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1. SUMMARY
Two new diazotrophic bacteria, Listonella anguillarum and Vibrio campbellii, and one nonnitrogen-fixing bacterium, Staphylococcus sp.,
were isolated from the rhizosphere of mangrove
trees. Strains of these newly-defined diazotrophs
are known as pathogenic bacteria in fish and
shellfish. During the purification of diazotrophic
species from the entire rhizosphere population,
N2 -fixation of the bacterial mixtures decreased.
When grown in vitro in mixed cultures, the nonfixing bacterium Staphylococcus sp. increased the
nitrogen-fixing capacity of L. anguillarum by
17% over the pure culture; the nitrogen-fixing
capacity per bacterial cell increased 22%. This
interaction was not due to a change in O2
concentration. Staphylococcus sp. decreased the
nitrogen-fixing capacity of V. campbellii by 15%.
Correspondence to: Y. Bashan, Department of Microbiology,
The Center for Biological Research (CIB), P.O. Box 128, La
Paz, B.C.S. Mexico 23000.

These findings indicate that (i) other species of
rhizosphere bacteria, apart from the common diazotrophic species, should be evaluated for their
contribution to the nitrogen-fixation process in
mangrove communities; and (ii) the nitrogen-fixing
activity detected in. the rhizosphere of mangrove
plants is probably not the result of individual
nitrogen-fixing strains, but the sum of interactions
between members of the rhizosphere community.
2. INTRODUCTION
Mangroves are trees and shrubs from different
botanical families which grow in the tidal zone of
tropical and sub-tropical seas [1,2]. Mangrove
communities are often located in estuaries which are
semi-closed coastal bodies of water receiving fresh
water from rivers or streams. These communities are
considered highly productive; fallen mangrove leaves,
after autolysis and microbial breakdown, produce
detritus (plant material converted to dead organic
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matter) which is the most important source of energy
for the estuarine food chain. Thus mangroves, by
introducing sizable quantities of organic material to
the community, play an important and essential role in
supporting a wide range of offshore marine organisms
in the early stages of development, thereby sustaining
coastal fisheries [1].

Many marsh systems and probably mangroves, are
nitrogen deficient [3]. The decomposition of organic
material originating from mangrove foliage, as well as
terrestrial and marine animals residing in the community,
can be considered a possible source of nitrogen. However,
anaerobic decomposition processes in mangroves are very
slow and probably contribute little to nitrogen recycling

Fig. 1. Location of the mangrove community in Balandra Bay. Double arrows indicate sampling site.
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[4]. Although the aerobic decomposition of leaves is
quite rapid, and there are many local aerobic
decomposition areas in a mangrove community, the
dynamic tidal effects cause the leaves, as well as those
dissolved nutrients from the soil, to drift from the
system. Yet, despite this apparent nitrogen deficiency,
mangrove communities appear as 'jungle-like' forests
with an abundance of green healthy leaves.
Nitrogen-fixation studies of mangrove ecosystems are
scarce. However, this activity has been assumed to be
widespread in mangrove communities [2]. Bacterial
surveys of mangrove sediments have revealed several
unidentified diazotrophic bacteria such as:
sulfatereducing bacteria (numerically dominant),
purple photosynthetic bacteria, blue-green bacteria,
and aerobic or facultatively anaerobic heterotrophs. In
South Florida mangroves, the rate of root-associated
nitrogen-fixation was sufficient to supply much of the
nitrogen requirement for plant growth [2]. However,
the genera of the nitrogenfixing microbial community
associated with mangrove roots have not been defined.
The objectives of this study were: (i) to
demonstrate the presence of root-associated
diazotrophs in two mangrove species: Rhizophora
mangle and Avicennia germinans, present in a healthy,
nonpolluted mangrove community at Balandra Bay,
South Baja California, Mexico; (ii) to isolate and
identify these diazotrophs; and (iii) to make
preliminary, in vitro determinations of existing
interactions
between
diazotrophic
and
non-diazotrophic rhizosphere bacteria isolated from
mangrove roots.
3. MATERIAL AND METHODS
3.1. Study site
The mangrove system from which the samples
were taken is located in Balandra Bay (Fig. 1). This
mangrove community receives no fresh water and was
chosen because it is the least disturbed system of La
Paz Bay [5]. A community established in the intertidal
zone was chosen as the sampling site. Three mangrove
species were pre sent in all stages of development:
Rhizophora mangle L., red mangrove; Avicennia

