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O臥 ZAKI，M. and TOKITA， M. Calcification of Chara braunii (Charophyta) caused by alkaline band 
formation coupled with photosyn出esis.Jpn..1. Phycol. 36: 193-201. 

A fresh water calcareous alga Chara braunii (Charophyta) formed one or two definite bands of 
CaC03 deposits on the surface of the young internodal cells when the alga was grown in aquaria con-
taining Ca2+ -enriched pond water. The alkalinization of the culture media was always accompanied 
by CaC03 deposition on the cells. Many hexagonal and foliated crystals were observed wi也 sωnn-
ing e1ectron microscope and they were identified as calcite by X-ray diffraction. The alga was em-
bedded in 0.5% low gelling-temperature agarose ge1 prepared with artificial pond water containing 
HC03 -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. CaC03 bands were always associated wi血 alkaline
bands on the internodal celJs but the reverse was not true. The alkaline bands often induced CaCOa 
crystals on uncalci自edcell surfaces when the agarose ge1 contained sufficient HC03 -and Ca2+. These 
results strongly suggest a close re1ationship between CaCOa deposition and alkaline band formation 
resulting from HCOa -utilization by photosynthesis. 

J匂 1mおxWords: CaCOa dゆosition-calcificalion-Chara braunii-OH -ejJIux. 

1t has been known that the fresh water 

algae Chara and Nitella deposit calcitic 

CaC03 in bands on the outer surface of their 

internodal cells (LEWIN 1962， BOROWITZKA 
1982). SPEAR et al. (1969) and LUCAS and 

SMITH (1973) showed the formation of alka-

line and acid bands on the surface of Nitella 

and Chara cells and suggested that this phe圃

nomenum was intimately coupled with algal 

photosynthesis. The base bands seemed to 

be dependent on an OH-effiux caused by 

HC03 -utilization in photosynthesis (LUCAS 

1979). The localized alkalinization is be-

lieved to cause precipitation of CaC03 on 

the cells (SPEAR et al. 1969， LUCAS and 
SMITH 1973). However， no experimental 
evidence regarding this has been reported 

until now. 1n this paper， we describe a 
relationship between CaC03 deposition and 

alkaline banding on the internodal cells of 

Chara braunii. 

Materials and Methods 

Plant material 

Chara braunii was grown in an aquarium. 

The aquarium was filled with tap water 

(20 l)， and small plastic containers (200 
ml) containing a total of 500 g of soil 

were placed at the bottom. 1 g of 

Ca(OH)2 was mixed with the soil to 

neutralize the soil and to increase Ca2+ in 

the medium. 10 cm tall Chara plants were 

planted in the soil in the aquarium. The 

plants grew to about 20 cm at 220C under 

7，000 lux illumination (12 hr light: 12 hr 
dark) after three weeks， and clear CaC03 
deposits on the internodal cells were ob-

served after one month. Ca2+ and Mg2+ 

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 CaC03 dゆositson the cells by 
scanning electron microsclψ (SEM) 
1nternodal cells， averaging 3 cm in 
length， were separated from intact plants. 
The cells were fixed at 400 for 1 hr in 
5 % glutaraldehyde in 0.1 M cacodylate 
buffer (pH 7.4) satuarted with precipitated 
Oa003， fol1owed by fixation in 2 % osmium 
tetroxide in the same bu能rat 400 for 
1 hr. Then the samples were dehydrated 
through an ethanol series saturated with 
precipitated OaOOa， and then dried in a 
critical point dryer (]OPD・5)after replace-
ment of ethanol with isoamylacetate. They 
were coated with palladium圃gold，and exa-
mined with a scanning electron microscope 
(]SM-FI5) at an operating voltage of 15 kV. 

