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Abstract

The variation of dissolved oxygen (DO) in the culture of the
unicellular nitrogen-fixing cyanobacterium Synechococcus RF-1
under diurnal light/dark condition was detected automatically by DO
meter. The results indicated that the algae exhibited circadian
photosynthetic rhythm. The results also revealed that a respiration
rhythm occurred at dark phase when the culture was grown in
nitrogen-free medium. There was correlation between the rhythm of
photosynthesis and nitrogen fixation. The nitrogen-fixing activity
could not be detected if the photosynthesis was stop by cultivated
under continuous darkness. On the other hand, the rhythm of
photosynthesis could not persist when the nitrogen-fixing activity
was inhibited by NaNOg. In order to compare the difference
between Synechococcus RF-1 and the cyanobacterium, which
cannot fix nitrogen, the DO pattern of Synechocystis PCC6803 was

also investigated.
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Abstract

Cyanothece sp. PCC 8801 is a unicellular, photosynthetic and
diazotrophic cyanobacterium. It is also the first prokaryote shown to exhibit
circadian rhythm which consists of photosynthetic and nitrogen-fixing
oscillations. Although it has been known that the photosynthetic and
nitrogen-fixing rhythms are temporally separated, very little is explored about
their possible interactions or causal relationships between these two systems.
In the current studies, a growth chamber equipped with a dissolved-oxygen
(DO) meter was used to continuously and automatically record the DO
variation in the culture. The data clearly indicated that, in the nitrate-rich
medium, there were similar diurnal and circadian photosynthetic rhythms in
Cyanothece sp. PCC 8801 as well as in Synechocystis sp. PCC 6803, a
non-nitrogen-fixing cyanobacterium. In the nitrate-free medium, however,
Cyanothece sp. PCC 8801 presented a different DO pattern, which included a
circadian respiration rhythm in the dark period. When nitrate, an inhibitor of
nitrogen fixation, was added into the medium, the diurnal respiration rhythm
disappeared and the diurnal photosynthetic rhythm was significantly affected.
Moreover, the circadian photosynthetic rhythm was also suppressed. These
results reveal that there is a strong correlation between the rhythms of

photosynthesis and nitrogen fixation in Cyanothece sp. PCC 8801.



1. Introduction

Biological clock is a very interesting topic in biology. For example, we can
sense time via a feeling of hunger without having to watch a clock. How do
plants know about time? What is the sense of time in plants? Does Prokaryote
that is the simplest organism has the sense of time? These questions
stimulated my interest in the research of the circadian rhythm of unicellular

organism.

The circadian rhythm designates an endogenous oscillation, which is
generated by the ’biological clock” of the organism, in a behavioral or
biochemical phenomenon which (1) has a periodicity of about 24 hours (circa =
approximately: diem = day), (2) persists for at least several days under uniform
environmental conditions, (3) changes but little at different constant ambient
temperatures with a temperature compensation and (4) can be reset. The term
“diurnal rhythm” denotes the conditions in which there is a direct input of

external periodic signals [1].

The circadian rhythm has been ubiquitously observed in various
physiological processes in most of organisms. Circadian rhythms in a wild
variety of eukaryotes have been intensively studied. Until the middle of 1980s,
it was believed that circadian rhythms do not occur in prokaryote, and some
researchers even suggested that the existence of biological clock must

demand a special cell structure.

In 1986, Huang first discovered that the prokaryotic Cyanothece sp. PCC
8801, a unicellular, photosynthetic and diazotrophic cyanobacterium, exhibited
an endogenous circadian dinitrogen-fixing rhythm [2, 3]. Since then, circadian
rhythms of cell division, nitrogenase activity, amino acid uptake, protein
synthesis, nif gene expression, and psbA gene expression in the prokaryote
have been intensively investigated [3]. Moreover, these endogenous rhythms
could be induced by many factors, such as a changing in the diurnal L/D cycles,

a small changing in temperature within its physiological range, an alteration of



the intensity of the light source and a different exposition from red light to
far-red light [3]. Because of the prokaryote is structurally and functionally
simpler than the eukaryote, it is potentially the best system for studying the

control mechanism of circadian rhythms.

