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Abstract

Mangrove seedlings were treated with a mixture of two bacterial species, the slow-growing, N2-fixing bacterium Phyllobacterium sp. and
the fast-growing, phosphate-solubilizing bacterium Bacillus licheniformis, both isolated from the rhizosphere from black, white, and red
mangroves of a semiarid zone. Nitrogen fixation and phosphate solubilization increased when the mixture was used compared to the effects
observed when adding individual cultures, notwithstanding that there was no increase in bacterial multiplication under these conditions.
Inoculation of black mangrove seedlings in artificial seawater showed the mixture performed somewhat better than inoculation of the
individual bacterium; more leaves were developed and higher levels of 15N were incorporated into the leaves, although the total nitrogen
level decreased. This study demonstrates that interactions between individual components of the rhizosphere of mangroves should be
considered when evaluating these bacteria as plant growth promoters. ß 2001 Federation of European Microbiological Societies.
Published by Elsevier Science B.V. All rights reserved.
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1. Introduction

Sediment and rhizosphere microorganisms are the major
biological components that contribute to the productivity
of mangroves [1^6]. Because of diverse microbial activity,
mangrove ecosystems are one of the three most productive
ecosystems known, along with rain forests and coral reefs
[7]. Yet, mangroves are alarmingly and systematically
being deforested, similarly to rain forests [8,9]. To aid in
the reforestation of mangroves, inoculation of the seed-
lings with plant growth-promoting bacteria (PGPBs) has
been suggested [10,11,12], similarly to what has been done
in agriculture [13^16] and temperate forestry [17].

At the present time, little is known about the PGPBs
and their mechanisms and interactions that are normally
associated with mangroves. Previous work on PGPBs that
interact with mangroves includes the observation that the
diazotrophic cyanobacteria Microcoleus chthonoplastes im-
proved N2 ¢xation [12] and nitrogen incorporation in

black mangrove seedlings [10]. In addition, the terrestrial
halotolerant bacterium Azospirillum halopraeferens [18]
and halotolerant Azospirillum brasilense Cd [19] can suc-
cessfully colonize black mangrove roots in seawater [11].
More recently, several potential PGPBs of mangrove ori-
gin (i.e. Bacillus licheniformis, M. chthonoplastes, Phyllo-
bacterium myrsinacearum, Vibrio aestuarianus, and Vibrio
proteolyticus [12,20]) were shown to promote the growth
of the annual, potential oilseed seaweed Salicornia bigelo-
vii, which shares the semiarid mangrove ecosystem with
the trees [21].

In agricultural and forestry inoculation practices, mix-
ing of two or more microbial species often has a more
positive e¡ect on plant growth than the use of a single
bacterium [22^28].

The interaction of N2-¢xing bacteria with other bacteria
can inhibit or promote their diazotrophic activity [29,30].
The degradation of cellulose by Cellulomonas sp. provided
Azospirillum sp. with a usable carbon source to obtain
energy for N2 ¢xation. The contribution of Azospirillum
to Cellulomonas is ¢xed nitrogen [31]. The association be-
tween di¡erent Azospirillum species and N2-¢xer Bacillus
polymyxa enhanced the N2-¢xing activity of the mixed
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culture compared to the pure culture of each bacterium.
Azospirillum bene¢ted from the products that are released
from the degradation of pectin by B. polymyxa [32]. The
N2-¢xing activity of A. brasilense Cd increased signi¢-
cantly when grown in mixed culture with the mangrove
rhizosphere bacterium Staphylococcus sp., releasing as-
partic and succinic acids into the growth medium [19].
Apart from the increase in N2 ¢xation when the mangrove
N2-¢xer Listonella anguillarum was grown together with
Staphylococcus sp. [33], other interactions of potential
mangrove PGPBs among themselves and their e¡ect on
plant growth are unknown.

The aim of this study was to explore the possible inter-
actions in vitro of two potential mangrove PGPBs; the
N2-¢xing Phyllobacterium sp. and the phosphate-solubiliz-
ing bacterium B. licheniformis.

