ACTA BIOLOGICA CRACOVIENSIA Series Botanica 55/2: 90–98, 2013
DOI: 10.2478/abcsb-2013-0029

EFFECT

OF CAMP LEVEL ON THALLUS GROWTH AND GAMETANGIA
DEVELOPMENT IN MACROALGA CHARA VULGARIS
(CHARALES, CHAROPHYTA)

ANETA DOMAŃSKA, MIROSŁAW GODLEWSKI*,

AND

AGNIESZKA KOBYLIŃSKA

Department of Plant Cytology and Cytochemistry,
University of Łódź, Banacha 12/16, 90-237 Łódź, Poland
Received July 25, 2013; revision accepted October 26, 2013
cAMP is a second messenger which plays a regulatory role in a wide variety of biological processes in organisms
ranging from prokaryotes to higher eukaryotes, but knowledge of its role in macroalgae and vascular plants is
limited. We modified cAMP levels in the macroalga Chara vulgaris thallus and studied the effects on thallus
growth and gametangia development: db-cAMP (permeable analog of cAMP), adenylate cyclase (AC) activator,
forskolin and theophylline (cAMP phosphodiesterase (PDE) inhibitor) were used to elevate cAMP levels, and the
AC inhibitors 2'-dAdo and 2'-d3'-AMP were used to decrease them. The results suggest that in Chara vulgaris
the cAMP pathway may regulate both vegetative thallus growth and gametangia development, and that these
effects may depend on this second-messenger level. Elevated cAMP stimulated thallus growth and delayed
gametangia development; decreased cAMP inhibited thallus growth and accelerated maturation of both
antheridia and oogonia. These results suggest that the cAMP pathway participates in regulation of developmental processes in Chara vulgaris and that thallus growth and gametangia development require different cAMP levels in cells.

Key words: Antheridia development, cyclic AMP, cAMP level-modifying substances, Chara vulgaris,
oogonia development, thallus growth.

INTRODUCTION
Cyclic adenosine 3',5'-monophosphate (cAMP) is a
ubiquitous and important cellular mediator of extracellular signals in organisms ranging from prokaryotes to higher eukaryotes. It is synthesized by adenylate cyclases (ACs) (Kamenetsky et al., 2006) and
hydrolyzed by cAMP phosphodiesterases (PDEs)
(Conti and Beavo, 2007; Omori and Kotera, 2007).
Elevated levels of cAMP induce or modify cellular
processes, while reduced levels of this messenger
can switch off the cAMP signal. A number of studies
have demonstrated that in mammals this second
messenger plays a key role in the regulation of many
cell processes, acting mainly by activating cAMPdependent protein kinases (PKAs) and also directly
regulating ion channels and Rap guanine exchange
factors (Epacs) (Kopperud et al., 2003).
Unlike in the animal kingdom, in which the
cAMP pathway is well characterized, in plants there
is insufficient information about this second-messenger system, although in plants the presence of

cAMP, enzymes for its synthesis and hydrolysis, and
some other substances participating in cAMP the
pathway have been identified. It is thought that in
higher plants the cAMP pathway does not have a universal regulatory role as in animal systems
(Assmann, 1995; Newton et al., 1999; Trewavas et
al., 2002; Newton and Smith, 2004; Kaplan et al.,
2007).
In algae the role and course of the cAMP pathway has been examined mainly in unicellular ones.
Work in which endogenous cAMP levels were altered
and cAMP level-modifying substances were applied
indicates that in unicellular algae this second messenger is involved in regulating the progress of the
cell cycle (Aline et al., 1984; Tong et al., 1991;
Sakuanrungsirikul et al., 1996; Mohabir and
Edmunds, 1999) and performs an essential role in
mating processes (Pan and Snell, 2000; 2002), gravitaxis (Lebert et al., 1999; Streb et al., 2002), phototaxis (Ntefidou et al., 2003) and flagellum formation and motility (Rubin and Filner, 1973; Jayaswal
et al., 1991; Gaillard et al., 2006).