Although it has been known that photosynthesis and nitrogen fixation of
Cyanothece sp. PCC 8801 are temporally separated [2], the possible
interactions or causal relationships between these two systems have received
little attention so far. In the current research, | investigated the diurnal and
circadian photosynthetic rhythms of Cyanothece sp. PCC 8801 in medium with
or without nitrate to explore the correlation between its photosynthesis and
nitrogen fixation. Similar experiments were also conducted with Synechocystis
sp. PCC 6803, which was a non-nitrogen-fixing cyanobacterium, as a

comparative study.

The method that | employed in this research was to use a
dissolved-oxygen (DO) meter to continuously and automatically record the DO
evolution in the culture, which could be a reflection of the photosynthetic and
respiration activity of the sample. DO meter is a popular instrument for
ecologist to monitor the oxygen concentration in rivers or in lakes.
Nevertheless, it was no been applied in the research of circadian rhythm

before.

Typical methods that are intensively used to study the circadian rhythm in
traditional experiments include the use of oxygen monitoring system to detect
the photosynthesis and the use of the Clark-type oxygen electrodes to
measure the dark respiration. However, the manual samplings in these
methods are actually considered as arduous works, which take strenuous
effort. An automatically sampling system is expected. In addition, the influence
of discrete samplings in traditional works sometimes introduces unpredictable
factors into the experiments and makes the experimental results fluctuated.
This influence is essentially eliminated in my DO monitoring system making

the experimental results appeared much naturally.



My experimental results clearly indicated that there was a strong
correlation between the photosynthesis and the nitrogen fixation in
Cyanothece sp. PCC 8801. Furthermore, two types of circadian photosynthetic
rhythm in this cyanobacterium were observed. These findings also revealed
that the DO meter could be effectively used to investigate the photosynthetic

and respiration rhythm of aquatic algae.



2. Materials and Methods

2-1. Morphology and culturing

The Cyanothece sp. PCC 8801 is an aerobic diazotrophic unicellular
cyanobacterium isolated from rice fields in southern Taiwan [2]; therefore it is
also designated as RF-1 (Rice-Field-1). Figure 1 depicts a microscopic
photograph of this strain, which is a sheathless organism with an average size
of 3.8 x 3.0 um containing many uncommon polyglucan granules with a size
varying from 0.1 to 0.4 pm, which are found only in the sheathless
nitrogen-fixing unicellular cyanobacterium. Cyanothece sp. PCC 8801 is a
strict photoautotroph having a cell division cycle of about three days. The
general culture conditions for Cyanothece sp. PCC 8801 are 20°C~42°C in
temperature and 2500~3000 lux in illumination from white fluorescent lamps.
The cells can survive in a “suspended state” for more than 2 weeks in

continuous darkness [3].

Fig.1. Microscopic photograph of Cyanothece sp. PCC 8801

Two types of media were used. The first was the nitrate-containing
medium BG-11 [4]. BG-11 is usually used for strains of freshwater, soil or
thermal origin, and for those strains isolated from a marine environment which

do not display the ionic requirements characteristic of true marine strains. The

second medium was the nitrate-free medium BG-11p9, which was a

modification of BG-11. BG-11¢ is employed for nitrogen-fixing strains after

addition of a solution of filter-steriized NaHCOs; (5 or 10 mM final



concentration). The ingredient of BG-11 is tabulated in Table 1.

mM *Ingredient of 3 glL
Trace metal mix A5
NaNO, 17.65 H;BO; 2.86
K;HPO,.3H,0 0.18 MnCly*4H,0 1.81
MgS0,.7H,0 0.30 ZnSQ4+7H,0 0.22
CaCl,.2H,0 0.25 CuS04+5H,0 0.08
Citric acid 0.03 (NH4)sM07024°4H,0 3
Ferric ammonium citrate 0.03 Co(NO3),*6H,0 0.494
EDTA (disodium magnesium) || 0.003
a. Deionized water to 1L
Na,CO; 0.19
*Trace metal mix A5+Co 1ml b. pH after autoclaving
EPPS 2.523 g/L and cooling: 8

Table 1. Ingredient of the nitrate-containing medium BG-11.