2. Materials and methods

2.1. Organisms and growth conditions

Phyllobacterium sp. was isolated according to Holguin
et al. [33] from the rhizosphere of semiarid black (Avicen-
nia germinans), white (Laguncularia racemosa), and red
(Rhizophora mangle) mangrove seedlings from Laguna de
Balandra, Baja California Sur, Mexico. Its nitrogen-¢xing
capacity was assessed as described by Holguin et al. [33].
This bacterium was characterized using both fatty acid
methyl ester analysis and 16S rRNA by a commercial
service (Acculab, Newark, DE, USA). Although the anal-
yses indicate this bacteria is probably Phyllobacterium ru-
biacearum or P. myrsinacearum, it did not produce nodules
on leaves, ¢x atmospheric nitrogen, and its habitat is sea-
water. These characteristics do not ¢t the species descrip-
tion, but it did show star clusters, and its colonies and
cellular characteristics do ¢t the genus description
[34,35]. Therefore, we chose to cite this strain as Phyllo-
bacterium sp. B. licheniformis, originally isolated from
black and white mangroves with a phosphate solubiliza-
tion capacity of 325 mg P l31, was obtained from the CIB
culture collection. It was puri¢ed and characterized in a
previous study [20]. Both of the above bacterial species
were maintained for routine use in 30% glycerol (v/v)
and stored in modi¢ed SRSM2 medium for B. lichenifor-
mis [20] and N-free medium for Phyllobacterium sp. at
either 340 þ 3³C or in liquid nitrogen.

Black mangrove propagules were collected from Laguna
de Balandra, Baja California Sur, Mexico [36,37]. They
were treated and inoculated with the bacteria as previously
described [10,12].

All experiments were done in vitro. Bacteria were grown
in unba¥ed Erlenmeyer £asks on an environmentally
controlled rotary shaker at 150 rpm (B. licheniformis),
or without agitation (Phyllobacterium sp.) at 30 þ 1³C.
Three culture media were used; (i) both liquid and solid

minimal medium SRSM2 [20] supplemented with 1.1 g
K2HPO4W3H2O l31 (Sigma), (ii) N-free minimal medium
for marine bacteria containing (g l31) : 0.075,
K2HPO4W3H2O; 0.028, FeSO4W7H2O; 1.25, malic acid;
1.25, citric acid; 2, D-glucose; 2, D-mannitol ; 1, myo-ino-
sitol ; 23.4, NaCl; 1.5, KCl; 24, MgSO4W7H2O; 2.9,
CaCl2W2H2O; 10 ml glycerol ; (Wg l31) 0.01, biotin; 0.02,
pyridoxine; 0.4, Na2MoO4W2H2O; 4.7, MnSO4WH2O; 0.56,
H3BO3 ; 0.16, CuSO4W5H2O; 0.048, ZnSO4W7H2O (Hol-
guin, G., 1997; Technical report for Consejo Nacional
de Ciencia y Tecnologia, Mexico), and (iii) ¢ltered sea-
water [11]. Incubation times varied according to the ex-
periment; up to 5 days for phosphate and nitrogen ¢xa-
tion tests, 5 days for cultures containing mangrove
seedlings for acetylene-reduction assay, and 26 days for
cultures containing mangrove seedlings (7 cm tall) for total
nitrogen content and 15N abundance.

Bacterial counts were done by the Plate Count Method
[38] on Nutrient Broth medium (Difco) supplemented with
2% NaCl.

2.2. Analyses

Nitrogen ¢xation was measured by the acetylene-reduc-
tion assay using gas chromatography after 48 h of mixed
incubation as shorter periods showed negligible values
[33]. Root surface area was measured using the calcium
nitrate gravimetric method [39]. Total nitrogen was mea-
sured by an automatic micro-Kjeldahl procedure after di-
gestion (Digestion System 12.1009, and Kjeltec Auto 103
analyzer, Tecator, Ho«gana«s, Sweden). Abundance of 15N
in the sample was measured by Isochrom Continuous
Flow, Stable Isotope Mass Spectrometer (Micromass,
Manchester, UK) according to standard methods [40]
and expressed as 15N in parts per thousand (N) as previ-
ously described [10]. Phosphate solubilization was done
using a modi¢cation of the method of Vazquez et al.
[20] as follows: B. licheniformis was grown on SRSM2
solid medium for 24 h and Phyllobacterium sp. for 120 h
on N-free medium. All colonies were aseptically scraped
from the agar surface, each suspended in 1 ml of 2% NaCl,
and the number of colony-forming units (cfu) ml31 deter-
mined. The two cultures were then mixed and inoculated
into 25 ml of natural seawater [11] supplemented with 5 g
l31 tribasic calcium phosphate (Sigma) and incubated
under agitation of 150 rpm at 28³C for an additional
120 h. Three-ml samples from this culture were centrifuged
at 14 000Ug for 3 min. The supernatant (2.5-ml samples)
was collected and diluted to 25 ml with distilled water.
Phosphate analysis was done according to standard meth-
ods of water analysis [41] as modi¢ed by the Hach Co.
(CO, USA) using a Hach DR2000 spectrophotometer
(Hach program # 480) at 430 nm. Light microscopy of
freshly mounted cultures and spore staining (methylene
blue) were done by using a Zeiss (Germany) light micro-
scope (U1000).
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Fig. 1. Growth curves of Phyllobacterium sp. and B. licheniformis in pure and mixed cultures. (A) Minimal medium SRSM2, (B) N-free minimal me-
dium, (C) seawater. Points denoted by a di¡erent lower case letter for each bacterial growth curve separately di¡er signi¢cantly at P90.05 by one-way
ANOVA. Points in each sampling time denoted by di¡erent capital letter in each sub¢gure separately di¡er signi¢cantly at P90.05 by the Student's
t-test. Bars represent S.E.M. The absence of S.E.M. means that it is smaller than the point. (D) Appearance and disappearance of spores of B. licheni-
formis during growth in di¡erent culture media.

Fig. 2. (A) Nitrogen ¢xation (acetylene reduction) of bacterial cultures inoculated with the N2-¢xing bacteria Phyllobacterium sp. alone or mixed with
the phosphate-solubilizing bacteria B. licheniformis. (B) Phosphate solubilization of B. licheniformis cultures alone or together with Phyllobacterium sp.
Columns denoted by a di¡erent letter, in each sub¢gure, di¡er signi¢cantly at P90.05 by one-way ANOVA. Number above each column represents the
bacterial population in cfu ml31. Bars represent S.E.M. Absence of S.E.M. indicates minimal S.E.M.
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2.3. Experimental design and statistical analysis

All experiments were done in 10 replicates using an
Erlenmeyer £ask (for bacteria) or ¢ltration £ask contain-
ing one mangrove seedling as a replicate. All experiments
were repeated 2^3 times. Analysis of 15N was done once.
Results were analyzed using one-way Analysis of Variance
(ANOVA) or by the Student's t-test, both at P9 0.05,
using Statistica software (StatSoft, Tulsa, OK, USA).

3. Results

3.1. Growth of Phyllobacterium sp. and B. licheniformis in
mixed cultures

Light microscopy revealed that when the two bacterial
species were grown on solid medium they formed one
morphotype colony containing both species, whereas on
liquid medium they grew as separate cells. Thus, the

counts on solid medium of mixed cultures done in this
study could not distinguish between the di¡erent popula-
tions.