Detection of alkaline band on the cell 
Smal1 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 2400 for 2 hr in 
a 1 mM  NaH003-containing bathing solu-
tion (pH 7.0) consisting of 0.6 mM  NaOl 
and 0.2 mM  each ofKOl， N~S04 and OaOl2 
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 
W出 preparedwith the above bathing solu-
tion containing 0.2 mM  NaHOOa 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. 

lnhibitors 

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

DOMU， the bathing solution contained 
0.05 % ethanol to increase the solubility 
of DOMU. 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  NaHOOa and 1 mM  Diamox or 0.01 
mM  DOMU， and were incubated at 3，000 
lux for 15 hr (ゐrDiamox) or for 3 hr (ゐr
DOMU). These plants were embedded in 
agarose gel containing 0.2 mM  NaHOOa 
and Diamox or DOMU at the same con-
centration as above， and were illuminated 
at 7，000 lux to examine the e能ctof 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. 

lnduction of CaCOa cワ'stalson the cell in gel 
Sections of plants which were free from 
OaOOa on their cells were embedded in 
agarose gel containing 0.2 mM  NaHOOa， 
0.1 mM  phenol red and 10 mM  OaOI2， 
and kept at 2400 under illumination at 
3，000 lux (12 hr light: 12 h dark) for one 
month. OaOOa c町stalsformed in alkaline 
bands on the internodal cells were observed 
under polarized Iight with a camera (Asahi 
Pentax SP) through a close-up lens or under 

normallight with a microscope. 

Results 

CaCOa d旨1jJosition

Chara braunii grown in the aquarium de-
posited several OaOOa bands on its inter-
nodal cells after one month (Fig. 1). 
OaOOa deposition was not observed on 
the first， youngest internodal cell， but the 
second and third cells from the tip became 
encrusted with OaOOa deposits. Oalcifi-
cation was completed at the fourth inter-
nodal cell with about two bands of OaOOs 
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Fig. 1. Heavily calcified Chara braullii grown 
in Ca2+-enriched pond water. Note white bands 
ofCaC03 CI巴positeclon the internoclal cells of main 
axis ancl wheels. Photograph was taken under 
polarizecl light. Scale= I cm. 

Tablc卜 Contentsof Ca2+ and lvIg2+， and 
pH change of clllture medillm of Chara braunii. 

Aqarium Ca2+ Mg2+ lnitial Final 
No. (mM) (mM) pH pHキ

1 0.45 0.21 7.2 8.7 

II 0.53 0.25 8.1 9.3 

III 0.39 0.15 7.8 9.0 

IV 0.59 0.18 7.2 9.2 

*Values after one month. 

deposits (OKAZAKI and FURUYA 1985). As 

shown in Table 1， Ca2+ and Mg叶 conc巴n-
trations in the cultur巴 mediumwere about 

0.5 111M and 0.2 111M， respectively. Calci-
fication was never found when the l11ediul11 

was not enriched with Ca2+ by adding 

Ca(OH)2 in the soil. A remarkable increase 

in th巴pHof the cultur巴mediumwas always 

observed with the growth of plants. A 

change from pH 7 to pH 9 was observed 

after on巴 month，for example， and CaC03 
d巴positionon the cells was initiated near 

pH 9. This indicates that an increase in 

th巴 C03
2- concentration in the medium 

took place with alkalinization in the medi-

um， resulting in CaC03 deposition. Fig. 2 
A， B and C show scanning electron micro-
graphs of CaC03 crystals deposited in a band 

on th巴 fourth internodal cells. Well-

Fig. 2. Scanning electron micrographs of 
calcite crystals depositecl in band on the fourth 
internoclal cell from tip. Note lhat most cryslals 
are hexagonal and foliatecl. C shows a magnified 
view of a crystal in B. 
Scale= 100 μm (A)， 10μm (B)， 5μm (C) 
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developed crystals were hexagonal， with a 
length of about 100μm (Fig. 2B). They 
had a foliated structure as shown in Fig. 2 
B， C and were identified as ca1cite by X-ray 
diffraction of powdered material (data not 
shown here). Mg2+ has been known as a 
strong inducer of aragonite in vitro (KITANO 
and HOOD 1962). However， in the present 
case， the degree of Mg計 concentration
(about 0.2 mM) was not sufficient to in-
duce aragonite. 

Alkaline band formation and排出 ofDiamox 
and DCMU on it 

A Chara plant with a tip was embedded 
in 0.5% agarose gel prepared with a bath-
ing solution (pH 7.0) containing 0.2 mM  
NaHCOa and 0.1 mM  phenol red as a pH 
indi伺 tor，and was illuminated at 7，000 lux. 
Alkaline bands were detected by the change 
of phenol red color 仕omyellow (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 appeaト
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 ofinorganic carbon (1 mM  HCOa-) 
and the low permiabi1ity of biological 
membranes to Diamox (MORONEY et al. 
1985). It is possible tl削 carbonicanhydrase-
independent CO2 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 
al10wing a low activity of photosynthesis 
(MORONEY et al. 1985， P悶 CEet al. 1985). 
These results suggest an intimate relation-
ship between base acumulation and the uti-
lization of HCOa -in photosynthesis. 