Cultures were cultivated without shaking in 125 ml Erlenmeyer flasks
containing 30 ml medium. Each running of experiments required a culture with
a volume of about 90 ml. The initial cell concentration for each running was
around 10" cells/ml in log phase. All experiments were performed at 28°C with
the diurnal light/dark (L/D) cycle set as 12 hours in light and 12 hours in
darkness. In light cycles, the illumination was maintained at a constant of about

2900 lux from white fluorescent lamps.

In each experiment, cultures were first adapted to diurnal L/D-cycles for
three days to establish their circadian rhythms. Then, depending on the
requirement of the experiments, the cultures were transferred to continuous
light (L/L), continuous darkness (D/D) or other conditions to observe the

evolution of DO in the cultures.



2-2. Experimental setup

Figure 2 presents the experimental setup. A YSI Model-55 DO meter
was employed in the experiments. The probe of the DO meter consists of a
Clark-type polarographic sensor covered with a permeable membrane.
Oxygen diffuses through the membrane at a rate proportional to the partial
pressure, or concentration, of oxygen in the culture. When a polarizing voltage
is applied across the sensor, oxygen in the probe reacts at the cathode,
causing a current to flow and to be measured [5]. Since oxygen was consumed
in the vicinity of the probe, an electromagnetic stirrer was employed to ensure
a uniform distribution of the oxygen concentration in the culture. The stirrer
also prevented the adherence of the algae to the probe. The stirring speed was

about 300 rpm.

Fig. 2. Experimental setup.
A: 100 ml culture. B: DO probe. C: DO meter. D: computer.
E: stirrer. F: light meter.



For a long-term experiment of monitoring temporal DO variation, about
seven days per running, the culture must be exposed to the air to provide a
normal physiological condition for the sample. Therefore, the air in the
container of the culture is allowed to exchange with the ambiance maintaining
a constant air composition in the vicinity of the culture. in such a situation, the
oxygen concentration in the culture was a result of the equilibrium between the
atmospherical diffusion and the oxygen production or consumption by the
algae. The oxygen concentration of the ambiance was fairly constant.
Therefore, under L/D conditions, the DO variation of the culture reflected the
photosynthetic activity in the light cycle and the dark respiration activity in the
dark cycle. A typical DO variation of Cyanothece sp. PCC 8801, which had
been cultivated in BG-11, is displayed in Fig. 3.
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Fig.3. Typical DO Variation of Cyanothece sp. PCC 8801 in BG-11



In each running of experiments, DO evolutions in the first two diurnal
L/D-cycles were observed to examine the condition of the culture. The
repetition of the traces in the first two L/D-cycles, for example the curve in Fig.
3, would confirm the stability of the cultures and the reliability of the

experimental system as well as the signals.



3. Results and Discussion

3-1. Diurnal and Circadian Photosynthetic Rhythms of Cyanothece sp. PCC
8801 and Synechocystis sp. PCC 6803 in BG-11

BG-11 is a nitrate-containing medium. A culture of Cyanothece sp. PCC
8801 and a culture of Synechocystis sp. PCC 6803 were individually cultivated
in BG-11. These cultures experienced a diurnal L/D condition of 12 hours in
light and 12 hours in darkness for three cycles to establish their endogenous
biological clocks. Then the cultures were transferred to the continuous light

condition to examine the exhibition of their circadian photosynthetic rhythms.

Figure 4A, B depict the temporal DO variations of these cultures. The
repetition of the traces in the first two L/D-cycles confirms the stability of the
cultures and the reliability of the signals. The periodic patterns in the
continuous light interval with a period around 24 hours exhibit the existence of

the endogenous circadian photosynthetic rhythms in both of the cultures.

The DO variations of the curves for both of the cultures in the L/D-cycles
could be understood as the following: at the onset of the light cycles, the
photosynthesis was stimulated to intensively produce oxygen, resulting in
sharp DO peaks. After about 2 hours, the photosynthetic oxygen production
rate was gradually decreased to a stable value achieving equilibrium between

the air diffusion and the oxygen production in the second half of the light cycle.

At the instant that the light was turned off, the DO level dropped rapidly
due to the cessation of the photosynthesis, and then maintained at a relatively
constant level until the next cycle started. The fact that the DO level in the dark
cycle was lower than the background DO level, as shown in Fig. 3, exhibited
the activity of the dark respiration. Furthermore, the nearly constant DO level in

the dark cycle indicated that the respiration was kept steady in that period.