*e-mail: mgodlews@biol.uni.lodz.pl
PL ISSN 0001-5296

© Polish Academy of Sciences and Jagiellonian University, Cracow 2013

cAMP level and growth and development of Chara vulgaris

In unicellular algae the presence of cAMP, PDE
and AC is widely known, and other substances participating in the cAMP pathway have been found,
including heterotrimeric G-protein (Korolkov et al.,
1990; Gromes and Zetsche, 1992; Calenberg et al.,
1998), small G-protein (Fabry et al., 1992; Hable et
al., 2008), PKA (e.g., Carre and Edmunds, 1993;
Dawson et al., 1996; Kiriyama et al., 1999;
Leighfield et al., 2002; Gopal et al., 2012), A-kinase
anchoring protein (AKAP) (Gaillard et al., 2001;
2006) and cAMP response element (CRE) in promotors of some genes (Uchida et al., 2004; Ohno et al.,
2012).
In unicellular algae, life cycle and developmental processes may require a change in the cAMP
level. In the vegetative phase of growth algae cells
contain high cAMP levels, and applying cAMP-elevating substances stimulates culture growth. In
Chlorella fusca, Berchtold and Bachofen (1977)
reported that exogenous cAMP and its analog
db-cAMP (dibutyryl cAMP) had a positive effect on
chlorophyll synthesis and culture growth rate.
Adding db-cAMP to the medium increased intracellular cAMP levels and stimulated culture growth in
Crypthecodinium cohnii (Lam et al., 2001). In
Chlamydomonas, fluctuations of intracellular cAMP
were correlated with growth, division and morphological changes (Sharaf and Rooney, 1982).
In experiments on the moss protonema the
cAMP level has been shown to be significant to developmental processes: a cAMP level-dependent effect
on protonema growth and development was
observed in Funaria hygrometrica, and the presence of cAMP and PDE was demonstrated in protonema cells (Handa and Bressan, 1977; Sharma
and Johri, 1982). The endogenous level of cAMP
was significantly higher in chloronema than in
caulonema cells (Handa and Johri, 1976; 1979),
and adding cAMP to the medium stimulated
chloronema formation and proliferation (Handa and
Johri, 1979; Johri, 2008).
Investigations of Micrasterias thomasiana var.
notata indicated that cAMP may function as a signal
simultaneously stimulating cell proliferation and
repressing their differentiation into gametes and the
formation of zygotes (Imaizumi and Doida, 1995).
This effect was observed after medium was supplemented with cAMP and several chemicals that raise
the intracellular level of cAMP.
cAMP has been detected in the red macroalgae
Porphyra leucosticte (Segovia et al., 2001), Porphyra
umbicans (Newton et al., 1995) and Gelidium
sesquipedale, and the green macroalga Ulva rigida
(Gordillo et al., 2004), but little is known about the
role of the cAMP signaling pathway. In these algal
species light induced a pronounced increase in cAMP
levels in the thallus (Segovia et al., 2001; Gordillo et
al., 2004). In Gelidium sesquipedale and Ulva rigida
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Fig. 1. Scheme of apical parts of Chara vulgaris thallus.
Nodes (n) and internodes (in) of the main axis are numbered from the youngest to the oldest parts of the thallus.

the cAMP levels in thallus cells correlated positively
with light intensity and photosynthetic activity
(Gordillo et al., 2004). In a comparison of cAMP levels and thallus growth between Ulva rigida and
Gelidium sesquipedale, the fast-growing Ulva rigida
had significantly higher endogenous cAMP than the
slower-growing Gelidium sesquipedale (Gordillo et
al., 2004).
The relationship between cAMP levels, gametophyte growth and gametangia development has not
been investigated in macroalgae. Here were report our
study of the relation between cAMP levels and the
course of these processes. We used indirect methods,
applying substances that modify the cAMP level and
assessing their affect on thallus growth and gametangia development in the multicellular alga Chara vulgaris (Chlorophyta, Characeae). This macroalga is an
attractive model for studying developmental process
regulation because it follows a typical basipetal gradient of development and because all developmental
stages of the vegetative and reproductive organs can
be observed on an individual plant (Fig. 1). New thallus segments (nodes and internodes) of the main axis
are formed and gradually separate from the apical
bud. Lateral branches (laterals) consist of 1–4 internodes and nodes, but their growth is limited. The
mitotic divisions that increase the number of thallus
cells take place in the apical bud area. The growth of
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thallus cells usually is completed in the fifth segment
of the main axis.
Oogonia and antheridia are formed on the
nodes of the laterals (Fig. 1). Their development
starts from initial cells in the apical bud area; their
maturation, that is, the breakup of antheridia with
the release of spermatozoids and the formation of
oogonia ready for fertilization, usually takes place in
the fifth node of the main axis. Fertilized oogonia
rapidly convert into oospores, manifested in the
color change from light green to dark brown.

MATERIALS AND METHODS
PLANT MATERIAL AND GROWTH CONDITIONS

Chara vulgaris L. thalli were collected from a pond in
the Botanical Garden in Łódź. After two days of adaptation to laboratory conditions, plants showing similar morphology and having apical parts of thalli with
five nodes were selected and cultivated in water (control material) or in media with the cAMP level-modifying substances. In each experimental variant, 15
morphologically similar plants were placed in 100 ml
beakers. The plants were cultivated in laboratory conditions (280 μEm-2s-1, LD 16:8, 20–22°C) in pond
water (pH 7.2) which was sterilized by autoclaving
and then subjected to aseptic aeration. All the initial
preparation as well as the whole experimental procedure were performed in aseptic conditions. The
plants were surface-sterilized by immersion in a mixture of 0.1% acetone chloroform (1,1,1-trichloro-tertbutanol) and 0.1% soap for 15 min. The db-cAMP,
theophylline, 2'-dAdo and 2'-d3'-AMP were dissolved
in sterile water. Forskolin was dissolved in DMSO
(dimethyl sulfoxide) and diluted to the final concentration with deionized water. The chemicals were purchased from Sigma.
All cAMP-modifying substances were used at
concentrations of 20 or 100 μM. These concentrations were established in preliminary experiments in
which a broad range of their effects was tested. The
plants were cultivated for nine days, and the incubation solutions were changed every 3 days to maintain
the concentrations of the tested substances, and also
to maintain the medium composition because it is
known that algae can release cAMP and other substances to culture medium (Bressan et al., 1980;
Bressan and Handa, 1980; Francko and Wetzel,
1980; Gilles et al., 1985; Francko, 1989).
In previous experiments we found that Chara
vulgaris antheridial filament cells react quickly
(within a few hours) and strongly to cAMP level-modifying substances (A. Domańska, unpublished data).
In the present study we chose 9-day continuous
incubation because their effect on morphological
changes of the thallus, and a substantial part of