Correlation between alkaline bands and CaCOa 
bands on the cells 

In Fig. 4， the location of alkaline bands 
(4A) were compared with that of CaCOa 
bands (4B). CaC03 deposits were clearly 
shown under polarized light. As shown in 
Fig. 4 A， B， CaC03 bands on the internodal 
cells of the main砿 isand 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 CaCOa 
deposition. 

CaC03 deposition in alkaline band.s in vitro 

A plant initially free of any CaCOa de-
posit was embedded in agarose gel contain-
ing 0.2 mM  NaHCOa and 10 m恥({CaCl2 
in bathing、solution，as described in Ma・
terials and Methods (Fig.5A). In this位-
periment， Ca2+ was enriched about fifty 
fold of that of usual bathing solution. The 
embedded plant was incubated at 3，000 lux 
at 240C (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. 5C). Fig. 5D shows light micrographs 
of calcitic crystals， about 100-200μm in 
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Fig. 4. CaC03 banc1s associatec1 with alkaline 
banc1s on internoc1al ce1ls of main axis anc1 whee1s. 
B1ack regions in A corresponc1s LO alkaline banc1s 
Photograph of CaC03 banc1s、vastaken unc1er 
polarizec1light (B). Not巴thatCaC03 banc1s always 
accompany alkaline banc1s but the reverse is nOl 
truc (arrowheac1 in A). Scalc= 1 cm. 

length， deposited on the cell surfac巴 after
30 days. Some of these crystals ar巴similal

in shape and size to naturally deposited 

C円引als(cf. fig. 2A， B). Crystals were 
never found in th巴 cellwall itself， upon 
examination of thin sections of th巴 cell

wall with a transmission elcctron micro-

scope (data not shown hcr巴)• 

Discussion 

1n th巴 presentstudy， altcrnating bands 
of basc and acid formation were dct巴ctcd

on the internodal cclls of Chara braunii em-

beddcd in agarose gel containing phenol 

recl， a pH inclicator， in artificial meclium. 
SPEAR et al. (1969) already d巴tecteclboth 

bancls on Nilella clevala cells by bathing 

them i n artificial m巴dium containing 

phcnol red. Howevcr， it was clifficul t Llsing 
this m巴thodto retain base and acid bands 

on thc cells for a long tim巴b巴causethe ac-

cUll1ulated bas巴andacid were mor巴rapidly

disp巴rsedinto solution than into agarose gel 
Our prescnt study c1early shows a c10s巴r巴ー
lationship between alkalin巴bandformation 

ancl CaC03 deposition on the internodal 

cells. When the conccntration of Ca2+ and 

HCOa -in thc mcdium is adequate， an in-
crease in pH displaces carbonic acid equi-

librium， increasing the C03
2
- concentra-

tion， so that the solubility product of 
CaC03 is巴xceeded.The banding phenome-

non on th巴 cellsof th巴 Charaphyceaehas 

been investigated by many workers. 1t is 

agreed that acid bands are dominatcd by 

an active H十 efRux.

Howevcr， concc1'ning the alkaline bands， 
sev巴ral hypotheses have been reported. 

LUCAS ancl SMITH (1973) suggested that 

alkalinization results from HC03--uptakc 

and CO2日xation，and subseq uent localizcd 
OH-effiux. Th巴OH-efRux seems to 1コ巴
carried out by a specific transport systcm 

(LUCAS 1979). On the othe1' hand， RAVEN 
el al. (1986) postulated that alkaline band 

formation is caused by a passive H+ unipo1't 

infl ux. PRICE el al. (1985) reported a c10sc 
relationship between plasmalemmasomcs in 

acid band， carbonic anhyd1'ase and utiliza-
tion of HCOa -for photosynthesis in Chara 

corallina. 1n thcir speculative model， OH-
production is coupled with H+ production 

[rom H20， i.e. acid band formation at the 
plasmalemmasomes， resulting in alkalinc 
band formation at th巴 othe1' sites on the 