10



DO (mg/l)

14

12

10

114

12

10

—

i —
PEFEF———

A. Cyanthece sp. PC

B. Synechocystis sp. PCC 6803

e

y —

C 8801

= -
& g

Continuous Light

24 48

72 96 120 144

Time (h)

Fig. 4A, B. Exhibition of diurnal and circadian rhythms of
Cyanothece sp. PCC 8801 (A) and Synechocystis sp.
PCC 6803 (B) in BG-11 under L/D and continuous light.

11




It is known that Cyanothece sp. PCC 8801 fixes nitrogen in the dark
period in the nitrate-free medium BG-11¢ [2]. According to the research of
Grobbelaar et al. [6], this cyanobacterium enhances its respiration rate in the
dark phase to depress the ambient oxygen level in the culture avoiding the
damage of oxygen-sensitive nitrogenase by the oxygen, and to supply energy
for the energy-intensive nitrogen fixation. The fairly constant dark respiration in
the DO curve of Cyanothece sp. PCC 8801 implied that this strain did not
require the nitrogenase activity in BG-11, agreed with earlier investigations [7].

When cultures were switched to the continuous light condition, the first DO
peak was still considered to be a typical DO exhibition under L/D condition,
which was stimulated by the switch on of the illumination. Then the curves
exhibited a rhythmically drastic DO variation with a period around 24 hours.
The rhythmic signals persisted for more than three days. They were
endogenous phenomena, not be conducted by the variation of environmental
factors. The amplitude of the following peaks in the continuous light period was
relatively weak. The DO base line of Cyanothece sp. PCC 8801 in continuous
light period increased monotonically indicating an accumulation of oxygen in
the culture. Accordingly, in Cyanothece sp. PCC 8801 there are two types of
photosynthesis, an AC component oscillated with the circadian rhythm and a
DC (non-oscillating) component kept steady with respect to the circadian
rhythm. In contrast, there is only one (AC) type of photosynthesis in
Synechocystis sp. PCC 6803, no DC type exhibited.

The similarity between the DO patterns in these two cultures suggested
that their circadian photosynthetic rhythms were probably driven by the same
mechanism. Furthermore, since nitrogenase activity is not required in
Cyanothece sp. PCC 8801 in BG-11, this circadian photosynthetic rhythm is
unrelated to the nitrogen-fixing oscillation.

The DO variations of these two strains in continuous darkness are
illustrated in Fig. 5A, B. The activity of the photosynthesis was terminated due
to the lack of light; therefore, the DO level was quickly dropped to the

background level and no further rhythmic signal was observed thereafter.
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3-2. Diurnal Photosynthetic Rhythms of Cyanothece sp. PCC 8801 in BG-11o
and Nitrate-added BG-11¢

Figure 6 depicts a series of diurnal experiments of Cyanothece sp. PCC
8801 cultured in 90 ml of BG-11p. Since BG11¢ is a nitrate-free medium, as
Cyanothece sp. PCC 8801 is a diazotrophic cyanobacterium, the nitrogen
fixation would take place in the culture. According to the investigations of
Huang et al. [2, 3], Cyanothece sp. PCC 8801 fixes nitrogen almost exclusively
within the dark phase when grown in a diurnal L/D regimen. We expected that

a significant signal could be observed in the dark period of the DO curve.

The first two L/D cycles in Fig. 6 displayed the typical DO pattern in
BG-110, In contrast to the nearly constant dark-DO level in the culture of
Cyanothece sp. PCC 8801 in BG-11, as shown in Fig. 4A, a large dip with a
DO value lower than the background level was observed during the dark
period. Such a dip implies that the oxygen is drastically consumed in the
culture; hence, it is the evidence of the Grobbelaar’s proposal of dark
respiration enhancement mentioned earlier [6]. Accordingly, the dip in the DO
curve is representative of the nitrogenase activity in the dark phase. The
typical DO patterns also clearly illustrated the temporal separation between
photosynthesis and nitrogen fixation in Cyanothece sp. PCC 8801 [2], which
was a very clever strategy to incorporate two mutually exclusive effects in a

single cell.