gametangia development, can be observed within
this period (Godlewski and Kwiatkowska, 1980).
MEASUREMENT OF THALLUS GROWTH AND
GAMETANGIA DEVELOPMENT

The nodes and internodes of the plants were numbered at the start of the experiments (Fig. 1). After 9day cultivation the material was fixed in
ethanol/acetic acid (3:1 v/v) for 2 h and then washed
and kept in 70% ethanol. The growth of the main
axis of the thallus was determined from the number
of new nodes formed and from internode length. The
length of laterals and their "leaves" (large cells developed in nodes of laterals) was also measured. The
laterals of the experimental plants had three nodes
with four "leaves". The larger pair of "leaves" of the
distal node was always measured (Fig. 1).
The effect of cAMP level-modifying substances
on antheridia development in subsequent nodes was
assessed from the number of ruptured antheridia
releasing spermatozoids. The numbers of antheridia
at the beginning and end of the experiment were
compared. The number of cell divisions leading to
the spermatid stage was determined from the number of spermatids in one antheridial filament.
Counts were made from squash preparations of
antheridia stained with Feulgen's method.
The effect of the used substances on oogonia
development was evaluated in the subsequent nodes
on the basis of the number of fertilized oogonia,
which was diagnosed on the basis of their color
change from light green to dark brown.
STATISTICS

Each experimental variant comprised 15 plants
(n = 15) and was replicated three times. Similar
results were obtained in all three independent
experiments. The significance of differences between
the experimental variants was checked by ANOVA
followed by Tukey's test. All statistical analyses were
made using Statistica ver. 10 (StatSoft Inc.).

RESULTS
EFFECT OF cAMP LEVEL-MODIFYING SUBSTANCES
ON VEGETATIVE GROWTH OF THALLUS

To assess the effect on thallus growth of the cAMPincreasing substances db-cAMP, forskolin and theophylline, and of the cAMP-decreasing substances
2'-dAdo and 2'-d3'-AMP, we compared the control
and 9-day-treated plants in regard to the following
parameters: number of newly formed segments,
internode length of main axis, length of laterals and
length of "leaves."
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Fig. 3. Effect of cAMP level-modifying substances on length
a) in node No. V5, (b
b) in node 4. Values are
of laterals (a
means ± SE. Values bearing different letters differ significantly from the control at P < 0.05 by ANOVA followed by
Tukey's test.
Fig. 2. Effect of cAMP level-modifying substances on main
a) On number of newly-formed segments
axis growth. (a
b) On internode length. Values
(nodes and internodes), (b
are means ± SE. Values bearing different letters differ significantly from the control at P < 0.05 by ANOVA followed
by Tukey's test.

The results show that the presence in media of
substances that modify the cAMP level in cells affected Chara vulgaris thallus growth. Generally, cAMPincreasing substances stimulated and cAMPdecreasing substances inhibited thallus growth
(Fig. 2). They affected both development of new segments and the longitudinal growth of internodes.
During culture the control plants developed ~0.6
new main axis segments on average (Fig. 2a); those
incubated with 100 μM solution of db-cAMP,
forskolin or theophylline developed 2–3 times more
segments (Fig. 2a). In contrast, 2'-dAdo and 2'-d3'AMP at both concentrations significantly reduced
the number of newly formed main axis segments
(Fig. 2a). Incubation with db-cAMP, forskolin and
theophylline also stimulated the longitudinal growth
of main axis internodes, while 2'-dAdo and 2'-d3'-AMP
significantly reduced their length (Fig. 2b).
Measurements of all five internodes of the cultivated
apical parts of the thallus indicated that the oldest
ones (internodes 4 and 5, Fig. 1) reacted less to the
tested substances (data not shown) than the younger
internodes did (internodes 1–3, Fig. 1).
The laterals grew only in length, without producing new segments. Length measurements of the
laterals of nodes 1 and 2 showed that these parts of
the thallus reacted in a manner similar to the main
axis: db-cAMP and theophylline elongated and
2'-dAdo and 2'-d3'-AMP shortened them versus the
control (Fig. 3). The "leaves" reacted similarly:

100 μM db-cAMP and theophylline increased while
2'-dAdo and 2'-d3'-AMP diminished their growth rate
versus the control (Fig. 4).
EFFECTS OF cAMP LEVEL-MODIFYING SUBSTANCES
ON GAMETANGIA DEVELOPMENT