Chara cells. Then， HCOa -utilization fo1' 
photosynthesis enhances OH-production， 
and allows巴nhancedbasc accumulation in 

th巴alkalinebands 

Fig. 3. Alkalin巴banc1sformec1 011 internoc1al cells in the light anc1 eflects 01" Diamox anc1 DCMU on 
alkalinc banc1 [ormation. Chara plants wcre embec1c1ec1 in agarose ge1. B1ack regions in photographs cor-
responc1 to alkaline banc1s colourcc1 rec1c1ish with phenol rec1. L巴ftlin巴 showsa time course of alkaline 
banc1 fonnation without i叶libitor.Mic1c11e anc1 right lines showi暗 e汀ectofDiamox (at 1 mM) anc1 DCMU 
(at 0.01 mM)， respectivel)人 A，be[ore treatment with inhibitor; B， with inhibitor; C， after removal of 
inhibitor by washing the plants. Figure on top of each photograph shows the perioc1 of exposure to light 
in minutes. Note strong but reversiblc inhibition of alkaline band I"ormation with both inhibitors. 
Scale=l cm. 
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Fig. 5. CaC03 crystals indllced in an alkaline band on internodal cell 
YOllng internodal cclls rree or CaC03 deposils wcre embcddcd in agarose gel mOlll1led on a glass 
slidc. A black region in A， s and C corresponds to alkalinc band colollred r巴ddishWilh phenol 
red. 1n A， B and C， photographs wcrc laken lInder normal and polarizcd light LO show cryslals 
dcpositcd (arrowheads). Light micrograph D shows a magnified view or dcpositcd crystals. 
cale=0.5 cm (A， B， C)， 200μm (D) 
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AIthough 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 10-4 M DCMU 
(DEVIP貼 SAD and CHOWDARY 1981). 

Diamox， a specific inhibitor of carbonic an-
hydrase， also inhibited the banding phe-
nomenon. This enzyme plays an important 

role in HCOa --dependent photosynthesis in 

Chara (PRICE et al. 1985) as well as Chlorella 
(MIYACHI et al.1983， MORONEyet al. 1985). 
If intracellular carbonic anhydrase is in-
volved ni the reaction， HCOa-→CO2+OH-， 
in Characeans， an inhibitory e能ctofDiamox
on alkaline band formation can be explain-

ed， supporting the hypothesis of Lucas and 
8mith as described above. On the other 

hand， if this enzyme catalizes the reaction， 
HCOa-+H+ CO2 →+ H20， for photo-
synthesis in the plasmalemmasomes as sug-

gested by PRICE et 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 (8IMKISS 1986). 

One is “biologically・inducedcalcification" 
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. CaCOa depo-

sits on the internodal cells appear to be 

formed as a by-product of photosynthesis. 

CaCOs 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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岡崎恵視・時間三恵子:光合成に共役したアルカリバンド形成に基づくシャジク

モの石灰化

淡水産の石灰藻であるシヤジクモを Ca2+を強化した池水IC入れて水槽中で育てると，水はアルカリ化し，

節閉細胞の表面に， CaC03から成る明瞭なバンドが1-2本形成される。乙の CaC03のバンド中には，六角

形をした方解石の結局が多数沈着しており，各結晶は箔状の結品が幾つも重なった形状を呈する。

シャジクモを，HCO:IとフェノーJレレッド (pH指示薬)を加えた人工培地から調製した寒天に埋め込み，

光を照射すると，節間細胞表面lζ赤色のアルカリバンドが1-2本形成される。乙のアルカリバンド形成は，炭

酸脱水酵素の阻害剤ダイヤモックスと光合成阻害剤 DCMUによって，強くかっ可逆的IC阻害される。節間細

胞表面の CaC03のバンドは常にアルカリバンドと結合しているが，アルカリバンドの中には，CaC03バン

ドと一致しないものも観察される。寒天中に十分な HCO"と Ca2トが存在すると， アルカリバンド中に

CaC03結晶が誘導されてくる。乙れらの事実は，光合成時IC，HCOi→CO，+OHーの反応lζ従って CO2が

国定され，その際IC排出される OHーによって形成される細胞表面のアルカリバンドがシヤジクモの石灰化lζ

密接に関与している乙とを強く示唆する (184 東京都小金井市貫井北町4-1ー 1 東京学芸大学生物学教室)