Furthermore, at the beginning of the dark period in the third L/D cycle, 10 ml of
0.2% NaNO3; was added into the culture to study the effects of nitrate on the
diurnal rhythm of Cyanothece sp. PCC 8801 in BG-11 o. The DO dip in that
dark phase disappeared immediately and the DO level kept nearly constant in
all the dark periods thereafter. This observation consists with the earlier
research that nitrate is the inhibitor of nitrogenase activity [7], so that,
Cyanothece sp. PCC 8801 does not require to enhance its dark respiration for
the protection of the nitrogenase. Consequently, the dark respiration

enhancement, which is representative of the nitrogenase activity, was also
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Fig. 6. Effects of nitrate on the diurnal rhythm of Cyanothece sp.

PCC 8801 in BG-110.

15



inhibited resulting in a constant respiration and a constant DO level in the dark

phase.

However, the photosynthetic activity in the following light cycles was also
significantly affected. The decrease of the photosynthetic oxygen production
rate at the rear edge of the DO peak was slowed down. The equilibrium level of
dissolved oxygen in the second half of the light cycle rose drastically as well.
These observations reveal that there is a strong correlation between the
nitrogenase activity and the photosynthetic activity, which is not reported

before.
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3-3. Circadian Photosynthetic Rhythms of Cyanothece sp. PCC 8801 in
BG-11¢ and Nitrate-added BG-11o

A culture of Cyanothece sp. PCC 8801 grown in BG-11o, which had been
adapted to 12 hours in light and 12 hours in darkness for more than three days,
was transferred to continuous light condition to study its circadian rhythm.
Figure 7A illustrates the DO evolution of the culture during the transfer. In the
L/D periods, the DO patterns presented the same characteristics as those in
the first two L/D cycles of Fig. 6; a sharp peak in the light cycle and a large dip
in the dark cycle, which was the typical DO pattern of Cyanothece sp. PCC
8801 in BG-110. At the onset of continuous light, the first DO peak was still a
typical peak stimulated by the turn on of the illumination, as peaks in the L/D
period. The successive evolution of the curve displayed a rhythmic variation
with a period of about 24 hours persisting for three days, which was the

exhibition of the circadian rhythm.

This circadian rhythmic signal consisted of all the characteristics of L/D
patterns. Accordingly, there were two types of circadian rhythms included in
the signal: a circadian photosynthetic rhythm presented by the peaks and a
circadian respiration rhythm presented by the dips while the circadian
respiration rhythm was representative of a circadian nitrogen-fixing rhythm as
well. Also shown in the figure was a 6-hours phase shift in the circadian rhythm
signal. Moreover, the DO curve oscillated with respected to the background
level, about 7.8 mg/l, revealed that the photosynthesis was ceased and the
respiration was intensively enhanced in the periods in which the DO were level

lower than the background level, even under a constant illumination.

A nitrate-added experiment was conducted to study the effects of nitrate
on the circadian rhythm of Cyanothece sp. PCC 8801 in BG-110. Another 90
ml subculture cultivated under the same conditions as above was added 10 ml
of 0.2% NaNOj; at the beginning of the dark period just prior to the onset of
continuous light condition. However, no any rhythmic signal was observed in

the following continuous light period, as shown in Fig. 7B.
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Fig. 7A, B. (A): Circadian photosynthetic rhythm persisted under
continuous light conditions in BG-11o.

(B): Addition of NaNOs drastically affected the circadian
photosynthetic rhythm under continuous light conditions.
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Since the nitrate was the inhibitor of nitrogenase activity [7], the disappearance
of the circadian respiration rhythm was expected. Nevertheless, the circadian
photosynthetic rhythm was also absent. These results suggest that, for
Cyanothece sp. PCC 8801 in BG-11 o, there is a strong correlation between
the photosynthesis and the nitrogen fixation. The circadian rhythm presented
in Fig. 7A consists of a coupling oscillation between the photosynthetic rhythm
and the nitrogen-fixing rhythm. Due to the strong coupling, the cessation of

one oscillator will terminate the rhythmic expression of the other oscillation.

