about 100 um (Fig. 2B). They
had a foliated structure as shown in Fig. 2
B, C and were identified as calcite by X-ray
diffraction of powdered material (data not
shown here). Mg** has been known as a
strong inducer of aragonite in vitro (Kitano
and Hoop 1962). However, in the present
case, the degree of Mg*" concentration
(about 0.2 mM) was not sufficient to in-
duce aragonite.

Alkaline band formation and effects of Diamox
and DCMU on it

A Chara plant with a tip was embedded
in 0.59, agarose gel prepared with a bath-
ing solution (pH 7.0) containing 0.2 mM
NaHCO; and 0.1 mM phenol red as a pH
indicator, and was illuminated at 7,000 lux.
Alkaline bands were detected by the change
of phenol red color from yellow (below pH
7.0) to reddish (above pH 7.5). The red-
dish bands appeared on the internodal cells
of the main axis and lateral branches after
10 min exposure to the light and the base
accumulation continued with time. The
reddish bands grew clearer after 30 min
(left line in Fig. 3) or 60 min (Fig. 3A).
Acid bands, which were indicated by a
colour change of phenol red to yellow, al-
ternated with alkaline bands, but acid
bands were not seen in Fig. 3, because
they were less clear than alkaline bands.
The alkaline bands rapidly disappeared in
the dark. When the same material was
treated with Diamox (at 1 mM) or DCMU
(at 0.01 mM), alkaline bands were scarecely
detected on the cells even after 120 min in
the light (Fig. 3B). This shows the strong
inhibitory effect of both compounds on
base formation. The inhibition was more
complete with DCMU than with Diamox.
However, when both inhibitors were washed
out from the plants, alkaline bands appear-
ed again as strongly as on the plants prior
to exposure to inhibitors, showing a rever-
sible inhibitory effect of both inhibitors
(Fig. 3C, compared with 3A). In this ex-
periment, Chara plants were pre-incubated

with a high concentration (1 mM for 15 hr)
of Diamox (acetazolamide), but alkaliniza-
tion on the cells was not completely inhi-
bited. This may be due to a high concen-
tration of inorganic carbon (1 mM HCO;™)
and the low permiability of biological
membranes to Diamox (MORONEY et al.
1985). Itis possible that carbonic anhydrase-
independent CO, fixation occurs in the high
concentration of inorganic carbon at pH
7.0 and/or intracellular carbonic anhydrase
is not completely inhibited by Diamox, still
allowing a low activity of photosynthesis
(MoRroONEY et al. 1985, PricE et al. 1985).
These results suggest an intimate relation-
ship between base acumulation and the uti-
lization of HCO,;™ in photosynthesis.

Correlation between alkaline bands and CaCO,
bands on the cells

In Fig. 4, the location of alkaline bands
(4A) were compared with that of CaCO,
bands (4B). CaCO, deposits were clearly
shown under polarized light. As shown in
Fig. 4 A, B, CaCO, bands on the internodal
cells of the main axis and lateral branchs
always accompanied alkaline bands although
the opposite was not true (arrowhead in
Fig. 4A). These photographs suggest an
important role of alkaline bands in CaCO,
deposition.

CaCO, deposition in alkaline bands in vitro

A plant initially free of any CaCO, de-
posit was embedded in agarose gel contain-
ing 0.2 mM NaHCO; and 10 mM CaCl,
in bathing solution, as described in Ma-
terials and Methods (Fig. 5A). In this ex-
periment, Ca’* was enriched about fifty
fold of that of usual bathing solution. The
embedded plant was incubated at 3,000 lux
at 24°C (12 hr light: 12 hr dark). After
about 14 days, several minute crystals ap-
peared in the alkaline band on the inter-
nodal cell (arrowheads in Fig. 5B). The
number and size of crystals deposited on the
cell increased after 19 days (arrowheads in
Fig. 5G). Fig. 5D shows light micrographs
of calcitic crystals, about 100-200 ym in
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Fig. 4. CaCOj4 bands associated with alkaline
bands on internodal cells of main axis and wheels.
Black regions in A corresponds to alkaline bands.
Photograph of CaCOj; bands was taken under
polarized light (B). Note that CaCO, bands always
accompany alkaline bands but the reverse is not
true (arrowhead in A).  Scale=1 cm.

length, deposited on the cell surface after
30 days. Some of these crystals are similar
in shape and size to naturally deposited
crystals (cf. Fig. 2A, B). Crystals were
never found in the cell wall itself, upon
examination of thin sections of the cell
wall with a transmission electron micro-
scope (data not shown here).

Discussion

In the present study, alternating bands
of base and acid formation were detected
on the internodal cells of Chara braunii em-
bedded in agarose gel containing phenol
red, a pH indicator, in artificial medium.
SPEAR el al. (1969) already detected both
bands on Nitella clevata cells by bathing

them in artificial medium containing
phenol red. However, it was difficult using
this method to retain base and acid bands
on the cells for a long time because the ac-
cumulated base and acid were more rapidly
dispersed into solution than into agarose gel.
Our present study clearly shows a close re-
lationship between alkaline band formation
and CaCO, deposition on the internodal
cells.  When the concentration of Ca*" and
HCO,™ in the medium is adequate, an in-
crease in pH displaces carbonic acid equi-
librium, increasing the CO,*” concentra-
tion, so that the solubility product of
CaCO,isexceeded. The banding phenome-
non on the cells of the Charaphyceae has
been investigated by many workers. It is
agreed that acid bands are dominated by
an active H" efllux.

