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Abstract

In this study the antagonistic activity among 55 Gluconacetobacter diazotrophicus strains, belonging to 13 electrophoretic types

(ETs), in culture media was analyzed. Antagonistic effects were seen only in strains belonging to two ETs named ET-1 and ET-3.

Two out of 29 ET-1 strains, and 3 out of 7 ET-3 strains of G. diazotrophicus showed antagonistic effects against many other strains

belonging to all the ETs of this species analyzed, and against closely related strains of Gluconacetobacter species, including Glu-

conacetobacter johannae, Gluconacetobacter azotocaptans and Gluconacetobacter liquefaciens but not against other phylogenetically

distant bacterial species. Results showed that the substance responsible of such antagonistic activity is a low molecular mass mol-

ecule (approximately 3400 Da), stable from pH 3.5 to 8.5, and very stable at 4 �C for 10 months. This substance was sensitive to

proteases, and the antagonistic activity was lost after 2 h at 95 �C. All of these features show that the substance is related to bac-

teriocin-like molecules. The antagonistic substance should be chromosomally encoded because ET-3 strains of G. diazotrophicus do

not harbor any plasmids. The antagonistic ability of ET-3 strains of G. diazotrophicus could be an advantage for the natural col-

onization of the sugarcane environment, as was observed in experiments with micropropagated sterile sugarcane plantlets co-inoc-

ulated with a bacteriocin-producer strain and a bacteriocin-sensitive strain of G. diazotrophicus. In these experiments, both in the

rhizosphere as well as inside the roots, the bacteriocin-sensitive population decreased drastically. In addition, this study shows that

inside the plants there may exist antagonistic interactions among endophytic bacteria like to those described among the rhizospheric

community.

� 2005 Federation of European Microbiological Societies. Published by Elsevier B.V. All rights reserved.
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1. Introduction

In early studies Gluconacetobacter diazotrophicus was
described as a N2-fixing endophytic bacterium associ-

ated with sugarcane [1,2]. In the last few years this bac-
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terium has been found in association with different host

plants such as coffee [3,4], finger millet [5], and pineapple

[6], as well as carrot, radish and beetroot [3]. In addition,
this bacterium has been recovered from different genera

of mealy bugs associated with sugarcane [7,8].

Multilocus enzyme electrophoresis (MLEE) has

been used extensively to measure genetic diversity

and genetic structure of natural populations of many

bacterial species [9]. In addition, MLEE reveals the
. Published by Elsevier B.V. All rights reserved.
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distinctive combinations of alleles for enzyme loci

(multilocus genotypes), which are designated different

electrophoretic types (ETs) [9]. On this basis, ‘‘isolates

of identical ET are considered members of the same

clone, because evolutionary convergence to the same

multilocus genotype is highly improbable [10]. In var-
ious studies, MLEE assays were used to determine the

genetic diversity of G. diazotrophicus and the genetic

relatedness among strains of this bacterial species

[4,6,8,11]. MLEE analysis of isolates recovered mainly

from sugarcane plants and mealy bugs sampled in

Brazil and Mexico showed that the populations of

G. diazotrophicus collected in Brazil are represented

by seven ETs (ET-1 to ET-7), while the populations
collected in Mexico are represented only by a single

ET [8]. The genotype ET-3 was predominant in the

G. diazotrophicus populations encountered in Brazil,

and the ET-1 in the populations from Mexico. Previ-

ously, the genotype ET-1 was identified as predomi-

nant in populations of G. diazotrophicus recovered

from sugar cane plants collected in widely distant geo-

graphic regions of Mexico [11]. In addition, 50 G. dia-

zotrophicus isolates recovered from pineapple plants

cultivated in Mexico were identified as genotype ET-

1 [6]. The genotype ET-1 has been found distributed

among all of the host plant species so far analyzed,

including sweet potato, Cameroon grass, and coffee

plants [4,8], but G. diazotrophicus isolates recovered

from the coffee environment also included ETs (ETs

8 to 12 and ET-14) not identified previously [4].
It has been suggested that endophytic N2-fixing

bacteria may be more important than rhizospheric

bacteria in promoting plant growth because they es-

cape competition with rhizosphere bacteria and

achieve close contact with the plant tissues [12,13].

Nevertheless, it is conceivable that inside the plants

there exist microbial interactions like those described

among the rhizosphere microbial community. Micro-
bial interactions include nutrient competition, antago-

nism caused by antibiotics, siderophores and

bacteriocins. Although these interactions seem to play

an important role in the rhizosphere environment [14],

nothing is known on the microbial interactions among

endophytic N2-fixing bacteria.

In this study we describe the antagonistic activity of

strains of the predominant genotypes of G. diazotrophi-
cus against many other strains of this species as well as

against closely related strains of Gluconacetobacter spe-

cies, including Gluconacetobacter johannae, Glu-

conacetobacter azotocaptans and Gluconacetobacter

liquefaciens. We also report that the antagonistic sub-

stance is related to bacteriocin-like molecules. In addi-

tion, we show that the iso-antagonism by G.

diazotrophicus seems to play an important role in the
colonization of the endophyte environment of sugarcane

plants.
2. Materials and methods

2.1. Bacterial strains

Fifty-five G. diazotrophicus strains used in this work

(Table 1) were isolated and characterized by microbio-
logical, biochemical, and genetic tests in different studies

[8,11,15]. Bacterial cultures have been preserved in 20%

glycerol at �80 �C prior to analysis. All of the strains

described in Table 1 were tested both as producer strains

of antagonistic substances and as indicator strains in the

antagonistic activity assays. Strains of species closely re-

lated to G. diazotrophicus such as G. johannae, G. azoto-

captans, and G. liquefaciens as well as phylogenetically
distant species of acetobacteria such as Acetobacter

and Gluconobacter as well as species of Azospirillum,

Klebsiella, Rhizobium, Sinorhizobium, and Frateuria

were tested as well. Strains of species closely and dis-

tantly related to G. diazotrophicus were used only as

indicator strains in the antagonistic activity assays. In

addition, G. diazotrophicus strain UAP 5541 carrying

the plasmid pRGS561 [16] was used for antagonism
experiments in plant.

2.2. Media and culture conditions

Three culture media, LGI (salts, without a nitrogen

source, and sucrose as a carbon source, pH 5.5) [1] sup-

plemented with 50 mg/l of yeast extract, SYP (sucrose,

yeast extract and phosphates, pH 6.0) [11], and MES-
MA (sucrose and mannitol as carbon sources and

strongly buffered using MES buffer, pH 6.6) [16], were

used for detection of antibacterial substances in agar

(0.8% w/v) plates. One assay was done in LGI and other

in SYP media but at least three replicates were done in

MESMA agar plates. Because siderophores are pro-

duced under iron-limiting conditions [17], detection of

antibacterial substances was assessed on the three cul-
ture media without and with 20 ppm FeCl3. In addition,

antagonism assays were carried out in liquid SYP and

MESMA culture media. For the production and purifi-

cation of antibacterial substances MESMA liquid med-

ium was used. Cultures were incubated at 29 �C unless

otherwise indicated.

2.3. Antagonistic activity detection in agar plates

The double layer agar plate procedure was used for

detection of antibacterial activity. Each strain of G. dia-

zotrophicus, considered as a potential producer of anti-

bacterial substances, was tested for its ability to inhibit

the growth of other G. diazotrophicus strains, which

were considered as indicator strains. Cultures of the po-

tential producer strains were grown for 24 h in MESMA
liquid medium with reciprocal shaking (200 rpm). The

cultures were adjusted to an optical density of 0.8 at



Table 1

ETs and host species for 55 isolates of G. diazotrophicus tested in antagonistic activity assays

ET Strain Host species Country References

1 UAP 0030 Sugarcane var. Cristal Mexico [11,15]

1 UAP 5541 Sugarcane var. MY 55 14 Mexico [11,15]

1 UAP 5560 Sugarcane var. Mex 56 476 Mexico [11,15]

1 UAP 5665 Sugarcane var. Z Mex 55 32 Mexico [11,15]

1 UAP 5701 Sugarcane var. Mex 57 473 Mexico [11,15]

1 UAP 6926 Sugarcane var. Mex 69 290 Mexico [11,15]

1 UAP 7210 Sugarcane var. CP 72 2086 Mexico [11,15]

1 UAP 7308 Sugarcane var. Mex 73 523 Mexico [11,15]

1 CFNE 501 Sugarcane var. Z Mex 55 32 Mexico [8]

1 CFNE 502 Sugarcane var. Mex 69 290 Mexico [8]

1 CFNE 506 Sugarcane var. RD 75 11 Mexico [8]

1 CFNE 510 Sugarcane var. RB 72 1012 Mexico [8]

1 CFNE 513 Sugarcane var. MY 55 14 Mexico [8]

1 CFNE 515 Sugarcane var. SP 70 1248 Mexico [8]

1 CFNE 521 Sugarcane var. CP 72 2086 Mexico [8]

1 PRJ 6 Sugarcane var. CB 47 89 Brazil [8]

1 PRJ 17 Sugarcane var. IAC 52 150 Brazil [8]

1 PRJ 24 Sugarcane var. RB 73 9735 Brazil [8]

1 PRJ 54 Sugarcane var. Krakatau Brazil [8]

1 PRJ 56 Sugarcane var. SP 70 1143 Brazil [8]

1 URU Sugarcane Uruguay [8]

1 CFNE 533 Mealybugs-L 78 56 Mexico [8]

1 CFNE 534 Mealybugs-Mex 68 P23 Mexico [8]

1 CFNE 535 Mealybugs-RD 75 11 Mexico [8]

1 CFNE 544 Mealybugs-RB 73 9953 Mexico [8]

1 PBD 4 Sweet potato Brazil [8]

1 PBD 13 Sweet potato Brazil [8]

1 PBD 17 Sweet potato Brazil [8]

1 CFN-Cf13 Coffee var. Catuai Mexico [4]

2 CFNE 550 Mealybugs-CB 45 3 Brazil [8]

2 CFNE 554 Mealybugs-CB 45 3 Brazil [8]

3 PAl 5T Sugarcane Brazil [8]

3 PRJ 20 Sugarcane var. NA 56 79 Brazil [8]

3 PRX 3 Sugarcane var. CB 45 3 Brazil [8]

3 PRX 6 Sugarcane var. NA 56 79 Brazil [8]

3 PSP 15 Sugarcane var. NA 56 79 Brazil [8]

3 PSP 19 Sugarcane var. NA 56 79 Brazil [8]

3 PSP 32 Sugarcane var. NA 56 79 Brazil [8]

4 PPe 4 Sugarcane var. Brazil [8]

4 PSP 22 Sugarcane var. NA 56 79 Brazil [8]

5 PAl 3 Sugarcane Brazil [8]

6 PSP 17 Sugarcane var. NA 56 79 Brazil [8]

6 1772 Mealybugs Australia [8]

7 PRJ 14 Sugarcane var. SP 70 1143 Brazil [8]

7 PRJ 36 Sugarcane var. SP 70 1143 Brazil [8]

7 PRJ 40 Sugarcane var. CB 36 14 Brazil [8]

7 PRC 1 Cameroon grass Brazil [8]

7 PRC 4 Cameroon grass Brazil [8]

8 UAP-Cf01 Coffee var. Garnica Mexico [4]

8 UAP-Cf05 Coffee var. Garnica Mexico [4]

9 CFN-Cf52 Coffee var. Caturra Mexico [4]

10 UAP-Cf58 Coffee var. Caturra Mexico [4]

11 UAP-Cf50 Coffee var. Catuai Mexico [4]

12 UAP-Cf51 Coffee var. Caturra Mexico [4]

14 UAP-Cf53 Coffee var. Caturra Mexico [4]
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450 nm (approximately 2 · 108 cells per ml), and then

twofold diluted in 10 mM MgSO4. Aliquots of the cul-

tures were inoculated with a multipoint replicator on

culture media (LGI plus yeast extract, SYP or MESMA)
in glass plates. After incubation for 36 h, producer col-

onies were removed with a sterile glass slide, and the

remaining cells killed by exposing the inverted plates

to the vapor of chloroform for 1 h. Plates were left in
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a laminar flow cabinet until the residual chloroform had

evaporated. The indicator strains of G. diazotrophicus

were grown under the same conditions as the potential

producer strains and the cultures adjusted to an optical

density of 0.8 at 450 nm. About 100 ll of culture was

mixed with 4.9 ml of LGI plus yeast extract, SYP or
MESMA medium at 48 �C, and immediately poured

evenly over the bottom layer of agar where the producer

strains had grown previously. Inhibition halos formed in

the upper layer of agar after 48 h were considered indic-

ative of antibacterial activity. To delimit the molecular

size of the inhibitory substance, cultures of producer

strains were grown and adjusted to an optical density

as described above. Thereafter, the cultures were grown
on a single sheet of sterilized dialysis membranes of dif-

ferent pore sizes (12,000, 6000, 3500, and 3000 Da)

placed over a bottom layer of MESMA medium. After

72 h the dialysis membranes with the bacterial growth

were removed and the antagonistic activity assayed as

described before. Antibacterial activity against other

genera was tested by the same procedure but indicator

strains of acetobacteria species different from G. diazo-

trophicus as well as Frateuria aurantia and Rhizobium

species were only assayed in MESMA medium. Indica-

tor strains of Azospirillum brasilense and Klebsiella pneu-

moniae were tested in Congo red medium [18] and

MacConkey agar, respectively.

2.4. Antagonistic activity in liquid cultures

Antagonism assays were carried out both in liquid

SYP and MESMA culture media. G. diazotrophicus

strains with intrinsic resistance/sensitivity to different

antibiotics were tested. Combinations of strains tested

were PRX 6 and PAl 3 or PAl 5T and UAP-

5541(pRGS561). Strain PRX 6 is gentamycin (Gm)

resistant (60 lg/ml) and nalidixic acid (Nal) sensitive

(16 lg/ml), and strain PAl 3 is Nal resistant (32 lg/ml)
and Gm sensitive (30 lg/ml). Strain PAl 5T and UAP-

5541(pRGS561) are streptomycin (Sm) sensitive (Sms)

and resistant (Smr) at 40 lg/ml, respectively. When

strains were assessed for their resistance/sensitivity to

different antibiotics, spontaneous mutants were not ob-

served with the concentrations used. Each strain was

grown in liquid SYP or MESMA medium for 18 h

and then adjusted at optical density of 0.8 at 450 nm.
One ml of each bacterial suspension was inoculated sep-

arately (control cultures) into 100 ml of the same med-

ium (SYP or MESMA) in a 250 ml flask and grown

with reciprocal shaking (200 rpm) for 100 h. The same

cultures were used in antagonism assays in which 1 ml

of both PRX 6 and PAl 3, or PAl 5T and UAP-

5541(pRGS561), was co-inoculated into SYP or MES-

MA medium. One ml aliquots were sampled every 10
h and immediately serially diluted with 10 mM

MgSO4 Æ 7H2O. Serial dilutions were plated in duplicate
on LGI plus yeast extract medium plates without or

with antibiotics. Co-cultures of strains PRX 6 and PAl

3 were inoculated on plates containing either Gm (40

lg/ml) or Nal (25 lg/ml), and co-cultures of strains

PAl 5T and UAP-5541(pRGS561) were inoculated on

plates with or without Sm (40 lg/ml), and then incu-
bated for 5–6 days. The bacterial number was deter-

mined by direct count of colonies on media with and

without antibiotics in accordance with their resistance/

sensitivity to specific antibiotics as indicated above. Five

colonies recovered from the highest dilutions on agar

plates with antibiotics were further tested for their

antagonistic ability on agar plates as described above.

The electrophoretic type of these colonies was further
verified by MLEE assays of 11 metabolic enzymes as de-

scribed previously [8,11]. In addition, Two independent

assays were done in SYP liquid medium and three in

MESMA medium when strains PRX 6 and PAl 3 were

co-inoculated, and only two assays in MESMA liquid

medium for antagonism experiments with strains PAl

5T and UAP-5541(pRGS561).

2.5. Antagonistic activity in semisolid medium

Strains UAP-5541(pRGS561) and PAl 5T were grown

in liquid MESMA medium with reciprocal shaking (200

rpm) for 24 h; the cultures were centrifuged, and pellets

washed three times in 10 mM MgSO4 Æ 7H2O, and ad-

justed to an optical density of 0.8 at 450 nm. Fifty ll
of each strain were inoculated separately or co-inocu-
lated in tubes (10 replicates for each case) containing

semisolid LGI medium. After 7 days of incubation the

bacterial growth was streaked on LGI agar plates (sup-

plemented with yeast extract) with and without Sm (40

lg/ml). Thirty colonies of each plate were tested for their

ability to inhibit the sensitive strain PAl 3 by the double

layer agar plate procedure described above.

2.6. Antagonistic activity in plant

Bacterial antagonism assays in association with sug-

arcane plants were carried out with G. diazotrophicus

strains PAl 5T and UAP 5541(pRGS561). Cells were

grown in MESMA liquid medium at 29 �C and shaken

at 200 rpm for 24 h. The cultures were centrifuged and

the pellet washed three times with 10 mM MgSO4 and
finally resuspended in the MgSO4 solution to an optical

density of 0.8 at 450 nm. Suspensions of strains UAP-

5541(pRGS561) and PAl 5T were mixed in a 1:1 (v/v)

proportion for antagonism assays. Micropropagated

sterile sugarcane plantlets (var. MEX 57–473) were ob-

tained by meristem tissue culture as described previously

[19]. Plantlets were inoculated under sterile conditions

by immersing the roots in the suspension of strains for
1 h. Plantlets inoculated separately with strains PAl 5T

and UAP-5541(pRGS561) were used as controls. Each
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inoculated plantlet was transplanted to a 1 l capacity pot

containing sterile vermiculite and maintained in a green-

house with controlled temperature (26–30 �C) and the

natural photoperiod during the months of March to

May of 2001. Plantlets were watered with 200 ml of

the modified MS nutrient solution [20] supplemented
with 10 mg NH4NO3 as nitrogen source, and sucrose

was omitted. Bacterial recovery from rhizosphere and

roots of inoculated plants was determined at 25 and

65 days post-inoculation. Five replicate plants were ana-

lyzed. At harvest, plants were removed from the pots

and the vermiculite adhering to the roots (considered

as the ‘‘rhizosphere’’ in this work) was resuspended in

sterile 10 mM MgSO4 Æ 7H2O in a rate of 1:10 (w/v).
This suspension was vortexed at 3000 rpm for 3 min.

The resulting suspension, which was considered to con-

tain bacteria from the rhizosphere, was serially diluted

with sterile MgSO4 Æ 7H2O. The roots were surface ster-

ilized as described previously [19]. Roots were macer-

ated in sterile 10 mM MgSO4 Æ 7H2O in a 1:10 (w/v)

proportion. The macerates were serially diluted and

used to calculate the most probable number (MPN).
Three replicates per 10-fold dilution were inoculated in

vials containing N-free-semisolid LGI medium without

and with Sm (40 lg/ml) and incubated for 7 days. The

cell number of strain UAP 5541(pRGS561) (Smr) was

determined by considering the positive growth into vials

containing semisolid LGI medium with Sm. PAl 5T

(Sms) cells number was determined by taking into ac-

count positive and negative growth into vials containing
semisolid LGI medium without and with Sm. Vials with

a thick yellow surface pellicle were streaked onto LGI

agar plates supplemented with yeast extract (50 mg/l)

without or containing Sm (40 lg/ml) and then incubated

for 3 days to verify the presence of the inoculated strain.

In addition, the ET of five colonies was further verified

by MLEE assays of 11 metabolic enzymes as described

previously [8,11].

2.7. Data analysis

Data were analyzed statistically using Student�s t-test.

2.8. Purification of the antagonistic substance

In preliminary assays with culture supernatants it was
determined that the antagonistic substance was not sol-

uble in chloroform, but this solvent was used for sepa-

rating the antagonistic substance as described below.

The producer strain PAl 5T was grown in 1.0 l of MES-

MA liquid medium with reciprocal shaking (200 rpm)

for 48 h, and then the culture was centrifuged at

12,300g in order to remove the cells. The culture super-

natant was combined with 500 ml chloroform and mixed
vigorously. The antagonistic substance, detected previ-

ously in the water–chloroform interface, was separated
and the extraction using chloroform repeated once

more. The water–chloroform interfaces were pooled

and evaporated to 100 ml under vacuum with a rotary

evaporator at 50 �C. The partially purified extract was

stored at 4 �C, and the antibacterial activity was assayed

monthly by the double agar plate method using the G.

diazotrophicus 1772 as sensitive strain. For this, the ex-

tract was twofold diluted using sterile MESMA liquid

medium and then aliquots of each dilution were placed

on a MESMA medium plate in five replicates. The anti-

bacterial activity was defined in arbitrary units/ml. One

arbitrary unit is the reciprocal of the highest dilution

causing a visible inhibition zone on the indicator lawn.

On the basis of previous assays for determining the
solubility and mobility of the antagonistic substance

by paper chromatography and different mixtures of sol-

vents as mobile phase, the antagonistic substance was

purified from the partially purified extract in two steps

by thin layer chromatography (TLC) using silica gel

70 (Merck). In the first step 25% (v/v) ethanol in distilled

water was used as a mobile phase in order to discard sol-

uble substances, since in this step the inhibitory sub-
stance (visualized under ultraviolet light) did not

migrate (Rf = 0.0); then the substance was eluted using

80% (v/v) ethanol in distilled water. Thereafter, the

eluted substance was chromatographed on silica gel

using the solvent system ethanol–water (80:20). The

purified band (Rf = 0.91) was eluted once more using

80% ethanol, and its antibacterial activity was confirmed

by the double layer agar plate procedure described
above. 80% (v/v) ethanol in distilled water was used as

a control. SDS–PAGE [21] was used to visualize differ-

ences between extracts from an antagonistic strain and

a susceptible strain, as well as for estimating the molec-

ular mass of the antibacterial substance.

2.9. Stability of the antagonistic substance

The antibacterial substance, purified by TLC, was

tested for susceptibility to 2 mg/ml (final concentration)

of proteinase K [diluted in 10 mM Tris (pH 7.8)–10 mM

EDTA–0.5% SDS], pronase [diluted in 10 mM Tris (pH

7.8)–50 mM EDTA–0.5% SDS], lysozyme [diluted in 10

mM phosphate buffer (pH 7.0)], and lipase [diluted in

100 mM phosphate buffer (pH 7.0)]. Incubation was at

37 �C for 1 and 2 h. Thereafter, the activity of the antag-
onistic substance was assayed as described above. Dilut-

ing solutions without enzyme were included as controls.

In addition, the antagonistic substance was diluted in

phosphate buffers to obtain pH from 3.5 to 8.5. Samples

were maintained for 2 h at 37 �C and then assayed for

antagonistic activity. Thermostability of the partially

purified preparations, diluted in phosphate buffer (pH

7.0), was determined by heating the suspension at 30,
37, 45, 55, 60, 75, 80, and 95 �C for 2 h. Samples were

cooled and assayed for antagonistic activity.
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3. Results

3.1. Antagonistic activity in agar plates

Fifty-five G. diazotrophicus strains were tested in their

antagonistic ability against the same 55 as indicator
strains, using the double agar layer plate assay. Antago-

nistic activity was observed among G. diazotrophicus

strains regardless of the culture medium used (LGI,

SYP or MESMA). Because the results were very similar

on the three culture media used, we describe only the re-

sults obtained in the MESMA medium. We found

antagonistic effects by 3 out of 7 (43%) of the strains

(PAl 5T, PRX 3 and PRX 6) corresponding to genotype
ET-3, which is predominant in the G. diazotrophicus

populations associated with sugarcane cultivated in Bra-

zil, and by 2 out of 29 (7%) strains (PBD 4 and PBD 17)

of the genotype ET-1, recovered from sweet potato cul-

tivated in Brazil, but predominant in the populations of

this species found associated with sugarcane in Mexico

(Table 2). Antagonistic strains grown on agar plates

had a colony size (diameter) from 3 mm. ET-1 and
ET-3 strains formed growth inhibition halos in the range

from 5 to 8 mm and from 20 to 24 mm, respectively, on

agar media. Inhibition zones were always transparent

(data not shown). ET-3 strains exhibited a very similar

spectrum of antagonistic activity but largest that the ex-

erted by ET-1 strains (Table 2). About 71–78% of the

G. diazotrophicus strains were inhibited by ET-3 strains,

while ET-1 strains inhibited 27–51% of the G. diazotro-

phicus strains. Self-inhibition of ET-3 or ET-1 strains by

their own products was never observed, nor was iso-

antagonism among these strains detected. Interestingly,

three ET-3 strains (PRJ 20, PSP 15 and PSP 19) and

four ET-1 strains (PRJ 17, PRJ 24, PBD 13 and CFNE

515) were non-producers of inhibitory substances, but

were resistant to the activity of antagonistic strains. In

addition, all of the antagonistic ET-3 strains of G. diazo-
trophicus exhibited an identical spectrum of antagonism

against strains of the closest related Gluconacetobacter

species, which include G. johannae, G. azotocaptans
Table 2

Antagonism among strains of G. diazotrophicus isolated from different sourc

ET Antagonistic strain ET and No. of strains tested

ET-1

(2) (11) (10) (6)

3 PAl 5T + + + �
3 PRX 3 + + + �
3 PRX 6 + + + �
1 PBD 17 + + � �
1 PBD 4 + � � �
+, antagonistic activity; � , no antagonistic activity.
a Strains corresponding to ETs 4-12 and ET-14 indicated in Table 1 are in
and G. liquefaciens but not against Gluconacetobacter

hansenii or other bacterial species (Table 3). All of the

results described above were observed in culture media

plates without and with 20 ppm FeCl3 (data not shown).

The inhibitory substance diffused through dialysis mem-

branes with a molecular size cut-off of 12,000, 6000, and
3500 Da, but not through the membrane with a pore size

of 3000 Da (data not shown).

3.2. Antagonistic activity in liquid cultures

In both liquid SYP and MESMA culture media a

similar antagonistic behavior was exhibited by ET-3

strains PRX 6 and PAl 5T against strains PAl 3 (ET-5)
and UAP-5541(pRGS561) (ET-1), respectively. At the

late-exponential phase (20 h) strains PRX 6 or PAl 5T

drastically inhibited the growth of sensitive strains.

Although the cell number of the antagonistic strains

and the number of surviving cells of sensitive strains var-

ied among replicates, a very similar tendency always was

observed (data not shown). An example of antagonistic

activity exhibited by strain PRX 6 against strain PAl 3 in
a liquid culture medium is shown in Fig. 1. Colonies of

strains PRX 6 or PAl 5T, after growing in liquid cultures

for 100 h, exhibited the same antagonistic ability in agar

plates as above mentioned (data not shown).

3.3. Antagonistic activity in semisolid medium

Strain PAl 5T strongly antagonized strain UAP-
5541(pRGS561) in co-inoculation experiments into

semisolid LGI culture medium under N2-fixing and

microaerobic conditions. Only strain PAl 5T was recov-

ered among 90 colonies analyzed grown on LGI agar

plates.

3.4. Antagonistic activity in plants

Twenty-five days after inoculation of sugarcane

plants, there were no statistical difference in the cell

numbers of the strains PAl 5T and UAP-5541(pRGS561)
es

ET-2 ET-3 ETa ET-7

(1) (1) (1) (6) (12) (1) (4)

+ + + � + + +

+ + + � + + �
+ + + � + + �
+ + + � + � �
+ � � � + � �

cluded.



Table 4

Antagonistic activity by G. diazotrophicus strain PAl5T in sugarcane plants

Inoculated strain

Root

Control UAP 5541(PRGS561)

Control PAl 5T

Co-inoculated UAP 5541(PRGS561)

PAl 5T

Rhizosphere

Control UAP 5541(PRGS561)

Control PAl 5T

Co-inoculated UAP 5541(PRGS561)

PAl 5T

Data represent the media (LogNo. cfu/g of plant) of five plants followed b

separately for root or rhizosphere, do not differ by Student�s t-test to P < 0.

Data of controls correspond to plants inoculated only with the strain ind

5541(PRGS561) strains.

dpi, days post inoculation.
A Two plants where G. diazotrophicus strain UAP-5541(pRGS561) was no

Table 3

Antagonistic activity of G. diazotrophicus strains against other bacterial species

G. diazotrophicus strains

PRX 3 PRX 6 PAl 5T

Gluconacetobacter azotocaptans CFN-Ca54T + + +

Gluconacetobacter johannae CFN-Cf55T + + +

Gluconacetobacter liquefaciens ATCC 14835T + + +

Gluconacetobacter hansenii ATCC 35959T � � �
Acetobacter aceti ATCC 15973T � � �
Acetobacter pasteurianus ATCC 33445T � � �
Gluconobacter oxidans ATCC 19357T � � �
Azospirillum brasilense strainsa � � �
Frateuria aurantia ATCC 33424T � � �
Klebsiella pneumoniae strainsb � � �
Rhizobium sp. NGR 234 � � �
Rhizobium etli CFN-42 � � �
Sinorhizobium meliloti 1021 � � �
+, antagonistic activity; �, no antagonistic activity.
a A. brasilense strains: En-Ab79, En-Ab71, and Rh-Ab44 [40].
b K. pneumoniae strains En-Kp43, En-Kp67, and Rh-Kp14 (from our culture collection).

Fig. 1. Antagonism exhibited by G. diazotrophicus strain PRX 6 (ET-

3) against strain PAl 3 (ET-5) in liquid co-culture.
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when they were inoculated alone or co-inoculated

(Table 4). However, 65 days after inoculation of plants,

the cell numbers of strain UAP-5541(pRGS561) de-

creased much more drastically than strain PAl 5T both

in the rhizosphere as well as inside the roots when these

strains were co-inoculated (Table 4).

3.5. Purification of the antagonistic substance

The antibacterial activity of the partially purified

antagonistic substance was 6400 arbitrary units/ml. Dif-

ferences between extracts from an antagonistic strain
(PAl 5T) and a susceptible strain (PAl 3) were observed

in SDS–PAGE assays (data not shown); bands of 14

kDa and 3400 Da were observed in the extract from

strain PAl 5T but not in the extract from strain PAl3.
25 dpi 65 dpi

5.341 (±0.74)a 3.30 (±0.37)b

5.132 (±0.77)a 2.92 (±0.40)b

4.867 (±1.12)a 1.010 (±1.38)cA

5.084 (±0.77)a 2.951 (±0.64)b

7.048 (±1.13)ab 5.823 (±0.89)b

6.876 (±0.47)ab 4.327 (±0.77)c

7.332 (±0.33)a 2.954 (±0.61)d

7.101 (±0.29)a 4.067 (±0.83)c

y SD in parenthesis. Values with the same letter within each column,

05.

icated. Sugarcane plants were co-inoculated with PAl 5T and UAP

t detected were included in the analysis.



Fig. 2. Purification of BLIS-Gd produced by G. diazotrophicus strain

PAl 5T. (A) TLC of BLIS-Gd (**) on silica gel 70 using ethanol 80% as

mobile phase. (B) SDS–PAGE of BLIS-Gd eluted from silica gel 70; a,

lysozyme; b, aprotinin; c, insulin B; d, BLIS-Gd. (C) Antibacterial

activity halo exhibited by purified BLIS-Gd against strain PAl 3 used

as indicator strain.

Table 5

Stability of BLIS-Gd produced by G. diazotrophicus strain PAl5T

Treatment Temperature

(�C)
Time

(h)

Inhibitory

activity

(AU)

BLIS-Gd (Control) 22 1, 2 32

BLIS-Gd 30–55 2 32

BLIS-Gd 70 2 16

BLIS-Gd 80 2 4

BLIS-Gd 95 2 0

BLIS-Gd + Pronase 37 2 8

BLIS-Gd + Proteinase K 37 2 8

BLIS-Gd + Lipase 37 1, 2 32

BLIS-Gd + Proteinase K + lipase 37 2 8

BLIS-Gd + Lysozyme 37 1, 2 32

BLIS-Gd (at pH 3.5–8.5) 37 2 32

AU, arbitrary units.
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The molecular mass of the antagonistic substance was

estimated to be about 3400 Da by SDS–PAGE (Fig.

2), which confirms the delimitation of the molecular size

obtained using dialysis membranes (between 3000 and

6500 Da).
3.6. Characterization of the antagonistic substance

Some stability characteristics of the antagonistic sub-

stance are shown in Table 5. This substance is a protein

molecule because its stability was reduced by protease

treatment after 2 h, but not by lysozyme or lipase. The

antagonistic activity of this molecule was lost after 2 h

at 95 �C, but not when it was treated for 1 h at this tem-
perature. This small protein molecule responsible of the

antagonistic activity was resistant to changes of pH

from 3.5 to 8.5 and very stable at 4 �C for at least 10

months. These features show that the molecule is related

to bacteriocin-like molecules.
4. Discussion

In the present work the antagonistic activity among

55 G. diazotrophicus strains, clustered in 13 ETs, was

analyzed. Three out of seven ET-3 strains (43%) of G.

diazotrophicus, isolated from sugarcane plants, were able

to inhibit in culture media the growth of most strains

from the other twelve genotypes of this species recovered

from sugarcane, coffee, and pineapple plants as well as
from mealy bugs associated with sugarcane. Similarly,

2 out of 29 ET-1 strains (7%), isolated from sweet pota-

to, inhibited the growth of 13 other ET-1 strains, and of

many strains from the other 10 genotypes of G. diazotro-

phicus isolated from sweet potato and other host plants;

all of the ET-7 strains, and six out of seven ET-3 strains

were not antagonized by the two ET-1 strains. It is note-

worthy that ET-3 or ET-1 antagonistic strains were able
to inhibit the growth of strains isolated from the same

crop plants cultivated in the same or different region

or from other host plants. Antagonistic ET-1 strains

were resistant to the inhibitory effect of producing

strains of ET-3 and vice versa Hence, it is likely that

the substances responsible for the antagonistic activity

exhibited by ET-1 and ET-3 strains are similar or iden-

tical. Interestingly, most of the non-antagonistic ET-3
strains and a few non-antagonistic ET-1 strains were

resistant to the inhibitory substance produced for either

ET-3 or ET-1 strains. Immunity mechanisms or post-

transcriptional modifications could explain the resis-

tance to the inhibitory substance observed in these

strains, as has been found in bacteriocin-producing cells

[22]. In addition, this substance inhibited the growth of

strains of several closely related Gluconacetobacter spe-
cies, but was not active against other acetobacteria spe-
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cies non-closely related (e.g., G. hansenii) or against phy-

logenetically distant species of other genera. Because

such antagonistic activity was observed even in culture

media with Fe+3 as well as on a strongly buffered culture

medium (MESMA), siderophores or acids were dis-

carded as being responsible for the antagonistic effect.
The antagonistic substance produced by members of

the ET-3 of G. diazotrophicus was a small molecule

(3400 Da) excreted to the media, of proteinaceous nat-

ure, and very stable to temperature and pH changes.

These characteristics resemble those used to define a

bacteriocin. Bacteriocins are biologically active proteins

or peptides produced by bacteria, which have a bacteri-

cidal mode of action against homologous or closely re-
lated species [23,24] and are extracellularly released

[25]. On these bases, we considered that the inhibitory

compound produced by strains of G. diazotrophicus is

a bacteriocin-like inhibitory substance (BLIS), and

according to recommendations for bacteriocins naming

whose amino acid sequence is unknown [23], the name

BLIS-Gd is proposed for this type of compound. Re-

cently, a substance produced by one strain of G. diazo-
trophicus was reported as bacteriocin [26].

Nevertheless, its physicochemical characteristics and its

activity (12,500 Da, completely inactive at 60 �C, and
also antagonistic to distantly related organisms) indicate

that it is different from BLIS-Gd. In addition, BLIS-Gd

seems to have an amphipathic feature and to be a pep-

tide joined to other molecule, since during the separa-

tion process it was accumulated in the water–
chloroform interface, and was not completely inacti-

vated by proteases. However, BLIS-Gd does not contain

a lipid molecule since the inhibitory activity was not lost

after treatment with lipase. Bacteriocins conformed by a

conjugate of different molecules and partially resistant

to proteases have been reported [27].

Usually bacteria produce bacteriocins only in rich

media, and its synthesis is greatly affected by type and
level of carbon and nitrogen sources [24,25,28]. How-

ever, the production of BLIS-Gd was observed both in

rich media (e.g., SYP and MESMA) as well as in a min-

imal medium such as LGI without and with yeast ex-

tract as a nitrogen source under microaerobic (in

semisolid medium) and aerobic (on agar plates) condi-

tions, respectively. This fact suggests that the bacteriocin

produced by G. diazotrophicus was expressed constitu-
tively. Most of the genes involved in the synthesis of

bacteriocins are located on plasmids [29–32]. However,

BLIS-Gd should be chromosomally encoded, as ET-3

strains of G. diazotrophicus, including type strain PAl

5, do not harbor any plasmids [11,33].

Bacteriocin-producing microorganisms could have a

competitive advantage over taxonomically related bacte-

ria in their habitats [34]. Nevertheless, studies that show
antagonistic relationships between bacteriocinogenic

and sensitive strains in a natural environment or in asso-
ciation with a common host are scarce [35–38]. On the

other hand, the ecological role of bacteriocins has been

considered unclear [39]. In the present work, it was

shown that a bacteriocin-producing strain (PAl5T –

ET-3) of G. diazotrophicus was able to inhibit a bacterio-

cin-sensitive strain [UAP-5541(pRGS561) – ET-1] of the
same species, either in vitro or in association with the

sugarcane host plant. Previously, it was observed that

the G. diazotrophicus populations decreased consider-

ably in relation to plant age, regardless of the bacterial

genotype or sugarcane cultivars [19]. Nevertheless, the

bacteriocin-sensitive population decreased more drasti-

cally than the producing one when they were co-inocu-

lated. This result strongly support that the bacteriocins
are not produced only in culture media as bacterial

waste, but may play an important competitive role in

their habitats against taxonomically related bacteria.

Although not all strains of the genotype ET-3 were

able to produce bacteriocins, most of them resisted the

antagonistic activity, conferring an important character-

istic to this genotype. Previously, it was observed that

ET-3 strains of G. diazotrophicus prevail in sugarcane
cultivated in Brazil [8]. Such preponderance could be re-

lated to factors involving the interaction between the

ET-3 genotype of G. diazotrophicus and the host plant

[19], but also to the ability to produce bacteriocins that

could inhibit other G. diazotrophicus genotypes in nat-

ure, or to resist bacteriocin activity.

In conclusion, this study shows that inside the plants

there may exist antagonistic interactions among endo-
phytic bacteria like to those described among the rhizo-

spheric community. On this basis, it is conceivable that

endophytic bacteria capable of producing bacteriocins,

or other antagonistic substances, could be used as bio-

logical control agents.
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ported by a Ph.D. fellowship from Consejo Nacional

de Ciencia y Tecnologı́a (CONACyT)-Mexico and by

Dirección General de Estudios de Posgrado (DGEP)-

UNAM.
References
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[13] Döbereiner, J. (1992) History and new perspectives of diazotrophs

in association with non-leguminous plants. Symbiosis 13, 1–13.

[14] Curl, E.A. and Truelove, B. (1986) The Rhizosphere. Springer-

Verlag, Berlin, 288 pp.

[15] Fuentes-Ramirez, L.E., Jimenez-Salgado, T., Abarca-Ocampo,

I.R. and Caballero-Mellado, J. (1993) Acetobacter diazotrophicus,

an indoleacetic acid producing bacterium isolated from sugarcane

cultivars of Mexico. Plant Soil 154, 145–150.

[16] Fuentes-Ramı́rez, L.E., Caballero-Mellado, J., Sepúlveda, J. and
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