It is also suggested that the circadian photosynthetic rhythm presented in
Fig. 7A is different from that in Fig. 4A while the latter is unrelated to the
nitrogenase activity. Consequently, there are two types of -circadian
photosynthetic rhythms in Cyanothece sp. PCC 8801 associated with two
different mechanisms of biological clock, or two different biochemical pathways,
in the cell. This organism exhibits different photosynthetic rhythms in

nitrate-free medium and in nitrate-containing medium.
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4. Conclusions

This research investigated the possible interactions or causal
relationships between the circadian photosynthetic rhythm and the
nitrogen-fixing rhythm in Cyanothece sp. PCC 8801, which was a unicellular,
photosynthetic and diazotrophic cyanobacterium. A DO meter was employed
to continuously and automatically record the DO evolution in the cultures with

the assistance of a computer.

In the nitrate-containing medium BG-11, the Cyanothece sp. PCC 8801
expressed similar diurnal and circadian photosynthetic rhythms as that in
Synechocystis sp. PCC 6803, a non-nitrogen-fixing cyanobacterium. No

significant indication of nitrogenase activity was observed in the DO curves.

In the nitrate-free medium BG-11o, as Cyanothece sp. PCC 8801 was a
diazotrophic cyanobacterium, the diurnal and circadian rhythms of this
organism consisted of a photosynthetic rhythm in the light cycle and a
respiration rhythm in the dark cycle while the later was a representative of the
nitrogen-fixing rhythm. The DO pattern also clearly displayed the temporal

separation between these two rhythms.

When nitrate, an inhibitor of nitrogenase activity, was added into the
medium BG-11p, the respiration rhythm of Cyanothece sp. PCC 8801 was
absent as expected. However, its diurnal photosynthetic rhythm was
significantly affected; and the circadian photosynthetic rhythm was also
missing. These results suggest that, in Cyanothece sp. PCC 8801, the
photosynthetic rhythm and the nitrogen-fixing rhythm are strongly coupled
together so that the completion of one oscillator will conclude the rhythmic

expression of the other oscillation.
Moreover, the diurnal and circadian rhythmic signals of Cyanothece sp.
PCC 8801 in BG-11 and in BG-11c were significant differences in pattern and

in characteristics. These observations also suggest that these two DO
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variations correspond to different circadian photosynthetic rhythms associated

with different biochemical pathways in Cyanothece sp. PCC 8801.

Our findings show that the DO meter can be effectively used to monitor
the photosynthetic rhythm of aquatic algae. One of the advantages of this
method is that it can be applied to record signals continuously and
automatically. Therefore, the influences of discrete sampling in traditional
works are essentially eliminated making the experimental curves appeared
much naturally. Furthermore, this method can explore new discoveries in the

experiments of other algae.

21



References:

1. lwasaki, H. and Kondo, T. (2000) Plant Cell Physiol 41, 1013-1020.

2. Grobbelaar, N., Huang, T.-C., Lin, H.-Y. and Chow, T.-J. (1986) FEMS
Microbiol lett 37, 173-177.

3. Huang, T.-C. and Grobbelaar, N. (1995) Microbiology 141, 535-540.

4. Stanier, R.Y., Kunisawa, R., Mandel, M. and Cohen-Bazire, G. (1971)
Bacteriol. Rev. 35,171-205.

5. YSI (1997) Model-55 Dissolved Oxygen and Temperature System
Operations Manual. YSI Incorporated Co., Yellow Springs, Ohio, USA.

6. Grobbelaar, N., Li, W.-T. and Huang, T.-C. (1991) FEMS Microbiol lett 83,
99-102.

7. Huang, T.-C. and Chou, W.-M. (1991) Plant Physiol 96, 324-326.

22



	植物學科
	由溶氧量之變化分析單胞固氮藍綠藻光合韻律之特性 
	作者簡介
	摘要
	Abstract
	致謝詞
	縮寫對照表
	簡介
	固氮單胞藻RF-1之光合韻律與固氮韻律
	實驗方法
	無固氮能力之單胞藻PCC6803之光合韻律

特性


	固氮單胞藻RF-1之光合韻律特性
	固氮單胞藻RF-1的光合韻律與固氮韻律

之相互關係


	結論
	參考資料
	評語
	英文
	Abstract
	Introduction
	Materials and Methods
	Results and Discussion
	Conclusions
	References:






