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Suppression of the nitrogen fixing activity of cyanobacterium

Anabaena HA101 by ethylene
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Abstract. Ethylene at concentrations 0.1, 0.2, and 0.3 1 per 25 ml of gas phase in incubation bottle
was used to treat Anabaena HA101 for 24 hours and six days. Ethylene reduced the chlorophyll concen-
tration, heterocyst frequency, hydrogen evolution and nitrogen fixation rate. Ethylene also enhanced
the degeneration of existing heterocysts. The inhibitory effect of the highest ethylene concentration
-during 12 hours on nitrogen fixation could be overcome within 12 hours by the removal of the ethylene.
However, after the long-term (6 days) treatment of Anabaena with ethylene, the algae appeared yellow-
ish, and no recovery of nitrogenase activity was found within 24 heurs.
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Introduction

The gaseous hormone ethylene inhibits cell divi-
sion and DNA synthesis in Pisum sativum (Apelbaum
and Burg, 1972), regulates gene expression in carrot
root (Christoffersen and Laties, 1982; Nichols and
Laties, 1985), affects enzyme activity in pea seedlings
(Apelbaum et al., 1985), retards growth of mungbean
(Colclasure and Yopp, 1976) and rice seedlings (Ishiz-
awa and Esashi, 1983; Satler and Keide, 1985). It also
inhibits photosynthesis (Kays and Pallas, 1980; Pallas
and Kays, 1982), but enhances respiration (Burg, 1968;
Pratt and Goesch, 1969; Aharonic and Lieberman,
1979), fruit-ripening (Tucker and Grierson, 1982; Pres-
sey, 1983), and senescence (Abeles, 1973; Salisbury and
Ross, 1985). In 1971, Grobbelaar ef al., found that ethyl-
ene at concentrations of 0.4 ppm and above extensively
inhibits the nodulation of bean plants, and so, decreases
the activity of nitrogen fixation. Drennan and Norton
(1973) demonstrated that application of 2 ppm ethrel,
which releases ethylene, to roots of pea plants inhibits
root growth and so inhibits nodulation. In 1978, David
et al., suggested that ethylene might alter the steric

conformation of the nitrogen fixing enzyme systems of
the cyanobacterium Awnabaena cylindrica and increase
the transfer of electrons to reducible substrates.

The acetylene-ethylene assay is a widely-used
technique to determine the nitrogen-fixing activity of
diazotrophs (Masterson and Murphy, 1980). Ethylene is
a’ product of acetylene reduction catalysed by
nitrogenase, but little is known about the effects of eth-
ylene on the nitrogenase activity of cyanobacteria. In
this study, attempts were made to study the effect of
ethylene on the nitrogen-fixing activity of the
filamentous blue-green alga, Anabaena HA101, grow-
ing under laboratory conditions.

Materials and Methods

Culture of Anabaena HA101
A pure strain of Anabaena HA101 was cultured on

-the agar plates containing SM medium (Huang and

Wu, 1982). The Anabaena stock culture was grown
under the following conditions: light intensity 200 lux;
photoperiod 16 hrs; day/night temperature 28/24°C.
For the experiments, aliquots of the culture were even-
ly distributed into 500 ml flasks. Each flask contained
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300 ml of SM medium that was free from combined
nitrogen. The Anabaena cultures were then kept under
the following conditions: light intensity 6000 lux;
photoperiod 16 hrs; day/night temperature 30/24°C and
aerated continuously with air at a rate of 250 ml per
min. The organism was harvested for measurements or
treatment when the optical density of the Anabaena
culture at 660 nm was about 0.6.

The filaments in 300 ml of Anabaena culture were
harvested by the centrifugation at 500 g for 10 min and
resuspended in 10 ml of fresh medium. One ml of con-
centrated Anabaena suspension was placed in each of
24 serum bottle of 26 ml capacity. The serum bottles
were divided into eight groups (a,b,c,d,ef,gh). Each
group of bottles was placed in a 5 litre vacuum desic-
cator. Group a was not treated with ethylene but rest of
groups were incubated with ethylene at concentrations
of 0.1, 0.2 and 0.3 ul per 25 ml gas phase in bottle
respectively, for 24 hours (b,c,d) or six days (e,(f,gh).
After a treatment, the ethylene in a desiccator was
removed under hypobaric condition. The gas phase in
the desiccator was evacuated continuously at about 250
ml per minute with a vented exhaust oil pump for 20
minutes. The pressure within the desiccator was then
brought to normal atmospheric condition by admitting
fresh air to the desiccator. The Anabaena samples in
the serum bottles were then removed from the desic-
cator, sealed with serum stoppers and were ready for
the measurements.

Determination of Nitrogen Fixation

The nitrogen fixing activity of the Anabaena sam-
ples was determined by the acetylene reduction tech-
nique (Masterson and Murphy, 1980). Acetylene was in-
jected into the serum bottle to give a partial pressure of
0.1 atm. For each measurement a 0.05 ml gas sample
was used. The gas samples were withdrawn at 30 min-
ute or 4 hour intervals by hypodermic syringe, and
analysed immediately for ethylene by measns of a gas
chromatograph equipped with a hydrogen-flame ion-
ization detector and a glass column 0.8 m long and an i.
d. of 3 mm packed with Porapak Q. The flow rate of
carrier gas, nitrogen, was 60 ml per minute. The oven
temperature was 60°C.

Determination of Hydrogen Production
Hydrogen production was measured by gas
.chromatograph using a thermal conductivity detector.
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The stainless steel column, 3 mm i.d., 2 m long, was
packed with a molecular sieve 5 A (80/100). The opera-
tion conditions were: detector current 60 mamp; flow
rate of carrier gas, argorn, 50 ml per minute; column and
injection port temperatures 65 and 100°C respectively.
The hydrogen concentrations were calculated as de-
scribed previously (Huang, 1988).

Determination of Chlovophyll a Concentration

Three hundred ml of Awnabaena culture was
centrifuged and the chlorophyll of the sedimented
material was extracted with 10 ml of 8094 acetone. The
chlorophyll concentration was determined spectro-
photometrically by the method described by Vernon
(1960).

Induction of Heterocyst Formation and Degeneration
Samples of the concentrated Amnabaena culture
were re-cultured in SM medium containing 5 mM
ammonium nitrate. This combined nitrogen inhibits the
differentiation of vegetative cells into heterocysts
(Huang, 1988). Non-heterocystous filaments were
obtained about eight days after the treatment was
initiated. Aliquots of the heterocyst-free Anabaena cul-
tures were harvested and washed twice with fresh
ammonium nitrate-free SM medium. The cyanobacter-
ia were then re-cultured in 300 ml fresh ammonium
nitrate-free SM medium in 500 ml flasks. After six
days when the heterocyst frequency reached its maxi-
mum, the nitrogen fixing activity of the cultures was
measured. Samples of the heterocystous Anabaena cul-
tures were the treated with ethylene at a concentration

-of 0.3 1 per 25 ml gas phase in incubation bottle, and

after the six days’ treatment, the degenerative effect of
ethylene on the existing heterocysts was determined.
The heterocyst frequencies were measured using a
light microscope at a magnification of 100 X.

Recovery of Nitrogen Fixing Activity

The heterocystous Amnabaena samples in un-
stoppered serum bottles were distributed into two
desiccators a and b. There were nine bottles in each
desiccator. Samples in desiccator a, and b were in-
cubated with ethylene at 0.3 ul per bottle of 25 ml gas
phase. After 12 hours the bottles were removed from
desiccator a. After sealing the bottles, the rate at which
the enclosed cultures reduced acetylene was deter-
mined. Meanwhile the gas phase of desiccator b was
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replaced with ethylene-free fresh air. Twelve hours
late, the cultures were used to determine their
nitrogenase activities.

Results

The gaseous hormone, ethylene, inhibited the nitro-
gen fixing and hydrogen evolving activities of the
cyanobacterium Anabaena HA101 (Fig. 1). The nitro-
gen fixation and hydrogen evolution activities de-
creased from 1009 [specific activity 24.00 xgmol C,H,
(mg chlorophyll)~™* hr*, and 6.91 gmol H; evolved (mg
chlorophyll)~* hr=! respectively] to 90.49 and 88.5%
respectively, during the 24 hours that the Awnabaena
was exposed to a concentration of 0.3 gl per 25 ml gas
phase in incubation bottle. The higher the ethylene con-
centration used. The greater the depression of the ob-
served nitrogenase activity (Figs. 1 and 2).

The levels of nitrogen fixing and hydrogen evolv-
ing activities of nitrogenase were changed with the
length of exposure of the cyanobacterium to ethylene.
The deleterious effect of the 0.3 xl ethylene per 25 ml
gas phase on the enzyme activities increased drasti-
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Fig. 1. Effect of exposing Anabaena HA101 to different ethyl-
ene concentrations for 24 hours on it nitrogen fixing and
hydrogen evolving activities. Nitrogen fixation ((]—

[D); hydrogen evolution (W------ ).
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cally after eight hours of treatment. On the other hand,
the 0.1 wxl ethylene per 25 ml gas phase treatment
reduced the nitrogenase activities gradually and at a
more or less steady rate throughout the experiment
(Fig. 2).

The chlorophyll concentration, dry mass and the
heterocyst frequency were also reduced by ethylene.
The chlorophyll concentration decreased by 6.59%
within 24-hours (Fig. 3), the dry mass by 85% (Table 1)
and the heterocyst frequency by about 82% (Table 2)
during six days of treatment with a concentration of
0.3 xl per 25 ml gas phase in incubation bottle. The
remaining 189 of the original heterocysts did however
not exhibit any nitrogen fixing activity at the end of
the experiment. (Table 2). The heterocysts of
Anabaena culture that grown under the normal condi-
tion started to autolyze or degenerate spontaneously
after a maximum number of heterocyst had already
formed on the filaments. As the data in Table 2 show
the heterocysts were reduced from the maximum fre-
quency of 6.49% to 2.39% within six days. However, The
heterocysts were enhanced to autolyze or degenerate
from 6.49% to 0.69 by ethylene treatment (Table 2).

0.1xl/25ml

Relative activity (%)
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Fig. 2. Effect of the length of exposures of Anabaena HA101 to

ethylene at concentrations of 0.1 and 0.3 u«! per 25 ml
gas phase in incubation bottle on the rate of its nitrogen
fixation ([ —— () and hydrogen evolution (®:----- ().
The activities were measured at an 4-hour interval,
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Fig. 3. Reduction of the chlorophyll concentration of Anabaena
HA101 by exposure to 0.3 ul ethylene per 25 ml gas
phase in incubation bottle for 24 hours.

Table 1. Effect of ethylene on the dry mass of Anabaena
HA101
Treatments dry mass relative mass
(gm/300 ml) (%)
a. Control 0.13 100
b. C,H, (0.3 p1/25 ml) 0.02 15

Each figure is the mean of three values.
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Fig. 4. Reversible inhibition of nitrogenase activity of
Anabaena HA101 by exposure to (.3 ¢l ethylene per 25
ml gas phase in incubation bottle for 12 hours.

The inhibitory effect of ethylene on the nitroge-
nase activity was reversible. The nitrogen fixation
activity which decreased from 1009 to 94.39% within 12
hours of ethylene treatment, almost completely
regained its original activity within the next 12 hours
after the removal of ethylene and these reversible phe-
nomena were repeatable (Fig. 4).

Table 2. Effects of ethylene on the formation and autolysis of Anabaena HAIOI heterocysts

Heterocyst frequency Nitrogenase activity Relative
Treatments (%) [umol C,H, (mg chl) *hr!] (%)
A B A B
1. Heterocyst formation
a. Control 6.4 23.59 100 100
b. +CH,
(0.3 x1/25 ml) 1.1 0 17.2 0
2. Heterocyst autolysis
a. —CH, 2.3 7.86 100 100
b. +C.H, ]
(0.3 u1/25 ml) 0.6 0.05 26.0 0.64
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Discussion

Ethylene inhibited the nitrogenase activity of
Anabaena HA101 both in nitrogen fixation and hydro-
gen evolution. The reduction of two nitrogenase activ-
ities depended on the ethylene concentration and the
duration of the ethylene treatment (Figs. 1 and 2).

The heterocysts of Anabaena are the sites of
nitrogenase activity in nitrogen fixation and hydrogen
evolution (Fay, 1980). The effect of ethylene on heter-
ocyst formation is very similar to its effect on the
nodulation of legumes (Grobbelaar ef al., 1971). As the
data in Table 2 show, ethylene inhibits heterocyst for-
mation. In 1971, Grobbelaar et al., reported that ethyl-
ene restricted the infection of legume roots by

" Rhizobium and inhibited the initiation of legume root
nodules.

The reduction of the chlorophyll concentration of
Anabaena filaments was detected within 24 hours of
ethylene treatment (Fig. 3). It has been also reported
(Burg, 1968; Pratt and Goesch, 1969; Aharonic and
Lieberman, 1979) that ethylene enhances chlorophyll
degradation in leaf blades. The external appearance of
the Anabaena filaments changed from greenish to yel-
lowish when the cyanobacterium was exposed to ethyl-
ene at a concentration of 0.3 xl per 25 ml gas phase in
incubation bottle for six days. Ethylene also reduced
the dry mass of the Anabaena cultures (Table 1). This
might be due to a synergistic effect of ethylene on the
reduction of photosynthesis and nitrogen fixation.
However, it has been reported that ethylene promotes
the respiration of intact leaves or leaf discs (Aharonic
and Lieberman, 1979).

The mechanism of the repressive effect of ethylene
on nitrogenase activities in nitrogen fixation and
hydrogen evolution is still unresolved. It is possible that
ethylene exerts it effect on the reduction of chloro-
phyll, and consequently inhibits heterocyst initiation. It
is known that the C/N ratio of blue-green algae regu-
lates the heterocyst initiation and development (Fay,
1980). The heterocyst is the site of nitrogenase synthe-
sis (Fleming and Haselkorn, 1973; Fay, 1980; Huang,
1988; Huang ef al., 1988), therefore the levels of heter-
ocyst formation will affect the biosynthesis of
nitrogenase and so the activities of the enzyme. In addi-
tion, photosynthate is required in the reactions
catalysed by nitrogenase in cyanobacteria (Fay, 1980),
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and soybean plants (Huang et al., 1975). Therefore, it is
conceivable that the reduction of chlorophyll concen-
tration by ethylene is the primary factor that limits
nitrogenase activities.

Ethylene promoted the autolysis or senescence of
existing heterocysts. This may be due to a shortage of
a suitable C and N source for the cyanobacterium.
However, ethylene may have a direct effect on heter-
ocyst degeneration, because it is known that ethylene
regulates many aspects of plant senescence (Abeles,
1973; Salisbury and Ross, 1985).

Over-all, the data presented in this study show
that ethylene exerts inhibitory effects on the photosyn-
thesis, heterocyst formation, and nitrogen fixing activ-
ity of Amnabaena. Therefore, the results may suggest
that rice plants growing with Anabaena in paddy fields
may not benefit maximally from the nitrogen fixing
activity of the cyanobacteria because it is known that
the higher concentration of ethylene are released in un
-aerated or flooded soils (Yang and Hoffman, 1984).
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