However, concerning the alkaline bands,
several hypotheses have been reported.
Lucas and Swmira (1973) suggested that
alkalinization results from HCO, -uptake
and CO, fixation, and subsequent localized
OH™ efflux. The OH™ efflux seems to be
carried out by a specific transport system
(Lucas 1979).  On the other hand, Ravexn
et al. (1986) postulated that alkaline band
formation is caused by a passive H™ uniport
influx. Prick et al. (1985) reported a close
relationship between plasmalemmasomes in
acid band, carbonic anhydrase and utiliza-
tion of HCO,™ for photosynthesis in Chara
corallina.  In their speculative model, OH~
production is coupled with H* production
from H,O, i.e. acid band formation at the
plasmalemmasomes, resulting in alkaline
band formation at the other sites on the
Chara cells. Then, HCO,™ utilization for
photosynthesis enhances OH™ production,
and allows enhanced base accumulation in
the alkaline bands.

Fig. 3. Alkaline bands formed on internodal cells in the light and effects of Diamox and DCMU on
alkaline band formation. Chara plants were embedded in agarose gel.  Black regions in photographs cor-
respond to alkaline bands coloured reddish with phenol red. Left line shows a time course of alkaline
band formation without inhibitor. Middle and right lines showing effect of Diamox (at 1 mM) and DCMU
(at 0.0 mM), respectively. A, before treatment with inhibitor; B, with inhibitor; C, after removal of
inhibitor by washing the plants. Figure on top of each photograph shows the period of exposure to light
in minutes. Note strong but reversible inhibition of alkaline band formation with both inhibitors.

Scale=1 cm.
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Fig. 5. CaCOj crystals induced in an alkaline band on internodal cell.
Young internodal cells free of CaCO; deposits were embedded in agarose gel mounted on a glass
slide. A black region in A, B and C corresponds to alkaline band coloured reddish with phenol
red. In A, B and C, photographs were taken under normal and polarized light to show crystals
deposited (arrowheads). Light micrograph D shows a magnified view of deposited crystals.
Scale=0.5 cm (A, B, C), 200 zm (D).
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Although our present study did not deal
specifically with the causal mechanism, a
close relationship between alkalinization
and photosynthesis was clearly shown.
DCMU, a specific inhibitor of photosyn-
thesis, strongly inhibited the alkalinization.
In a freshwater green alga, Gloeotaenium
loitlesbergarianum, calcium carbonate depo-
sition is inhibited with 10™*M DCMU
(DEviprasap and  CHOwDARY  1981).
Diamox, a specific inhibitor of carbonic an-
hydrase, also inhibited the banding phe-
nomenon. This enzyme plays an important
role in HCO, -dependent photosynthesis in
Chara (PRICE et al. 1985) as well as Chlorella
(MrvacHI et al.1983, MoRONEY et al. 1985).
If intracellular carbonic anhydrase is in-
volved nithe reaction, HCO,—CO,+OH",
in Characeans, an inhibitory effect of Diamox
on alkaline band formation can be explain-
ed, supporting the hypothesis of Lucas and
Smith as described above. On the other
hand, if this enzyme catalizes the reaction,
HCO,” +H* CO, — + H,0, for photo-
synthesis in the plasmalemmasomes as sug-
gested by Price ez al. (1985), Diamox is also
expected to exhibit a strong inhibiting
effect on alkaline band formation.

Calcification in algae, in general, is
grouped into two types (Smvkiss 1986).
One is “biologically-induced calcification”
and the other is “organic matrix-mediated
calcification”. Chara calcification is con-
sidered to be biologically-induced, which
takes place as a result of interaction be-
tween the activity of the organism and its
surrounding environment. CaCO, depo-
sits on the internodal cells appear to be
formed as a by-product of photosynthesis.
CaCO; deposition in Charophyceae may
play a physiological role in depressing an
increase in the pH of the medium associ-
ated with photosynthesis.
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RBISHER - BAZET  XARCHEULTLAUNY FERICEDI v+ D
EDRIKIE

WKEDRKETHBY vV %, Ca?t LU HKICANTKERTETS L, Kid7vh Y1EL,
MmO EEIC, CaCO; SRR AMMEI/NY FAsl ~2 AR Eh %, TD CaCO; o/5v Frhitis, KA
Wk L HRAOHNBLIEEIE L T 0, SESKIEROBRBIESOLEL ~1EREET 2,

vePsE%, HCO; 7 x/—nLy F (pH ERE) £INZ AT &AL B RiCHEHDRAS,
YerRET 2L, HEEAREEICHREDOT LAY Y FRl~2AKRENE, TOTVH ) /Ny FEERE, K
BEKEEOMEXL A YTy 7 AENRARMESR DCMU 2k ->T, #poTH#MiclESN 5, M
% D CaCO; D5y FREICTAA NSV FEHEALTORY, Tk sy Foficld, CaCOy /XY

FE—HKLEVIDOBEEINB, EXtict 47 HCO; & Cat HELETEE, TuaY Y Fhic
CaCO; ERIFU SN TL 3, ThdDOEER, XAHKI, HCO; -CO+O0H™ oKcH~>T CO, A3
BEsh, zoBEHiilishs OH™ Itk > THRSNAMIREREOT VA ) SV K2y + ¥ 7 EDAKALIC
FHEICHEEL TV L5 TRRT S (18¢ FEREVNSHMEIFLIT4—1—1 RRERZEERY 4AP¥EEE)