Development of the oogonia and antheridia formed
on the nodes of the laterals starts in the apical bud
area. Their maturation (i.e., breakup of antheridia,
release of spermatozoids and formation of oogonia
ready for fertilization) usually takes place on the
fifth node of the main axis, counting from the apex
(apical bud). We compared the control and 9-daytreated plants in terms of the number of mature
antheridia and mature oogonia (oogonia which after
fertilization developed into oospores) calculated for
nodes 4 and 5 of the main axis (Fig. 1).
The cAMP level-altering substances affected the
development of both types of gametangia. The control plants had 23% disintegrated antheridia in node
4 and 70% in node 5. Incubation with db-cAMP,
forskolin and theophylline at 100 μM concentration
reduced the percentage of percentage of mature
antheridia by about half in node 4 and by ~40% in
node 5 versus the control. The presence of 2'-dAdo
and 2'-AMP-d3' in the media significantly increased
the number of disintegrated antheridia, more than
doubling it in node 4 and raising it by ~25% in node
5 versus the control (Fig. 5). The effects on oogonia
maturation were similar: cAMP-elevating substances
increased and cAMP-lowering substances decreased
the number of fertilized oogonia (Fig. 6). In the control material, node 4 had 4.2% fertilized oogonia
(oospores) and node 5 had ~60% oospores. The
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Fig. 4. Effect of cAMP level-modifying substances on the
a) in node 5, (b
b) in node 4. Values are
length of "leaves" (a
means ± SE. Values bearing different letters differ significantly from the control at P < 0.05 by ANOVA followed by
Tukey's test.

cAMP-elevating substances db-cAMP, forskolin and
theophylline had little effect on the number of fertilized oogonia in node 4 but significantly affected the
number in node 5, at 100 μM concentration reducing the number in node 5 by 25–45% versus the control (Fig. 6). Adding dAdo and 2'-d3'-AMP to the
medium had the opposite effect: they both increased
the number of fertilized oogonia, by more than
twofold in node 4 and by ~40% in node 5 versus the
control (Fig. 6).
Several dozen antheridial filaments are formed
during the development of Chara vulgaris
antheridia. Two consecutive phases lead to spermatozoid formation: first the proliferative phase, with
synchronous division of antheridial filament cells
leading to the spermatid stage, and second the
spermiogenesis phase, leading to the formation of
spermatozoids. The number of spermatids in
antheridial filaments depends on the number of
mitotic divisions. In Chara vulgaris the spermatid
stage usually is achieved after six divisions, ultimately producing 64 spermatids in a filament (Olszewska
and Godlewski, 1972). To determine the effect of the
tested substances on the number of cell divisions
leading to the spermatid stage, we counted the spermatids in antheridial filaments in squash preparations of antheridia of nodes 3 and 4 of plants fixed at
the end of the experiment (after nine days of culture).
In the control material the antheridial filaments had
~60 spermatids on average, meaning that in most filaments this stage was achieved after six cell divisions.
The tested substances did not affect the number of
spermatids in filaments, except in the treatment with
forskolin at 100 μM, where the antheridial filaments
had 44 spermatids on average (Fig. 5).

Fig. 5. Effect of cAMP level-modifying substances on
a) On number of mature
antheridia development. (a
b) On number of mature antheridia
antheridia in node 4, (b
in node 5, (cc) On number of spermatids per antheridial filament. Values are means ± SE. Values bearing different
letters differ significantly from the control at P < 0.05 by
ANOVA followed by Tukey's test.