On minimal medium having a soluble P source, the fast
grower B. licheniformis maintained its population in the
¢rst 72 h, then gradually the population decreased. The
mixed population increased bacterial population in the
¢rst 24 h, and then decreased (Fig. 1A). Phyllobacterium
sp., a slow grower, continued its growth for 120 h when
grown alone in N-free medium (having a soluble P
source). In mixed culture on this medium, a similar de-
crease in population occurred as with the previous me-
dium (Fig. 1B). In seawater, after an initial decrease in
their populations, both bacterial species increased their
population over time as did the mixed population, approx-
imately to their initial level. The decrease in the mixed
population observed in the previous two media was not
apparent (Fig. 1C).

Phyllobacterium sp. cells did not change their morphol-
ogy in culture whether alone or in a mixture. However,

Fig. 3. Total nitrogen content of black mangrove seedlings inoculated with the N2-¢xing bacteria Phyllobacterium sp. alone or mixed with the phos-
phate-solubilizing bacteria B. licheniformis (A^C). 15N accumulation in the same plants (D^F). Columns denoted by a di¡erent letter, in each sub¢gure,
di¡er signi¢cantly at P90.05 by one-way ANOVA. Bars represent S.E.M. Absence of a bar above a column indicates minimal S.E.M.
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cells of the fast-growing B. licheniformis produced spores
that appeared at di¡erent incubation times depending on
the medium. In pure culture in minimal medium, endo-
spores were observed after 72 h of incubation. In seawater,
endospores were found within the ¢rst 24 h, and older
cultures consisted almost exclusively of spores. A mixed
culture in seawater resembled pure cultures in seawater.
First there was spore formation but di¡erent from the
pure culture. After 120 h there was massive reappearance
of vegetative cells (Fig. 1D).

3.2. Nitrogen ¢xation, phosphate solubilization, and
nitrogen accumulation in seedlings inoculated with
mixed cultures

Acetylene reduction of mixed cultures revealed that
Phyllobacterium sp. ¢xes twice the amount of nitrogen
than when it is in pure culture (Fig. 2A). Similarly, phos-
phate solubilization by B. licheniformis increased signi¢-
cantly in mixed as compared to monocultures (Fig. 2B).
Black mangrove seedlings inoculated with either pure or
mixed cultures showed similar levels of nitrogen ¢xation
(10.7 nmol ethylene per plant per 7 days). All inoculation
treatments reduced the nitrogen content in the leaves,
stems, and roots of the plants (Fig. 3A^C). The 15N con-
tent in the plant leaves and stems was signi¢cantly higher
in mixed culture than in uninoculated plants (Fig. 3D^F).

3.3. Root colonization and the e¡ect of inoculation on black
mangrove seedlings

All inoculations signi¢cantly increased the number of
true leaves of black mangrove seedlings over the uninocu-
lated control ; however, there was no signi¢cant di¡erence

among the inoculation treatments (Fig. 4). None of the
inoculations had any e¡ect on the root surface area of
the seedlings. Root colonization of the seedlings was at
a level of 2U104 cfu g31 dw. root for both pure cultures
and 1U105 cfu g31 dw. root for the mixed culture. We
could not di¡erentiate between the two bacterial species as
they grew as one mixed colony on the root surface.

4. Discussion

Semiarid mangrove forests thrive in lagoons that are
lacking sources of both dissolved phosphorus and nitrogen
[5,20], essential growth elements for any plant species. Ni-
trogen ¢xation is a well documented phenomenon that
must be present in any mangrove ecosystem [42^47]. Sev-
eral species of N2-¢xing mangrove root-associated bacteria
were isolated and identi¢ed [33,37].

Many species of microorganisms can solubilize phos-
phate under marine environments. Phosphate-solubilizing
bacteria can be found in the water column [48], in the
rhizosphere of the seaweed Zostera marina [49], and asso-
ciated with white and black mangroves [20]. Their number
can be as high as 107 cfu g31 sediment [50]. At present, the
interactions, if any, between mangrove root-associated N2-
¢xing bacteria and phosphate-solubilizing bacteria and
plants are unknown.

We showed that when two species of mangrove-associ-
ated bacteria are mixed in vitro in a culture medium or in
seawater, they a¡ect each other's metabolism. When
grown in culture medium, the two populations, after keep-
ing a steady state for 24 and 72 h, declined probably
because of nutrient exhaustion. When the mixture was
grown in seawater, this did not happen and the mixture
then had an advantage over single cultures. Although one
may expect nutrient exhaustion to be more apparent in
seawater, seawater would appear to be a better culture
medium for this marine diazotrophic bacteria than the
N-free medium used in his study.

The two bacterial species, originally isolated from the
same tree, mutually a¡ect one another's metabolism in
mixed cultures in vitro. Nitrogen ¢xation increased in
the N2-¢xing bacterium Phyllobacterium sp., and phos-
phate solubilization increased in B. licheniformis. The ef-
fect of mixed inoculation on black mangrove seedlings was
moderate. The average number of true leaves in the seed-
lings increased as did the incorporation of 15N into the
leaves and stem tissues. This indicates a direct transfer
of nitrogen from the N2-¢xing bacterium to the plant,
similar to that which occurred when the diazotrophic cy-
anobacterium M. chthonoplastes was inoculated on black
mangrove seedlings [10,12]. However, the total nitrogen
content of the plant decreased. We might speculate that
the supply of nitrogen by the N2-¢xing bacterium was
insu¤cient to keep pace with the increased growth of
the seedling (from 9.5 to 10 cm tall in 26 days) and to

Fig. 4. E¡ect of inoculation with the N2-¢xing bacteria Phyllobacterium
sp. and the phosphate-solubilizing bacteria B. licheniformis alone or to-
gether on the number of true leaves developed by the seedlings. Col-
umns denoted by a di¡erent letter di¡er signi¢cantly at P9 0.05 by one-
way ANOVA. Bars represent S.E.M.
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supply the requirements of the phosphate-solubilizing B.
licheniformis.

In sum, we showed that bacterial species, each with a
potential as a PGPB, can interact when mixed and their
metabolism is a¡ected. Though the black mangrove rhizo-
sphere and aerial roots are heavily colonized by numerous
bacteria and other protista [37], it is premature to spec-
ulate whether the e¡ects that were detected also occur in
the rhizosphere, and if so at what magnitude.

Acknowledgements

Y.B. participated in this study in memory of the late
Mr. Avner and Mr. Uzi Bashan from Israel. We thank
Mr. Alejandro Amador for his technical help in isolating
the bacterial strains, Miss Patricia Vazquez, Mr. Juan-Pa-
blo Hernandez, Mr. Manuel Moreno, and Mrs. Esther
Puente for valuable technical comments and laboratory
help, Mr. Ariel Cruz for gas chromatography, Mrs. Sonia
Rocha for nitrogen analysis, Mr. Bill Mark for 15N anal-
ysis, and Dr. Ellis Glazier for editing the English text. This
study was supported by Consejo Nacional de Ciencia y
Tecnolog|̈a (CONACyT), Mexico, contracts # 26262-B
and # 28362-B, by the Bashan Foundation (to Y.B.) and
by the Natural Science and Engineering Research Council
of Canada (to B.R.G.).

References

[1] Alongi, D.M. (1994) The role of bacteria in nutrient recycling in
tropical mangrove and other coastal benthic ecosystems. Hydrobio-
logia 285, 19^32.

[2] Alongi, D.M., Boto, K.G. and Tirendi, F. (1989) E¡ect of exported
mangrove litter on bacterial productivity and dissolved organic car-
bon £uxes in adjacent tropical nearshore sediments. Mar. Ecol. Prog.
Ser. 56, 133^144.

[3] Bano, N., Nisa, M.U., Khan, N., Saleem, M., Harrison, P.J., Ahmed,
S.I. and Azam, F. (1997) Signi¢cance of bacteria in the £ux of or-
ganic matter in the tidal creeks of the mangrove ecosystem of the
Indus river delta, Pakistan. Mar. Ecol. Prog. Ser. 157, 1^12.