germinans (L.) Stern, black mangrove; and
Laguncularia racemosa Gaertn., white mangrove.
3.2. Isolation of bacteria
Young mangrove plants of two species, R. mangle
and A. germinans were harvested from the study site
(Fig. 1, arrows) with the root-sediment ball intact.
These were returned to the laboratory, and the adherent
sediment was removed from the roots by rinsing the
root systems in serial baths of natural seawater. The
washed roots were cut into 3-cm segments, washed
again in serial baths of sterile natural seawater, and
suspended in 0.08 M phosphate buffer solution,
supplemented with 0.05 M NaCl, pH 7.2 (phosphate
buffer saline solution, PBS) for 3 min. These pieces
were then cut into even shorter segments (10 mm) and
placed in serum bottles (60 ml) containing 20 ml of
modified OAB semisolid (0.05% agar) nitrogen-free
medium [6]. OAB medium was further modified and
was used as an enrichment and growth medium (HGB).
This consisted of three components: (i) (g/890 ml of
distilled water, to prepare 1 liter of medium) NaCl,
20.0; MgS0 4· 7H20, 3.0; CaCl2, 0.02; DL-malic acid, 5.0;
NaOH, 3.0; yeast extract, 0.1; (ii) 10 ml of the
following stock solution was added to solution (i) and
autoclaved: (g/500 ml of distilled water) FeC13, 0.5;
NaMoO4· 2H2O, 0.1; MnS04, 0.105; H3BO3, 0.14;
CuC12· 2H2O, 0.0014; ZnSO4, 0.012; (iii) 100 ml of
PBS 0.39 M, pH 7.6, autoclaved separately and added
to the previous mixture after cooling. The final p H of
the HGB medium was 7.2. The inoculated bottles were
incubated for 5 days at 25 ± 2°C and tested for
nitrogenase activity by the acetylene reduction assay
[7].
High turbidity areas in bottles showing positive
acetylene reduction activity (ARA) were sampled and
the bacteria were spread on HGB medium and
incubated at 25 ± 2°C for 3 days. Thirteen different
colonial morphotypes were detected. To determine
whether these colonial morphotypes were truly
nitrogen-fixers, they were further tested for ARA.
Plates were spread from bottles which showed high
ARA until pure cultures were obtained. Two colonial
morphotypes were verified as diazotrophs: The
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conditions of growth and incubation were the same
throughout the purification procedure. A non-fixing
bacterium which was originally growing together
with the nitrogen-fixers was purified and grown in
nutrient agar (Merck) supplemented with 2% NaCl.
All isolates, including diazotrophs, were stored in
slants at 4°C for further characterization and
identification.
3.3. Characterization and identification of the
diazotrophic isolates
The cellular morphology of the pure isolates was
determined with light microscopy (Zeiss). The shape,
dimensions and motility of the bacteria, in addition to
their being Gram-negative, oxidase-positive and
capable of fermenting glucose, led to the assumption
that the two diazotrophs probably belonged to the
genus Vibrio. Therefore, standard biochemical tests
for this genus were performed as follows: (1)
catalase; (2) gas from D-glucose; (3) acid from: (i)
glucose, (ii) sucrose, (iii) lactose, (iv) rhamnose, and
(v) raffinose; (4) growth in 0%, 2% and 3% NaCl; (5)
reduction of NO 3 to NO 2 ; (6) Voges -Proskauer test;
(7) hydrolysis of gelatin; and (8) production of lipase
[8-12]. Species identification was done by FAME
analysis through gas chromatography of cell fatty acid
methyl esters that have a chain length between 9 and
18 carbons long [13]. FAME analysis was carried out
as a commercial service by Dr. J.W. Kloepper's
laboratory, Auburn University, Alabama, USA.
3.4. Determination of the type of interaction existing
between the nitrogen fixing bacteria and the nonfixing bacteria
The nitrogen-fixing isolates were grown in liquid
HGB medium for 12 h in 125-ml Erlenmeyer flasks
under agitation of 150 rpm at 25°C. One ml of culture
was inoculated in 60-ml serum bottles sealed with
cotton stoppers containing 13 or 15 ml of semi-solid
(0.05% agar) HGB medium and incubated at 25 ±
2°C for 48 h. The non-fixing isolate was cultured
separately in nutrient broth supplemented with 2%
NaCI (Merck). After 96 h, the culture was washed