Fig. 6. Effect of cAMP level-modifying substances on oogoa) On number of fertilized oogonia in
nia maturation. (a
b) On number of fertilized oogonia in node 5.
node 4, (b
Values are means ± SE. Values bearing different letters
differ significantly from the control at P < 0.05 by ANOVA
followed by Tukey's test.
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DISCUSSION
In this work we studied the effects of cAMP levelmodifying on Chara vulgaris thallus growth and
gametangia development. We applied five substances that exert different effects on the cAMP
level in cells. Three of them elevate it: db-cAMP is
a permeable analog of cAMP, forskolin is an AC
activator, and theophylline is a cAMP PDE
inhibitor. Two of them lower it: 2'-dAdo and 2'-d3'AMP are AC inhibitors. The effects of these substances cell levels of cAMP are well documented in
animals, algae and higher plants (e.g., Imaizumi
and Doida, 1995; Dessauer et al., 1999; Yeung, et
al., 1990; Domańska et al., 2009). In our comparison of the effects of these substances after 9 days
of continuous incubation, all three cAMP-elevating
substances had similar effects, and both cAMPlowering substances also exerted similar effects;
this uniformity lends credence to the results.
Our findings suggest that in the macroalga
Chara vulgaris the cAMP signaling pathway participates in the regulation of both thallus growth and
gametangia development. The clear effects of specific activators and inhibitors suggest that AC and PDE
are present in Chara vulgaris cells. Generally the
presence of cAMP-elevating substances in the culture medium stimulated vegetative growth of the
thallus but delayed the maturation of antheridia and
oogonia, whereas cAMP-lowering substances
showed the opposite effects.
The stimulatory effect of cAMP-elevating substances on thallus growth was manifested in the formation of a greater number of segments (nodes and
internodes) in the main axis, increasing the size of
internodes, laterals and "leaves." Formation of new
segments in the main axis of the Chara thallus
takes place in the apical bud area and is determined by mitotic divisions. The positive effects of
cAMP-elevating substances and negative effects of
those lowering it indicate that cell proliferation in
the apical bud depends on the level of cAMP in
cells. cAMP-elicited stimulation of cell proliferation
has been observed in unicellular algae, for example
in culture of Chlorella fusca (Berchtold and
Bachofen, 1977), Crypthecodinium cohnii (Lam et
al., 2001) and Chlamydomonas (Sharaf and
Rooney, 1982), where fluctuations of intracellular
levels of cAMP were correlated with growth and cell
division.
Internode cells of the main axis of Chara
achieve gigantic size (up to several cm), and the
cells of laterals and "leaves" also are large. The
growth of these large cells is connected with
endopolyploidization of DNA and repeated fragmentation of endopolyploid nuclei (Shen, 1967;
Foissner and Wasteneys, 2000). Recently we
observed that substances that raise the cAMP level
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can increase DNA content and the number of nuclei
in these syncytial cells, and that substances that
lower it show the opposite effect (M. Godlewski and
A. Domańska, unpublished data).
The effect of cAMP level on thallus growth has
not been investigated in macroalgae before, but
studies of lower plants yield certain information.
cAMP level-dependent effects on the growth and
development of protonema of the moss Funaria
hygrometrica have been shown; cAMP and PDE
are present in protonema cells (Handa and
Bressan, 1977; Sharma and Johri, 1982) and the
endogenous concentration of cAMP is significantly
higher in chloronema than in caulonema cells
(Handa and Johri, 1976; 1979). Adding cAMP to
the medium stimulated chloronema formation and
proliferation (Handa and Johri, 1979; Johri,
2008).
In our experiments the effect of cAMP levelmodifying substances on gametangia development
was opposite to the effect on thallus growth. cAMPlowering substances inhibited thallus growth but
accelerated the maturation of both oogonia and
antheridia; the effect of cAMP-elevating substances
was the reverse. This conclusion is based in part on
observations that in the presence of cAMP-lowering
substances the completion of antheridia development and of oogonia fertilization took place on laterals younger than in the control, whereas in the
presence of cAMP-elevating substances they both
took place on laterals older than in the control.
In Chara the process of spermatozoid formation consists of two phases: successive synchronous divisions of antheridial filament cells leading
to the spermatid stage (spermatogenesis), and
transformation of spermatids into spermatozoids
(spermiogenesis). In the control the cells achieve
spermatid stage in filaments containing 64 cells,
that is, usually after six cell cycles (Olszewska and
Godlewski, 1972). The spermatid counts from filaments of the control and treated plants indicate
that the cAMP level-modifying substances did not
significantly affect the number of cell divisions
leading to the spermatid stage. This suggests that
the effect of these substances on antheridia development is connected with the second phase,
spermiogenesis.
We did not examine the role of cAMP levels in
gametangiogenesis and fertilization of oogonia in
Chara vulgaris but we might offer some suggestions on the basis of studies of other organisms
such as algae and mammals, though Chara is a
haplobiont and these processes occur in it without
meiosis. In Chara vulgaris the transformation of
spermatids into spermatozoids (spermiogenesis) is
a complicated process which includes reduction of
spermatid nucleus size (Olszewska and Godlewski,
1973; Kwiatkowska, 1996), its elongation, and
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exchange of histones with protamine-like proteins
(Popłońska, 2002; Kwiatkowska and Popłońska,
2003), and construction of the flagellum. A probable similarity between Chara vulgaris and mammals in the role of the cAMP pathway in regulating
spermiogenesis is the replacement of DNA-binding
histones by protamines. In mammals the promoter
region of the protamine gene contains CRE (cAMP
response element) regulated by the transcription
factor CREM (cAMP-responsive element modulator) (Blocher et al., 2003). The cAMP pathway in
mammals may participate in the regulation of several other genes expressed in spermatids, as they
have CRE in promotors (Kistler et al., 1994; Zhou
et al., 1996). The delayed Chara vulgaris
antheridia development we observed after treatment with cAMP-elevating substances may also be
due to the effect on flagellum formation. In
Chlamydomonas reinhardtii, elevated cAMP
decreased the formation and motility of flagellae
(Jayaswall et al., 1991).
In the macroalga Chara vulgaris, cAMP levelmodifying substances affected both thallus vegetative growth and gametangia development. Our
results suggest that these effects depend on this
second-messenger level. cAMP-elevating substances stimulated thallus growth, while cAMPlowering substances accelerated the maturation of
antheridia as well as oogonia. Apparently the
cAMP signaling pathway participates in the regulation of developmental processes in Chara vulgaris.

