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In vitro transfer of ¢xed nitrogen from diazotrophic ¢lamentous
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Abstract
Two isolates of the diazotrophic filamentous cyanobacterium Microcoleus chthonoplastes, one obtained from black
mangrove (Avicennia germinans) pneumatophores and one from cyanobacterial mats, were inoculated onto young mangrove
seedlings to evaluate nitrogen transfer from the bacterium to the plants under in vitro conditions in closed system experiments.
Total nitrogen and 15 N incorporation in plant parts were measured. The levels of total N and 15 N in the inoculated leaves were
significantly higher than in noninoculated plants. z 1998 Federation of European Microbiological Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction
Mangrove forests are indispensable for sustainable
coastal ¢sheries in the tropics. They are a major
refuge and feeding ground for numerous economically important ¢sh and shell¢sh [1]. Once a mangrove forest has been cleared, the coastal ¢shing may
be irreversible damaged [2], therefore, attempts have
been made to reforest mangroves [3,4]. The natural
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reforestation rate of black mangroves (Avicennia germinans (L.) Stern) in arid zones is slow [5]. Arti¢cial
reforestation, with or without cyanobacteria inoculation, might be a solution [4]. Studies of cyanobacteria inoculation of plants have been concentrated on
rice [6^10], wheat [11^13] and black mangroves [14].
Marine cyanobacterial populations are an integral
and a major component of the microbiota in every
mangrove ecosystem [15^18]. They colonize any submerged surface: sediment, roots, aerial roots,
branches, and trunks of mangrove [19^21]. The universally distributed, ¢lamentous, nonheterocystous
cyanobacteria Microcoleus spp. produce colonies
containing many ¢laments, usually embedded in a
common sheath [22]. They are also the most abundant cyanobacteria in the Balandra mangrove eco-
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system in Baja California Sur, Mexico [18]. Although
Microcoleus sp. isolated from microbial mats failed
to ¢x any nitrogen because they lack at least one of
the requisite genes for this process [23], our mangrove strain did [14]. The exact interaction between
cyanobacteria and mangroves or any resulting mutual bene¢ts have yet to be established.
A general diazotrophic activity in mangroves has
been observed [21,24^26]. A previous study showed
Microcoleus chthonoplastes inoculation increased N2
¢xation activities on black mangrove roots [14]. The
aim of the present study was to measure the possible
transfer of ¢xed nitrogen to the plants after inoculation using two strains of diazotrophic M. chthonoplastes.

2. Materials and methods
2.1. Plant material and growth conditions
We collected black mangrove propagules (disperse
vegetative units) for three consecutive years from
Laguna de Balandra [24] and from two locations in
western Ensenada de La Paz (1 km south and 4 km
north of The Center for Biological Research of the
Northwest (CIB)). The seasonal production of propagules in these sites began in August, and lasted for
approximately 40 days. The preparation of the propagules for inoculation was as described by Toledo et
al. [14].
Fine white sand was collected from a sandy beach
in Ensenada de La Paz and was washed 10^12 times
with pressurized salty tap water (2560 Wmhos cm31 )
until the discarded supernatant was completely clear.
The wet sand was incubated at room temperature
(28^33³C) for 24 h in a 1 N HCl bath to eliminate
organic matter and germinating spores. The acid
washed sand was then rinsed with tap water until
the supernatant was pH 7.0 and given a ¢nal wash
with reverse osmosis drinking water (325 Wmhos
cm31 ; equiv. 0.2 g salts l31 ). Afterwards, the sand
was spread in a thin layer on a tray and heated in an
oven at 250³C for 2 h with constant air circulation.
This presterilization procedure was essential to ensure sand sterilization which could not be assured
by use of an autoclave alone. Presterilized sand
(260 g, 5 cm depth) was then loosely packed into

cylindrical, 900-ml transparent glass beakers
(17U7.5 cm). Each beaker was saturated with the
mineral salt plus vitamins medium (MS-NaCl [27])
that contains the following: (in mg l31 ): NH4 NO3 ,
1650; KNO3 , 1900; KH2 PO4 , 170; MgSO4 W7H2 O,
370; CaCl2 W2H2 0, 440; FeSO4 W7H2 0, 27.8; NaEDTA, 37.3; H3 BO3 , 1.55; MnSO4 WH2 O, 4.22;
ZnSO4 W7H2 0, 2.15; KI, 2; NaMoO4 W2H2 O, 0.0735;
CuSO4 W5H2 O, 0.125; CoCl2 W6H2 O, 0.125; glycine,
0.02;, myo-inositol, 1; nicotinic acid, 0.005; pyridoxine monochloride, 0.005; thiamine hydrochloride,
0.001; and 25 g l31 of NaCl. The volume of the
solution in the beakers was adjusted to maintain approximately 3 mm of solution over the sand surface.
The beakers were then covered with thick aluminum
foil and autoclaved for 20 min. Afterwards, the foil
was further fastened and sealed with elastic bands.
All these procedures were essential to obtain sterile
assemblies in which to grow the plants. About 300
disinfected propagules were preincubated in 100-ml
£asks containing 50 ml MS-NaCl medium at 24^
26³C and constant light of 100 Wmol m32 s31 to
check for contamination. The propagules were observed daily and £asks containing contaminated
propagules were discarded. After 8 days, the propagules were removed and three noncontaminated
propagules were planted 1 cm deep in the sand of
each beaker by using sterile forceps. The plantlets
were grown at 26 þ 1³C in a growth chamber (Biotranette mark III Environmental Chamber, Lab Line
Instruments, Melrose Park, IL) under 50 Wmol m32
s31 of £uorescent light for 1 month with a 12-h
(light:dark) photoperiod. Fresh mineral medium
was added only when required to maintain the level
of solution in each beaker. The beakers were tall
enough so that the whole plants were enclosed in
the foil sealed beakers. All procedures were routinely
done under aseptic conditions.
2.2. Cyanobacterial cultures
Cyanobacterial strains from two sources were
compared. M. chthonoplastes strains B1, isolated
from the black mangrove pneumatophores (aerial
roots), and strain SC7B9002-1, isolated from cyanobacterial mats [28] were grown in ASN-III medium
[29] for 10 days as described before [14]. Both strains
were diazotrophic. Since we used axenic cultures,
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they had no accompanying contaminating diazotrophs. Under identical experimental conditions described in this study, strain B1 reduced acetylene
producing 6.1 nmol ethylene per culture per day
(after 3 days of culturing). When inoculated onto
black mangrove roots, the rate of acetylene reduction increased to 9.2 nmol ethylene per plant per
day. Strain B1 was also able to heavily colonize the
seedling roots [14]. The cyanobacterial culture was
characterized as an unde¢ned mass, composed of
numerous ¢laments and resembling a mat. First, it
was washed in sterile N-free ASN-III, then homogenized in a sterile tissue homogenizer (Caframo
R2R1, Wiarton, Ont., Canada) to obtain a cell suspension. The suspension was centrifuged at 3000Ug
for 10 min to discard disrupted ¢laments suspended
in the supernatant. The pellet was resuspended in
the same medium and adjusted to an optical density
of 0.27 at 540 nm. This suspension was used as the
inoculum for our experiments. This inoculum
concentration was equivalent to 1.48 mg ml31 of
chlorophyll a and to about 1.16U104 ¢laments
per ml (counted in a hemocytometer under light microscopy). Each ¢lament consisted of four to ¢ve
cells.
2.3. Inoculation of plantlets
One-month-old sand culture plantlets were selected for each experiment. The plants selected
were always from the same lot, about the same
height (approximately 100 mm) and had a similar
number and size of true leaves. Prior to inoculation,
the roots were carefully washed in 40 ml of sterile Nfree ASN-III medium to remove all sand particles.
Washed plantlets were transferred to 250-ml ¢ltration £asks, equipped with a cotton plug at the top,
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a rubber septum at the side arm exit, and 25 ml of
sterile N-free ASN-III medium containing cyanobacterial inoculum was added. The plants were ¢rst incubated for 24 h under the described growth conditions to allow attachment to the roots by the
cyanobacteria. Plants su¡ering from the transfer or
contaminated £asks were discarded. The noninoculated plants were similarly incubated in 25 ml of
sterile ASN-III but containing an additional 0.75 g
l31 NaNO3 (to avoid stress of nitrogen starvation
of noninoculated plantlets). Twenty-four hours
after inoculation, an additional 25 ml of N-free
ASN-III medium was added to each £ask, the
cotton plugs were removed, and the £asks were
sealed with rubber stoppers, which were secured by
several layers of para¢lm to prevent gas leakage. 15
ml of air was replaced with 15 N gas (Aldrich, Milwaukee, WI). The £asks were gently mixed for 1 h at
120 rpm on a rotary shaker to allow a better dissolution of the added gas into the liquid medium containing the cyanobacteria inoculum. The £asks were
incubated for 14 days without movement in a growth
chamber under the conditions described earlier.
Every 3 days, the £asks were opened, ventilated,
and a new dose of 15 ml 15 N gas was added. For
analysis of the atmosphere in the incubation £asks,
1-ml samples were removed and put into a 5-ml serum vial as follows: from the sealed serum vial, 1 ml
of air was removed. To the sealed vial, 1 ml of the
atmosphere from the incubation £asks was then
added. As a precaution, samples were taken and analyzed from the commercial 15 N tank (to ensure the
level of 15 N gas), before every ventilation of the
£asks (as an assurance the £ask was not leaking),
and after every injection of a new dose of 15 N gas
into the incubating £asks, from three £asks chosen at
random.

Table 1
Total nitrogen concentration (in percentage) in leaves and stems of black mangrove seedlings after inoculation with M. chthonoplastes B1a
Plant part

Leaves
Stems

Noninoculated

Inoculated

Without
NaNO3 b

With
NaNO3

Without
NaNO3

With
NaNO3

% of noninoculated
without NaNO3

% of noninoculated
with NaNO3

1.40bc
1.74a

2.99a
1.99b

3.00a
1.90b

3.84a
2.00b

214.00
109.00

128.00
101.00

a

Average of two independent experiments done in 1994 and in 1995 using propagules from Laguna de Balandra.
0.75% (w/v).
c
Numbers in the same row denoted by a di¡erent letter di¡er signi¢cantly at P 9 0.05 in Student's t-test.
b
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Table 2
Total nitrogen concentration (in percentage) in roots, leaves and stems of black mangrove seedlings after inoculation with M. chthonoplastes strains B1 and SC7B9002-1a
Plant part

Cyanobacteria strain
noninoculated

Roots
Stems
Leaves
a
b

b

1.3a
2.49a
3.97a

B1

SC7B9002-1

inoculated

% of noninoculated

noninoculated

% of noninoculated

1.43a
2.44a
4.50b

110.00
98.00
113.00

1.36a
2.58a
4.17 ab

105.00
103.00
105.00

Experiment done in 1996 using propagules from Ensenada de La Paz.
Numbers in each plant part in the same row denoted by a di¡erent letter di¡er signi¢cantly at P 9 0.05 in single factor ANOVA.

2.4. Nitrogen determinations
At the end of each experiment, the plants were
removed and each plant was separated into leaves,
stem, and roots. Each plant part was dried (separately) in an oven at 60³C for 12 h, milled to a ¢ne
powder, and packed into Eppendorf tubes. The total
nitrogen content was measured by automatic microKjeldahl after digestion (Digestion System 12.1009,
and Kjeltec Auto 1030 Analyzer, Tecator, Hoëganaës,
Sweden). Abundance of 15 N in the samples was
measured by automated isotope ratio mass spectrometry (Tracermass, Europa Scienti¢c, Crewe,
UK) according to standard methods [30] and expressed as 15 N in parts per thousand (N).
2.5. Experimental design and statistical analysis
The experiment was repeated three times in successive years, each with 10 replicates. Total N was
determined in 1994, 1995, and 1996 experiments
though 15 N was determined only in 1996. A replicate
consisted of one ¢ltration £ask containing one plant.
Controls consisted of noninoculated plants, and the
same concentration of inoculated cyanobacteria in
ASN-III medium without plants and £asks containing 15 N gas. The results were analyzed by either single factor analysis of variance (ANOVA) or Student's t-test at P 9 0.05.

3. Results and discussion
Mangrove plants are always associated with cyanobacteria of diverse species [16,18,20,31]. The nature of the association (whether bene¢cial or not) is
unknown, although it is visibly clear the interaction

is nonpathogenic. It is also unknown whether cyanobacteria participate in the life cycle of mangrove
plants. A previous study showed that N2 ¢xation
increased in the roots of black mangrove seedlings
after inoculation with an isolate of Microcoleus [14].
The goal of the present study was to explore the
possibility that black mangrove plants are gaining
nitrogen as a result of their association with M.
chthonoplastes.
By repeating a similar experiment three times, we
were able to demonstrate that inoculation with cyanobacteria signi¢cantly increased the total N content
of the leaves of inoculated plants over noninoculated
ones (Tables 1 and 2) in the range of 5^114%. This
increase in total N was corroborated by 15 N incorporation studies (Table 3). The levels of 15 N labeling
were low because the concentration of 15 N in the
commercial tanks used was lower than expected,
which resulted in the headspace being labeled at
only 0.3924 þ 0.129 atom % 15 N (N15 N = 71x; n =
24). The total N content increase was insigni¢cant in
stems and roots and was independent of the origin of
Table 3
N15 N in roots, leaves and stems of black mangrove seedlings after
inoculation with M. chthonoplastes strains B1 and SC7B9002-1a
Plant
part

Cyanobacteria
strain
noninoculated

B1
inoculated

SC7B9002-1
inoculated

Roots
Stems
Leaves

3.32ab
2.37a
5.89a

12.26a
2.18a
9.98b

7.03a
2.04a
10.92b

a
Experiment done in 1996 using propagules from Ensenada de La
Paz.
b
Numbers in each plant part in the same row denoted by a di¡erent letter di¡er signi¢cantly at P 9 0.05 in single factor ANOVA.
N15 N of NaNO3 supplement to noninoculated plants was not measured and was assumed to be near natural abundance (1^5x).
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the propagules (compare Tables 1 and 2). Although
the di¡erence between inoculated and noninoculated
plants is larger when the plants are incubated in an
N-free medium, we preferred to supplement the medium of noninoculated plants with a low level of
nitrogen to prevent undesirable e¡ects of nitrogen
starvation, which visibly a¡ect the plants. The need
to supplement a low level of nitrogen to noninoculated plants to obtain meaningful comparison between inoculated and noninoculated plants is well
documented for inoculation of terrestrial plant
growth promoting bacteria Azospirillum sp. on
many crop plants [32].
Cyanobacteria, by virtue of their abundance in the
mangrove forests and their high capacity for N2 ¢xation [25], are natural candidates for the evaluation
of seedling inoculation for future reforestation and
rehabilitation of destroyed coastal lagoons [4].
In summary, this study shows that inoculation
with the cyanobacteria M. chthonoplastes, under a
noncompetitive environment in closed-system experiments increased the nitrogen content of black mangrove seedlings, probably by N2 ¢xation.
Acknowledgments
This paper was written in memory of our ¢rst
English editor, the late Dr. Roy Bowers, and in
memory of the late Mr. Avner Bashan from Israel.
We thank Ms. Nancy Ritchie and Mrs. Sonia Rocha
for excellent technical assistance, Mr. Angel Carrillo
for helping in collecting mangrove propagules, Mr.
Dariel Tovar for donating an isolate of Microcoleus
chthonoplastes and Dr. Ellis Glazier for clarifying the
English. This work was partially supported by Grant
2634P-N from Consejo Nacional de Ciencia y Tecnologia (CONACyT), Mexico.
References
[1] Robertson, A.I. and Blaber, S.J.M. (1992) Plankton, epibenthos and ¢sh communities. In: Tropical Mangrove Ecosystems (Robertson, A.I. and Alongi, D.M., Eds.), pp. 173^
224. American Geophysical Union, Washington, DC.
[2] Por, F.D. (1984) The state of the art. In : Hydrobiology of the
Mangal (Por, F.D. and Dor, I., Eds.), pp. 1^14. Dr. W. Junk,
The Hague.

169

[3] Patterson, C.S., Mendelssohn, I.A. and Swenson, E.M. (1993)
Growth and survival of Avicennia germinans seedlings in a
mangal/salt marsh community in Louisiana, USA. J. Coast.
Res. 9, 801^810.
[4] Toledo, G., Rojas, A. and Bashan, Y. (1998) Black mangrove
reforestation with nursery-reared seedlings on the arid coast of
Laguna de Balandra, Baja California Sur, Mexico. Plant Ecol.
(submitted).
[5] Cintroèn, G., Lugo, A.E., Pool, D.J. and Moris, G. (1978)
Mangroves of arid environments in Puerto Rico and adjacent
Islands. Biotropica 10, 110^121.
[6] Ghosh, T.K. and Saha, K.C. (1993) E¡ects of inoculation
with N2 -¢xing cyanobacteria on the nitrogenase activity in
soil and rhizosphere of wetland rice (Oryza sativa L.). Biol.
Fertil. Soils 16, 16^20.
[7] Metting, B., Rayburn, W.R. and Reynaud, P.A. (1988) Algae
and agriculture. In: Algae and Human A¡airs (Lembi, C.A.
and Waaland, J.R., Eds.), pp. 335^370. Cambridge University
Press, Cambridge.
[8] Roger, P.A., Santiago-Ardales, S., Reddy, P.M. and Watanabe, I. (1987) The abundance of heterocystous blue-green
algae in rice soils and inocula used for application in rice
¢elds. Biol. Fertil. Soils 5, 98^105.
[9] Singh, A.L. and Singh, P.K. (1989) A comparison of the use
of Azolla and blue-green algal biofertilizers with green manuring, organic manuring and urea in transplanted and directseeded rice. Exp. Agric. 25, 485^491.
[10] Yanni, Y.G. (1992) The e¡ect of cyanobacteria and azolla on
the performance of rice under di¡erent levels of fertilizer nitrogen. World J. Microbiol. Biotechnol. 8, 132^136.
[11] Gantar, M., Kerby, N.W., Rowell, P. and Obreht, Z. (1991)
Colonization of wheat (Triticum vulgare L.) by N2 -¢xing cyanobacteria : I. A survey of soil cyanobacterial isolates forming
associations with roots. New Phytol. 118, 477^483.
[12] Gantar, M., Kerby, N.W. and Rowell, P. (1991) Colonization
of wheat (Triticum vulgare L.) by N2 -¢xing cyanobacteria : II.
An ultrastructural study. New Phytol. 118, 485^492.
[13] Gantar, M., Kerby, N.W. and Rowell, P. (1993) Colonization
of wheat (Triticum vulgare L.) by N2 -¢xing cyanobacteria : III.
The role of a hormogonia-promoting factor. New Phytol. 124,
505^513.
[14] Toledo, G., Bashan, Y. and Soeldner, A. (1995) In vitro colonization and increase in nitrogen ¢xation of seedling roots of
black mangrove inoculated by ¢lamentous cyanobacteria.
Can. J. Microbiol. 41, 1012^1020.
[15] Hussain, M.I. and Khoja, T.M. (1993) Intertidal and subtidal
blue-green algal mats of open and mangrove areas in the
Farasan Archipelago (Saudi Arabia), Red Sea. Bot. Mar.
36, 377^388.
[16] Potts, M. (1979) Nitrogen ¢xation (acetylene reduction) associated with communities of heterocystous and non-heterocystous blue-green algae in mangrove forests of Sinai. Oecologia
39, 359^373.
[17] Potts, M. and Whitton, B.A. (1980) Vegetation of the intertidal zone of the lagoon of Aldabra, with particular reference
to the photosynthetic prokaryotic communities. Proc. R. Soc.
Lond. B 208, 13^55.

FEMSEC 916 2-7-98

170

Y. Bashan et al. / FEMS Microbiology Ecology 26 (1998) 165^170

[18] Toledo, G., Bashan, Y. and Soeldner, A. (1995) Cyanobacteria and black mangroves in Northwestern Mexico : colonization, and diurnal and seasonal nitrogen ¢xation on aerial
roots. Can. J. Microbiol. 41, 999^1011.
[19] Hicks, B.J. and Silvester, W.B. (1985) Nitrogen ¢xation associated with the New Zealand mangrove (Avicennia marina
(Forsk.) Vierh. var. resinifera (Forst.f.) Bakh.). Appl. Environ.
Microbiol. 49, 955^959.
[20] Sheridan, R.P. (1991) Epicaulous, nitrogen-¢xing microepiphytes in a tropical mangal community, Guadeloupe, French
West Indies. Biotropica 23, 530^541.
[21] Zuberer, D.A. and Silver, W.S. (1978) Biological dinitrogen
¢xation (acetylene reduction) associated with Florida mangroves. Appl. Environ. Microbiol. 35, 567^575.
[22] Rippka, R., Deruelles, J., Waterbury, J.B., Herdman, M. and
Stanier, R.Y. (1979) Generic assignments, strain histories and
properties of pure cultures of cyanobacteria. J. Gen. Microbiol. 111, 1^61.
[23] Steppe, T.F., Olson, J.B., Paerl, H.W., Litaker, R.W. and
Belnap, J. (1996) Consortial N2 -¢xation ^ a strategy for meeting nitrogen requirements of marine and terrestrial cyanobacterial mats. FEMS Microbiol. Ecol. 21, 149^156.
[24] Holguin, G., Guzman, M.A. and Bashan, Y. (1992) Two new
nitrogen-¢xing bacteria from the rhizosphere of mangrove
trees : Their isolation, identi¢cation and in vitro interaction
with rhizosphere Staphylococcus sp. FEMS Microbiol. Ecol.
101, 207^216.
[25] Potts, M. (1984) Nitrogen ¢xation in mangrove forests. In:
Hydrobiology of the Mangal (Por, F.D. and Dor, I., Eds.),
pp. 155^162. Dr. W. Junk, The Hague.

[26] van der Valk, A.G. and Attiwill, P.M. (1984) Acetylene reduction in an Avicennia marina community in Southern Australia. Aust. J. Bot. 32, 157^164.
[27] Murashige, T. and Skoog, F. (1962) A revised medium for
rapid growth and bioassays with tobacco tissue cultures. Physiol. Plant. 15, 473^497.
[28] Loèpez-Corteès, A. and Tovar, D. (1992) Population changes in
cyanobacterial mats and the role of NaCl on L-carotene production in Microcoleus strain SC7B9002-1. Geomicrobiol. J.
10,115^123.
[29] Waterbury, J.B. and Stanier, R. Y. (1981) Isolation and
growth of cyanobacteria from marine and hypersaline environments. In: The Prokaryotes. A Handbook on Habitats,
Isolation and Identi¢cation of Bacteria (Starr, M.P., Stolp,
H., Truëper, F.G., Balows, A. and Schlegel, H.G., Eds.), Vol.
1, pp. 221^223. Springer Verlag, Berlin.
[30] Barrie, A. and Prosser, S.J. (1996) Automated analysis of
light-element stable isotopes ratio mass spectrometry. In:
Mass Spectrometry of Soils (Boutton, T.W. and Yamasaki,
S., Eds.), pp. 1^46. Marcel Dekker, New York.
[31] Dor, I. and Levy, I. (1984) Primary productivity of the
benthic algae in the hard-bottom mangal of Sinai. In: Hydrobiology of the Mangal (Por, F.D. and Dor, I., Eds.), pp. 179^
191. Dr. W. Junk, The Hague.
[32] Bashan, Y. and Levanony, H. (1990) Current status of Azospirillum inoculation technology: Azospirillum as a challenge
for agriculture. Can. J. Microbiol. 36, 591^608.

FEMSEC 916 2-7-98