three times at 4°C, 1700 X g for 12 min each time with PBS.
The optical density of the bacterial culture was adjusted to
1.8 at 540 nm with PBS, and the concentration of bacteria
was determined by the dilution plate count method on
nutrient agar (6 X 108/ml). Two ml of the bacterial
suspension were added to the bottles containing 14 ml of the
48-hour-old culture of the nitrogen-fixing isolates. Bottles
containing 16 ml of pure culture of diazotrophs were used
as control. All the bottles were incubated for an additional
72 h at the same temperature but without movement, after
which ARA was performed.
After the acetylene reduction assay, duplicate viable
plate c ounts of pure and mixed cultures were made: on solid
HGB medium for pure cultures, and on nutrient agar
supplemented with 2% NaCl for mixed cultures.
3.5. Acetylene reduction assay
The cotton stoppers of the serum bottles were replaced
with rubber stoppers, and 1 ml of air was removed from the
bottles with a syringe. One ml of acetylene (0.1 atm) was
injected into the bottles which were then incubated for 3 or
24 h. One ml samples were injected into the gas
chromatograph.
Ethylene analysis was accomplished by gas
chromatography using a Varian 6000 gas chromatograph
(Varian Instrument Group, USA) equipped with a hydrogen
flame ionization detector (FID). Instrument operating
conditions were as follows: a stainless-steel column 150 X
0.2 cm packed with Porapak N, 80/100, a column
temperature of 60°C, an injector temperature of 50°C, a
detector temperature of 200°C, N 2 carrier gas and H 2 at a
flow rate of 25 ml/min, and air flow rate of 300 ml/min. The
amount of ethylene was expressed as nmol ethylene per
time unit. In the case of L. anguillarum, the amount of
ethylene produced by a single cell was calculated by
dividing the total amount of ethylene produced per 16 ml of
culture, by the number of cells present in the culture (this
was calculated by the viable pla te count method).
3.6. Determination of oxygen concentration in the medium
The oxygen concentration was measured in pure and
mixed cultures immediately after measuring the ARA

with an oxygen meter, nodel 54 ARC (Yellow
Springs Instruments, USA) equipped with an
oxygen probe, model 5775. As the probe did not
fit into the serum bottles, the bacterial suspension
was carefully transferred to 20-ml vials. No air
was allowed between probe and the suspension.
The amount of oxygen incorporated into the
suspension after transferring, was found to be
unsignificant (data not presented).
3.7. Determination of soluble organic nitrogen
Samples were taken of mangrove seawater and
of the sediment surrounding the roots. Ten ml of

sediment were diluted in 100 ml of seawater, agitated
for 5 min and allowed to settle. The supernatant was
decanted. Both the seawater and the supernatant
obtained after washing the sediment were filtered
separately until the water appeared transparent.
Ammonia and soluble organic nitrogen in mangrove
sediment and seawater, were determined as described
by Strickland and Parsons [14].
3.8. Experimental design and statistical analysis
Treatments were replicated three times and
experiments were carried out at least twice. Results
presented are the means of all replicates. Significance
between treatments was determined by Student's t-test
analysis at P ≤ 0.05. The acetylene reduction assay for
the enrichment culture was performed once with 5
replicates and the analysis is presented as standard
error.

4. RESULTS
4.1. Isolation of nitrogen fixing bacteria from
mangrove roots
The assay showed high acetylene reduction activity
in all the enrichment cultures (Table 1.) After
spreading on agar plates, seven different colony types
were obtained from A. germinans and six from R.
mangle. Of all the colonies tested, two exhibited ARA
(one from each mangrove species), although the values
were lower than for the original enrichment cultures
(Table 1). These two putative N2 -fixers were plated
again and subsequently purified. They were named
BALRHI 9010 (isolated from Rhizophora roots) and
BALAVI9010 (from Avicennia roots). During these
purification processes the cultures gave rise to a
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different colony type which showed no
nitrogenase activity. This isolate, BALRA9010,
was isolated from the roots of both mangrove
species. The pure nitrogen-fixing isolates
exhibited no ARA after 3 h and were therefore
incubated another 24 h until ARA was detected
(Table 1). The soluble organic nitrogen in
mangrove seawater and washed sediment was
found to be 6.3 µg N/1 and 6.7 µg N/1,
respectively. The ammonia was found to be 3.8
µg/l in mangrove seawater and 5 µg/1 in the
sediment.
4.2. Characterization and identification of the
bacterial isolates
BALAV19010 and BALRH19010 were
characterized by standard biochemical tests
(Table 2). The cellular morphology and colonial
morphotype of the two diazotrophic isolates
and the non-fixing isolate were as follows: cells
of the isolate BALAV19010 were straight rods,
motile, 1-2 µm in length X 0.5 ± 0.2 µm in
diameter, grouped in pairs but mostly occurring
singly. The colonies grown on solid HGB
medium were transparent, 1-2 mm in diameter,
irregular and glistening. It formed aggregates in
liquid nitrogen-free medium, and was identified

as Vibrio campbellii in FAME analysis with a match
of 0.4 and a difference from the second choice of more
that 0.1; these results mean the identification can be
accepted as accurate with reasonable assuredness.
Cells of the isolate BALRH19010 were: straight or
curved rods, motile, 1-2 µm in length x 0.6 ± 0.2 µm
in diameter, grouped in pairs but mostly occurring
singly. The colonies grown in HGB medium were
transparent, 1-2 mm in diameter, irregular and
glistening. It was identified as Lis tonella anguillarum
in FAME analysis with a match of 0.55 and a
difference from the second choice of more than 0.1;
these results make the identification accurate with
reasonable assuredness.
The two species of diazotrophs are, in fact, closely
related, even if they are currently considered to belong
to two different genera (see DISCUSSION).
Cells of BALRA9010 were Gram-positive cocci
occurring singly, in pairs, in tetrads and in clusters.
Colonies grown on nutrient agar + 2% NaCl were
cream colored, 0.5-1.0 mm in diameter, circular, entire
and glistening. BALRA9010 showed no ARA and was
identified as a species belonging to the genus
Staphylococcus in FAME analysis. The match
obtained (0.3 with a difference of less than 0.1 from

Fig. 2. (A) Percentage of et hylene produced per 16 ml of culture of L. anguillarum in 24 h. Numbers above the bars represent the amount of
ethylene produced by the corresponding culture expressed in nanomoles per 24 h (A), and per cell (B). (C) Percentage of ethylene produced
per 16 ml of culture of V. campbellii in 24 h. !, pure cultures; ', mixed cultures with the non-N2-fixing bacteria. The amount of ethylene
produced by the control was considered to be 100%. Results are the means of three identical experiments. Bars denoted by a different letter
differ significantly at a confidence interval of 95% (Student's t-test).
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the second choice) was not sufficient for identification
at the species level.
4.3. Determination of the type of interaction existing
between
the
nitrogen
fixing
species
and
Staphylococcus sp.
When Staphylococcus sp. was grown in mixed
culture with Listonella anguillarum, the ARA
increased 17% over the control (Fig. 2A). ARA per
cell in mixed culture was calculated based on viable
counts and showed an increase of 22% over control
(Fig. 2B). The bacterial counts showed the population
of L. anguillarum to be similar in both mixed (1.83 X
108 /ml) and pure cultures (1.75 X 108 /ml). When
Staphylococcus sp. was grown in mixed culture with
V. campbellii, the ARA of the mixed culture was
lower than that of the control (Fig. 2C). It was not
possible to make bacterial counts of V. campbellii
because it forms massive aggregates when grown in a
N-free medium. Mild sonication to disrupt the
aggregates was not tested because it is not known how
such procedures affect cell viability. Thus, the amount
of ethylene produced per bacterial cell was not
calculated.
When Staphylococcus sp. was grown in a mixed
culture with V. campbellii the decrease in oxygen
concentration was significant. However, when it was
grown in a mixed culture with L. anguillarum, the

decrease in oxygen was not significant (Fig. 3). No
growth of Staphylococcus sp. was detected in
nitrogen-free medium or in nutrient agar supplemented
with 2% NaCl when the mixed cultures were streaked
on the agar plates for performing bacterial counts.
However, it was possible to count it on nutrient agar
(2% NaCl) when grown in pure culture.

5. DISCUSSION
The high ARA shown by the enrichment cultures of
roots showed that there were root-associated,
nitrogen-fixing bacteria in mangrove roots. Zuberer
[2] found 5-20 µg NH4 /1 in mangrove seawater and
traces of nitrate and nitrite. Balandra Bay seawater and
sediments had similar values, far below the 40-160 µg
NH4 /g reported as inhibitory to nitrogenase activity.
Where mangroves grow, the availability of nitrogen in
seawater and sediment is apparently poor. In our
study, the presence of root-associated, nitrogen-fixing
bacteria in mangrove roots may give a clue to the
well-being of the tested community. N2 -fixation in
mangrove communities has been suggested to be
significant to the well-being of a mangrove system,
especially in areas of limited nitrogen [2].
N2 fixation has been reported in vibrios [12] as well
as in some marine vibrios [15,16]. However

Fig. 3. Oxygen Concentration (mg/ml) in !pure and 'mixed cultures. Bars denoted by a different letter differ significantly at
P ≤ 0.05 (Student's t-test).
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this ability has not been reported for V.
campbellii or L. anguillarum [17]. Listonella
anguillarum appears as Vibrio anguillarun in
Bergey's Manual of Systematic Bacteriology
(1984) [17]. Later, Nearhos and Fuerst [18]
proposed the incorporation of V. anguillarum
into the new genus Listonella.
V. anguillarum is a pathogen of marine fishes
and eels and a major cause of disease in fish
culture [17]. V. campbellii is better known as a
pathogen for shellfish. Its presence in high
numbers is considered a potential public health
hazard in Hong Kong and other sub-tropical
Asian countries [19]. This study shows these
species as also having the ability to fix nitrogen
under aerobic conditions. While the strains of V.
campbellii and L. anguillarum obtained from the
rhizosphere of mangroves appear to be beneficial
to the mangroves of our study, it is still unclear
whether they are pathogenic to the fish and
shellfish.
Bacteria
belonging
to
the
genus
Staphylococcus have been found attached to
leaves, rhizomes and roots of the seagrass
Halophila ovalis [20]. Members of the same
bacterial genera have been isolated from marine
and estuarine surface water samples [21] and
cause disease in cultured fish. It has also been
shown that these isolates are different from
human isolates [22]. Staphylococcus sp. has been
isolated from shrimp as well [23].
During the purification procedure, we
observed a decrease in ARA. This phenomenon
has already been reported for terrestrial
diazotrophs [24-27]. In some cases, ARA was
completely lost. A possible explanation may be
the need for different bacteria to associate in
order to create suitable conditions for N2 fixation
[25]. It has been speculated that dinitrogen-fixers
grow best in the presence of other heterotrophic
bacteria which may stimulate the nitrogen-fixers
by physical and/or biochemical activities, thus
receiving the required N compounds from the
dinitrogen-fixers
[28].
Alternatively,
this
association may reduce the oxygen tension in the
medium, thus facilitating N2 -fixation. With
Azospirillum, N2 fixation has been found to be
highest at low oxygen concentrations [29]. We

demonstrated that the non-fixing bacteria increased the
nitrogen-fixing
capacity of L. anguillarum when grown in mixed
culture. However, we obtained this increase in
N2 -fixation in spite of the non-significant decrease in
oxygen tension of the mixed culture.
N2 -fixation by V. campbellii, was reduced in the
presence of the non-fixer. The lowering of the oxygen
tension in the mixed culture did not result in an
increase in the nitrogen-fixing efficiency as expected.
The aggregative nature of V. campbellii when grown
in N-free medium restricted us from making direct
bacterial counts; consequently, we were unable to
determine if the reduction in the ARA values was an
outcome of a decrease in the concentration of either
fixing or non-fixing bacteria in the mixed culture. This
reduction was not apparent in the ARA values
obtained for the enrichment culture. There are
infinitely more bacterial species for the diazotrophs to
interact with, therefore it is possible to hypothesize the
existence of both positive and negative interactions for
N2 -fixation in the mangrove rhizosphere.
This study was restricted to diazotrophs capable of
utilizing malate as sole carbon source. By diversifying
the carbon source, or by using a combined carbon
source medium [30], other diazotrophs may be
discovered and their potential interaction with each
other should be studied.
We conclude that (i) other rhizosphere bacterial
species, apart from the common diazotrophic species,
should be evaluated for their contribution to the
nitrogen-fixation process in mangrove communities;
and (ii) the nitrogen-fixing activity that takes place in
the rhizosphere of mangrove plants is probably not the
result of individual nitrogen-fixing strains, but the sum
of the interactions between members of the
rhizosphere community.
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