REFERENCES
ALINE JR RF, REEVES CD, RUSSO AF, and VOLCANI BE. 1984.
Role of silicon in diatom metabolism. Cyclic nucleotide
levels, nucleotide cyclease, and phosphodiesterase activities during synchronized growth of Cylindrotheca
fusiformis. Plant Physiology 76: 674–679.
ASSMANN SM. 1995. Cyclic AMP as a second messenger in
higher plants. Status and future prospects. Plant
Physiology 108: 885–889.
BERCHTOLD M, and BACHOFEN R. 1977. Possible role of cyclic
AMP in the synthesis of chlorophyll in Chlorella fusca.
Archives of Microbiology 112: 173–177.
BLOCHER S, BEHR R, WEINBAUER GF, BERGMANN M, and STEGER
K. 2003. Different CREM-isoform gene expression
between equine and human normal and impaired spermatogenesis. Theriogenology 60: 1357–1369.
BRESSAN RA, and HANDA AK. 1980. Synthesis and release of
cyclic adenosine 3',5'-monophosphate by Ochromonas
malthamensis. Journal of Plant Physiology 65:
165–170.
BRESSAN RA, HANDA AK, CHERINIACK J, and FILNER P, 1980.
Synthesis and release of [32P]-adenosine 3',5'-cyclic
monophosphate by Chlamydomonas reinhardtii.
Phytochemistry 19: 2089–2093.

CALENBERG M, BROHSONN U, ZEDLACHER M, and KREIMER G.
1998. Light- and Ca2+-modulated heterotrimeric
GTPases in the eyespot apparatus of a flagellate green
alga. Plant Cell 10: 93–103.
CARRE IA, and EDMUNDS JR LN. 1993. Oscillator control of cell
division in Euglena: cyclic AMP oscillations mediate the
phasing of the cell division cycle by the circadian clock .
Journal of Cell Science 104: 1163–1173.
CONTI M, and BEAVO J. 2007. Biochemistry and physiology of
cyclic nucleotide Phosphocliesterases: Essential components in cyclic nucleotide signaling. Annual Review of
Biochemistry 76: 481–511.
DAWSON JF, WANG KH, and HOLMES CFB, 1996. Identification
and characterization of cAMP-dependent protein kinase
and its possible direct interactions with protein phosphatase-1 in marine dinoflagellates. Biochemistry and
Cell Biology 74: 559–567.
DESSAUER CW, and GILMAN AG, 1997. The catalytic mechanism of mammalian adenylyl cyclase. Equilibrium binding kinetic analysis of P-site inhibition. The Journal of
Biological Chemistry 272: 27787–27795
DOMAŃSKA A, GODLEWSKI M, and ANIOŁ P. 2009. Db-cAMP,
forskolin or 2'-d3'-AMP influence on proliferation of
Raphanus sativus root meristem cells. Caryologia 62:
267–275.
FABRY S, NASS N, HUBER H, PALME K, JAENICKE L, and SCHMITT R,
1992. The yptV1 gene encodes a small G-protein in the
geen alga Volvox cartei: gene structure and properties of
the gene product. Gene 118, 153–162.
FOISSNER I, and WASTENEYS GO. 2000. Nuclear crystals, lampbrush-chromosome-like structures, and perinuclear
cytoskeletal elements associated with nuclear fragmentation in characean internodal cells. Protoplasma 212:
146–161.
FRANCKO DA, and WETZEL RG, 1980. Cyclic adenosine 3':5'monophosphate: Production and extracellular release
from green and blue-green algae. Physiologia Plantarum
49: 65–67.
FRANCKO DA, 1989. Uptake, metabolism, and release of cAMP
in Selenastrum capricornutum (Chlorophyceae).
Journal of Phycology 25: 300–304.
GAILLARD AR, FOX LA, RHEA JM, CRAIGE B, and SALE WS.
2006. Disruption of the A-kinase anchoring domain in
flagellar radial spoke protein 3 results in unregulated
axonemal cAMP-dependent protein kinase activity and
abnormal flagellar motility. Molecular Biology of the Cell
17: 2626–2635.
GAILLARD AR, DIENER DR, ROSENBAUM JL, and SALE WS,
2001. Flagellar radial spoke protein 3 is an A-kinase
anchoring protein (AKAP). Journal of Cell Biology
153: 443–448.
GILLES R, MOKA R, GILLES C, and JAENICKE L. 1985. Cyclic
AMP as an intraspheroidal differentiation signal in
Volvox carteri. FEBS Letters 184: 309–312.
GODLEWSKI M, and KWIATKOWSKA M. 1980. Effect of gibberellic
acid on the formation and development of antheridia and
oogonia in Chara vulgaris L. Acta Societatis
Botanicorum Poloniae 49: 459–469.
GOPAL R, FOSTER KW, and YANG PF, 2012. The DPY-30 domain
and its flanking sequence mediate the assembly and
modulation of flagellar radial spoke complexes.
Molecular and Cellular Biology 32: 4012–4024.