[4] Holguin, G. and Bashan, Y. (2001) La importancia de los manglares
y su microbiolog|̈a para el sostenimiento de las pesquerias costeras.
In: Agricultural Microbiology for the 21st Century (Ferrera-Cerrato,
R. and Alarcon, A., Eds.), Published by Mundi Prensa, Mexico City
(in press).

[5] Holguin, G., Bashan, Y., Mendoza-Salgado, R.A., Amador, E., Tol-
edo, G., Vazquez, P. and Amador, A. (1999) La microbiologia de los
manglares, bosques en la frontera entre el mar y la tierra. Cienc.
Desarro. 25 (144), 26^35.

[6] Holguin, G., Vazquez, P. and Bashan, Y. (2001) The role of sediment
microorganisms in the productivity, conservation, and rehabilitation
of mangrove ecosystems: An overview. Biol. Fertil. Soils (in press).

[7] Bunt, J.S. (1992) Introduction. In: Tropical Mangrove Ecosystems
(Robertson, A.I. and Alongi, D.M., Eds.), pp. 1^6. American Geo-
physical Union, Washington, DC.

[8] Lacerda, L.D., Conde, J.E., Bacon, P.R., Alarcon, C., Alvarez-Leon,
R., D'Croz, L.D., Kjerfve, B., Polania, J. and Vannucci, M. (1993)
Ecosistemas de manglar de America Latina y el Caribe: sinopsis. In:
Conservacion y Aprovechamiento Sostenible de Bosques de Manglar

en las Regiones America Latina y Africa (Lacerda, L.D. and Polania,
J., Eds.), pp. 1^38. International Tropical Timber Organization and
International Society for mangrove Ecosystems, Okinawa.

[9] Twilley, R.R., Pozo, M., Garcia, V.H., Rivera-Monroy, V.H., Zam-
brano, R. and Bodero, A. (1997) Litter dynamics in riverine man-
grove forests in the Guayas River Estuary, Ecuador. Oecologia 111,
109^122.

[10] Bashan, Y., Puente, M.E., Myrold, D.D. and Toledo, G. (1998) In
vitro transfer of ¢xed nitrogen from diazotrophic ¢lamentous cyano-
bacteria to black mangrove seedlings. FEMS Microbiol. Ecol. 26,
165^170.

[11] Puente, M.E., Holguin, G., Glick, B.R. and Bashan, Y. (1999) Root-
surface colonization of black mangrove seedlings by Azospirillum
halofraeferens and Azospirillum brasilense in seawater. FEMS Micro-
biol. Ecol. 29, 283^292.

[12] Toledo, G., Bashan, Y. and Soeldner, A. (1995) In vitro colonization
and increase in nitrogen ¢xation of seedling roots of black mangrove
inoculated by a ¢lamentous cyanobacteria. Can. J. Microbiol. 41,
1012^1020.

[13] Bashan, Y. and Holguin, G. (1997) Azospirillum^plant relationships:
environmental and physiological advances (1990^1996). Can. J. Mi-
crobiol. 43, 103^121.

[14] Glick, B.R. (1995) The enhancement of plant growth by free-living
bacteria. Can. J. Microbiol. 41, 109^117.

[15] Glick, B.R., Patten, C.L., Holguin, G. and Penrose, D.M. (1999)
Biochemical and Genetic Mechanisms used by Plant Growth-Promot-
ing Bacteria. Imperial College Press, London.

[16] Hallmann, J., Quadt-Hallmann, A., Mahafee, W.F. and Kloepper,
J.W. (1997) Bacterial endophytes in agricultural crops. Can. J. Micro-
biol. 43, 895^914.

[17] Chanway, C.P. and Holl, H.B. (1992) In£uence of soil biota on
Douglas-¢r (Pseudotsuga menziesii) seedling growth: the role of rhi-
zosphere bacteria. Can. J. Bot. 70, 1025^1031.

[18] Reinhold, B., Hurek, T., Fendrik, I., Pot, B., Gillis, M., Kersters, K.,
Thielemans, S. and De Ley, J. (1987) Azospirillum halopraeferens sp.
nov., a nitrogen-¢xing organism associated with roots of Kallar grass
(Leptochloa fusca) (L.) Kunth.. Int. J. Syst. Bacteriol. 37, 43^51.

[19] Holguin, G. and Bashan, Y. (1996) Nitrogen-¢xation by Azospirillum
brasilense Cd is promoted when co-cultured with a mangrove rhizo-
sphere bacterium (Staphylococcus sp.). Soil Biol. Biochem. 28, 1651^
1660.

[20] Vazquez, P., Holguin, G., Puente, M.E., Lopez-Cortes, A. and Ba-
shan, Y. (2000) Phosphate-solubilizing microorganisms associated
with the rhizosphere of mangroves growing in a semiarid coastal
lagoon. Biol. Fertil. Soils 30, 460^468.

[21] Bashan, Y., Moreno, M. and Troyo, E. (2000) Growth promotion of
the seawater-irrigated oilseed halophyte Salicornia bigelovii inoculat-
ed with mangrove rhizosphere bacteria and halotolerant Azospirillum
spp.. Biol. Fertil. Soils 32, 265^272.

[22] Alagawadi, A.R. and Gaur, A.C. (1992) Inoculation of Azospirillum
brasilense and phosphate-solubilizing bacteria on yield of (Sorghum
bicolor (L.) Moench) in dry land. Trop. Agric. 69, 347^350.

[23] Belimov, A.A., Kojemiakov, P.A. and Chuvarliyeva, C.V. (1995) In-
teraction between barley and mixed cultures of nitrogen ¢xing and
phosphate-solubilizing bacteria. Plant Soil 173, 29^37.

[24] Del Gallo, M. and Fabbri, P. (1991) E¡ect of soil organic matter on
chickpea inoculated with Azospirillum brasilense and Rhizobium legu-
minosarum bv. ciceri. Plant Soil 137, 171^175.

[25] Elshanshoury, A.R. (1995) Interactions of Azotobacter chroococcum,
Azospirillum brasilense and Streptomyces mutabilis, in relation to their
e¡ect on wheat development. J. Agron. Crop Sci. 175, 119^127.

[26] Flouri, F., Sini, K. and Balis, C. (1995) Interactions between Azospir-
illum and Phialophora radicicola. NATO ASI Ser. G-37, 231^237.

[27] Hassouna, M.G., Hassan, M.T. and Madkour, M.A. (1994) In-
creased yields of alfalfa (Medicago sativa) inoculated with N2-¢xing
bacteria and cultivated in a calcareous soil of Northwestern Egypt.
Arid Soil Res. Rehabil. 8, 389^393.

FEMSEC 1217 29-3-01

A. Rojas et al. / FEMS Microbiology Ecology 35 (2001) 181^187186



[28] Navale, A.M., Shinde, D.B., Vaidya, B.R. and Jadhav, S.B. (1995)
E¡ect of Azotobacter and Azospirillum inoculation under graded lev-
els of nitrogen on growth and yield of sugarcane (Saccharum o¤ci-
narum). Indian J. Agron. 40, 665^669.

[29] Drozdowicz, A. and Ferreira Santos, G.M. (1987) Nitrogenase activ-
ity in mixed cultures of Azospirillum with other bacteria. Zent.bl.
Mikrobiol. 142, 487^493.

[30] Isopi, R., Fabbri, P., Del Gallo, M. and Puppi, G. (1995) Dual
inoculation of Sorghum bicolor (L.) Moench ssp. bicolor with vesicu-
lar arbuscular mycorrhizas and Acetobacter diazotrophicus. Symbiosis
18, 43^55.

[31] Halsall, D.M. and Gibson, A.H. (1989) Nitrogenase activity of a
range of diazotrophic bacteria on straw, straw breakdown products
and related compounds. Soil Biol. Biochem. 21 (2), 291^298.

[32] Khammas, K.M. and Kaiser, P. (1992) Pectin decomposition and
associated nitrogen ¢xation by mixed cultures of Azospirillum and
Bacillus species. Can. J. Microbiol. 38, 794^797.

[33] Holguin, G., Guzman, M.A. and Bashan, Y. (1992) Two new nitro-
gen-¢xing bacteria from the rhizosphere of mangrove trees, isolation,
identi¢cation and in vitro interaction with rhizosphere Staphylococcus
sp.. FEMS Microbiol. Ecol. 101, 207^216.

[34] Kno«sel, D.H. (1984) Genus Phyllobacterium. In: Bergie's Manual of
Systematic Bacteriology, Vol. 1 (Kreig, N.R. and Holt, J.G., Eds.),
pp. 254^256. The Williams and Wilkins Co., Baltimore, MD.

[35] Lambert, B., Joos, H., Dierickx, S., Vantomme, R., Swings, J., Ker-
sters, K. and Van Montagu, M. (1990) Identi¢cation and plant in-
teraction of a Phyllobacterium sp., a predominant rhizobacterium of
young sugar beet plants. Appl. Environ. Microbiol. 56, 1093^1102.

[36] Giani, L., Bashan, Y., Holguin, G. and Strangmann, A. (1996) Char-
acteristics and methanogenesis of the Balandra lagoon mangrove
soils, Baja California Sur, Mexico. Geoderma 72, 149^160.

[37] 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.

[38] Postgate, J.R. (1969) Viable counts and viability. Methods Microbiol.
1, 611^627.

[39] Carley, H.E. and Watson, R.D. (1966) A new gravimetric method for
estimating root-surface areas. Soil Sci. 102, 289^291.

[40] Barrie, A. and Prosser, S.J. (1996) Automated analysis of light-ele-
ment stable isotopes ratio mass spectrometry. In: Mass Spectrometry
of Soils (Boutton, T.W. and Yamasaki, S., Eds.), pp. 1^46. Marcel
Dekker, New York.

[41] APHA-AWWA-WPCF (1989) Standard methods for the examina-
tion of water and wasterwater. 17th edn., American Public Health
Association, Washington, DC.

[42] 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.

[43] Jones, K. (1992) Diurnal nitrogen ¢xation in tropical marine cyano-
bacteria: a comparison between adjacent communities of non-heter-
ocystous Lyngbya sp. and heterocystous Calothrix sp.. Br. Phycol. J.
27, 107^118.

[44] Potts, M. (1979) Nitrogen ¢xation (acetylene reduction) associated
with communities of heterocystous and non-heterocystous blue^green
algae in magrove forests of Sinai. Oecologia 39, 359^373.

[45] 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.

[46] Zuberer, D.A. and Silver, W.S. (1978) Biological dinitrogen ¢xation
(acetylene reduction) associated with Florida mangroves. Appl. En-
viron. Microbiol. 35, 567^575.

[47] Zuberer, D.A. and Silver, W.S. (1979) N2-¢xation (acetylene reduc-
tion) and the microbial colonization of mangrove roots. New Phytol.
82, 467^471.

[48] Promod, K.C. and Dhevendaran, K. (1987) Studies on phosphobac-
teria in Cochin backwater. J. Mar. Biol. Assoc. India 29, 297^305.

[49] Craven, P.A. and Hayasaka, S.S. (1982) Inorganic phosphate solubi-
lization by rhizosphere bacteria in a Zostera marina community. Can.
J. Microbiol. 28, 605^610.

[50] Devenderan, K., Sundararaj, V., Chandramohan, D. and Krishna-
murthy, K. (1974) Bacteria and primary production. Indian J. Mar.
Sci. 3, 139^141.

FEMSEC 1217 29-3-01

A. Rojas et al. / FEMS Microbiology Ecology 35 (2001) 181^187 187