cAMP level and growth and development of Chara vulgaris
GORDILLO FJL, SEGOVIA M, and LOPEZ-FIGUEROA F. 2004.
Cyclic AMP levels in several macroalgae and their relation to light quantity and quality. Journal of Plant
Physiology 161: 211–217.
GROMES R, and ZETSCHE K, 1992. Evidence for a G-protein
regulated adenylate cyclase and a Ca2+/calmodulin controlled phosphodiesterase in the phytoflagellate
Chlorogonium. Botanica Acta 105: 395–399.
HABLE WE, REDDY S, and JULIEN L, 2008. The Rac1 inhibitor,
NSC23766, depolarizes adhesive secretion, endomembrane cycling, and tip growth in the fucoid alga, Silvetia
compressa. Planta 227: 991–1000.
HANDA AK, and BRESSAN RA, 1977. Cyclic adenosine 3':5'monophosphate in moss protonema. Plant Physiology
59: 490–496.
HANDA AK, and JOHRI MM, 1976. Cell differentiation by 3',5'cyclic AMP in a lower plant. Nature 259: 480–482.
HANDA AK, and JOHRI MM, 1977. Cyclic adenosine 3',5'monophosphate in moss protonema. A comparison of its
levels by protein kinase and Gilman assays. Plant
Physiology 59: 490–496.
HANDA AK, and JOHRI MM, 1979. Involvement of cyclic 3',5'monophosphate in chloronema differentiation in protonema cultures of Funaria hygrometrica. Planta 144:
317–324.
IMAIZUMI M, and DOIDA Y. 1995. Cyclic AMP is a signal for
repression of differentiation into gametes in Micrasterias
thomasiana var. notata. Plant Science 112: 33–42.
JAYASWALL RK. 1991. Physiological and heritable changes in
cyclic AMP levels associated with changes in flagellar formation in Chlamydomonas reinhardtii (Chlorophyta).
Journal of Phycology 27: 587–591.
JOHRI MM. 2008. Hormonal regulation in green plant lineage
families. Physiology and Molecular Biology of Plants 14:
23–38.
KAMENETSKY M, MIDDELHAUFE S, BANK EM, LEVIN LR, BUCK J,
and STEEGBORN C. 2006. Molecular details of cAMP generation in mammalian cells: A tale of two systems.
Journal of Molecular Biology 362: 623–639.
KAPLAN B, SHERMAN T, and FROMM H. 2007. Cyclic nucleotidegated channels in plants. FEBS Letters 581: 2237–2246.
KIRIYAMA H, NANMORI T, HARI K, MATSUOKA D, FUKAMI Y,
KIKKAWA U, and YASUDA T, 1999. Identification of the catalytic subunit of cAMP-dependent protein kinase from
the photosynthetic flagellate, Euglena gracilis Z. FEBS
Letters 450: 95–100.
KISTLER MK, SASSONE-CORSI P, and KISTLER WS. 1994.
Identification of a functional cyclic adenosine 3',5'monophosphate response element in the 5'-flanking
region of the gene for transition protein 1 (TP1), a basic
chromosomal protein of mammalian spermatids.
Biology of Reproduction 51: 1322–1329.
KOPPERUD R, KRAKSTAD C, SELHEIM F, and DOSKELAND SO.
2003. cAMP effector mechanisms. Novel twists for an
'old' signaling system. FEBS Letters 546: 121–126.
KOROLKOV SN, GARNOVSKAYA MN, BASOV AS, CHUNAEV AS, and
DUMLER IL, 1990. The detection and characterization of
G-proteins in the eyespot of Chlamydomonas reinhardtii. FEBS Letters 270: 132–134.
KWIATKOWSKA M, and POPŁOŃSKA K. 2003. RER and protaminetype proteins during Chara tomentosa L. spermiogenesis. Acta Societatis Botanicorum Poloniae 72: 5–9.

97

KWIATKOWSKA M. 1996. Changes in ultrastructure of cytoplasm
and nucleus during spermiogenesis in Chara vulgaris.
Folia Histochemica et Cytobiologica 34: 41–56.
LAM CMC, NEW DC, and WONG JTY, 2001. cAMP in the cell
cycle of the dinoflagellate Crypthecodinium cohnii
(Dinophyta). Journal of Phycology 37: 79–85.
LEBERT M, PORST M, and HADER DP. 1999. Circadian rhythm
of gravitaxis in Euglena gracilis. Journal of Plant
Physiology 155: 344–349.
LEIGHFIELD TA, BARBIER M, and VANDOLAH FM. 2002. Evidence
for cAMP-dependent protein kinase in the dinoflagellate,
Amphidinium operculatum. Comparative Biochemistry
and Physiology Part B 133: 317–324.
MOHABIR G, and EDMUNDS JR LN. 1999. Circadian clock regulation of the bimodal rhythm of cyclic AMP in wild-type
Euglena. Cellular Signaling 11: 143–147.
NEWTON RP, KINGSTON EE, and OVERTON A. 1995.
Identification of novel nucleotides found in red seaweed
Porphyra umbicans. Rapid Communications in Mass
Spectrometry 9: 305–311.
NEWTON RP, and SMITH CJ. 2004. Cyclic nucleotides.
Phytochemistry 65: 2423–2437.
NEWTON RP, ROEF L, WITTERS E, and VAN ONCKELEN H. 1999.
Cyclic nucleotides in higher plants: the enduring paradox. New Phytologist 143: 427–455.
NTEFIDOU M, ISEKI M, WATANABE M, LEBERT M, and HÃDER DP.
2003. Photoactivated adenylyl cyclase controls phototaxis in the flagellate Euglena gracilis. Plant Physiology
133: 1517–1521.
OHNO N, INOUE T, YAMASHIKI R, NAKAJIMA K, KITAHARA Y,
ISHIBASHI M, and MATSUDA Y, 2012. CO2-cAMP-responsive cis-elements targeted by a transcription factor with
CREB/ATF-iike basic zipper domain in the marine
diatom Phaeodactylum tricornutum. Plant Physiology
158: 499–513.
OLSZEWSKA MJ, and GODLEWSKI M. 1972. An autoradiographic study of the synthesis of nucleic acids and protein during the cell cycle of synchronously dividing antheridial filaments in Chara vulgaris L. Folia Histochemica et
Cytobiologica 10: 245–256.
OLSZEWSKA MJ, and GODLEWSKI M. 1973. A cytochemical study
of spermatogenesis in Chara vulgaris. Folia Histochemica et Cytobiologica 11: 9–20.
OMORI K, and KOTERA J. 2007. Overview of PDEs and their
regulation. Circulation Research 100: 309–327.
PAN JM, and SNELL WJ. 2000. Signal transduction during fertilization in the unicellular green alga, Chlamydomonas.
Current Opinion in Microbiology 3: 596–602.
PAN JM, and SNELL WJ. 2002. Kinesin-II is required for flagellar sensory transduction during fertilization in
Chlamydomonas. Molecular Biology of the Cell 13:
1417–1426.
POPŁOŃSKA K. 2002. Cytochemocal studies on histone-type and
protamine-type proteins during spermiogenesis in Chara
vulgaris and Chara tomentosa. Folia Histochemica et
Cytobiologica 40: 233–234.
RUBIN RW, and FILNER P. 1973. Adenosine 3',5'-cyclic
monophosphate in Chlamydomonas reinhardtii.
Influence on flagellar function and regeneration. The
Journal of Cell Biology 56: 628–635.
SAKUANRUNGSIRIKUL S, HOCART CH, HARPER JDI, PARKER CW,
and JOHN PCL. 1996. Temperature conditional cAMP-

98

Domańska et al.

requiring mutant strains of Chlamydomonas reinhardtii
arrest in G1 and are rescued by added cAMP.
Protoplasma 192: 159–167.
SEGOVIA M, GORDILLO FJL, SCHAAP P, and FIGUEROA FL. 2001.
Light regulation of cyclic-AMP levels in the red macroalga Porphyra leucosticta. The Journal of Photochemistry
and Photobiology B: Biology 64: 69–74.
SHARAF MA, and ROONEY DW. 1982. Changes in cyclic
nucleotide levels correlated with growth, division and
morphology in Chlamydomonas chemostat culture.
Biochemical Biophysical Research Communications
105: 1461–1465.
SHARMA S, and JOHRI MM. 1982. Partial purification and characterization of cyclic AMP phosphodiesterase from
Funaria hygrometrica. Archives of Biochemistry and
Biophysics 21: 87–97.
SHEN EYF. 1967. Microspectrophotometric analysis of nuclear
DNA in Chara zeylanica. Journal of Cell Biology 35:
377–384.
STREB C, RICHTER P, NTEFIDOU M, LEBERT M, and HADER DP.
2002. Sensory transduction of gravitaxis in Euglena
gracilis. Journal of Plant Physiology 159: 855–862.
TONG J, CARRE IA, and EDMUNDS LN JR. 1991. Circadian
rhythmicity in the activities of adenylate cyclase and

phosphodiesterase in synchronously dividing and stationary-phase cultures of the achlorophyllous ZC mutant
of Euglena gracilis. Journal of Cell Science 100:
365–369.
TREWAVAS AJ, RODRIGUES C, RATO C, and MALHO R. 2002.
Cyclic nucleotides: the current dilemma! Current
Opinion in Plant Biology 5: 425–429.
UCHIDA H, SUZUKI K, TANIFUJI G, YAMAGUCHI T, MISUMI O,
KUROIWA T, and HARA Y. 2004. cAMP responsive elementlike sequences are detected in the upstream region of a
mating gene of the green alga, Chlamydomonas reinhardtii. Cytologia 69: 63–68.
YEUNG S-MH, and JOHNSON RA. 1990. Irreversible inactivation
of adenylyl cyclase by the "P" -site agonist 2',5'-dideoxy-3'p-fluorosulfonylbenzoyl adenosine. The Jouranl of
Biological Chemistry 265: 16745–16750.
ZHOU Y, SUN Z, MEANS AR, SASSONE-CORSI P, and BERNSTEIN KA.
1996. cAMP-response element modulator τ is a positive
regulator of testis angiotensin converting enzyme transcription. Proceedings of the National Academy of
Sciences of the United States of America 93:
12262–12266.

