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fAsstracrt

Different experiments have estimated that the contribution of biological nitrogen fixation (BNF)
is largely variable among sugarcane cultivars. Which bacteria are the most important in sug-
arcane-associated BNF is unknown. However, Gluconacetobacter diazotrophicus has been sug-
gested as a strong candidate responsible for the BNF observed. In the present study, bacteria-free
micropropagated plantlets of five sugarcane cultivars were inoculated with three G. diazotro-
phicus strains belonging to different genotypes. Bacterial colonization was monitored under
different nitrogen fertilization levels and at different stages of plant growth. Analysis of the
population dynamics of G. diazotrophicus strains in the different sugarcane varieties showed that
the bacterial populations decreased drastically in relation to plant age, regardless of the nitrogen
fertilization level, bacterial genotype or sugarcane cultivars. However, the persistence of the three
strains was significantly longer in some cultivars (e.g., MEX 57-473) than in others (e.g., MY 55-
14). In addition, some strains (e.g., PAl 5T) persisted for longer periods in higher numbers than
other strains (e.g., PAl 3) inside plants of all the cultivars tested. Indeed, the study showed that
the inoculation of G. diazotrophicus may be beneficial for sugarcane plant growth, but this
response is dependent both on the G. diazotrophicus genotype and the sugarcane variety. The
most positive response to inoculation was observed with the combination of strain PAl 57 and
the variety MEX 57-473. Although the positive effect on sugarcane growth apparently occurred
by mechanisms other than nitrogen fixation, the results show the importance of the sugarcane
variety for the persistence of the plant-bacteria interaction, and it could explain the different

rates of BNF estimated among sugarcane cultivars.
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Introduction

It has been estimated that the contribution of biological

nitrogen fixation (BNF)

in some sugarcane cultivars may
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BNF is largely variable among sugarcane cultivars [23, 45,
46]. Even though many diazotrophic species have been
isolated from both the rhizosphere and inner tissues of
sugarcane plants [1, 9, 31, 40], it is still unknown which
bacteria are the most important in plant-associated BNF.
The endophytic bacterium Gluconacetobacter diazotro-
phicus has long been proposed as a strong candidate re-
sponsible for such N,-fixation observed in sugarcane [4, 9,
18, 42]. It has also been suggested that G. diazotrophicus
could promote and improve sugarcane growth through
hormonal effects on metabolic processes [14] because of
its ability to produce indoleacetic acid (IAA) and gibber-
ellins [3, 13].

In addition to sugarcane plants, G. diazotrophicus has
been isolated from inner tissues of sweet potato (Ipomoea
batatas), Pennisetum purpureum var. Cameroon [11],
Coffea arabica [22], Eleusine coracana [25], and pineapple
plants [43]. G. diazotrophicus has been commonly recov-
ered from inner tissues of the sugarcane plant in the range
of 10" to 10° cells per gram of fresh weight [12, 14, 36, 37,
38]. Isolation of G. diazotrophicus from sugarcane plants
seems to depend on the amount of nitrogen fertilization
applied to the crops [13, 28, 36]. In these studies low
isolation frequencies or low cell numbers of G. diazotro-
phicus were found in sugarcane cultivated with high ni-
trogen fertilization rates, and vice versa. Greenhouse
experiments showed that the ability of one strain of G.
diazotrophicus to colonize sugarcane plants diminishes
when high nitrogen fertilizer doses were applied [14].
Using multilocus enzyme electrophoresis (MLEE) assays
to determine the genetic diversity, seven distinct elec-
trophoretic types (ETs) were identified among G. diazot-
rophicus isolates recovered from sugarcane plants
cultivated in Brazil with low nitrogen doses, but only one
genotype (designed ET 1) was identified among many
isolates recovered from sugarcane plants cultivated in
Mexico with high N-fertilization levels. These results
suggested that the genetic diversity of this bacterial spe-
cies, living endophytically in sugarcane, could be dimin-
ished by the high rates of nitrogen fertilization used in the
sugarcane crops in Mexico [7].

With respect to the factors that influence the endo-
phyte-plant interaction; little is known. This work was
carried out with the aim of assessing the influence of
bacterial genotype, plant cultivar, and nitrogen fertiliza-
tion rates on the sugarcane-G. diazotrophicus interaction.
The potential of G. diazotrophicus to promote sugarcane
growth was also evaluated.
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Materials and Methods

Bacterial Strains and Growth Conditions

Different strains of G. diazotrophicus were used for plant inoc-
ulation. Each strain represented a different electrophoretic type
(ET), recognized as genotype, as described previously [7]. Strains
used were UAP 5560 (ET 1), CENE 550 (ET 2), PA1 57 (ET 3), PSP
22 (ET 4), PA13 (ET 5), 1772 (ET 6), and PRC 1 (ET 7). Cells were
grown in MESMA liquid medium [14] at 29°C and shaken at 200
rpm for 24 h. The cultures were centrifuged and the pellet washed
three times with 10 mM MgSO, and finally resuspended in the
MgSO, solution at optical density of 0.8 at 450 nm (approxi-
mately 2 x 10® bacterial cells per mL).

Sugarcane Cultivars

Micropropagated sterile sugarcane plants of cultivars MY 55-14,
MEX 57-473, MEX 62-280, CP 72-2086, and SP 70-1141 were
obtained by meristem tissue culture [16]. MS medium [27],
supplemented with 10% coconut water and plant hormones (3
mg of 2,4-diclorophenoxyacetic acid and 0.1 mg of kinetin per
liter), was used for callus induction. Explants were maintained in
MS medium at 28°C in the dark for approximately 2 months for
callus propagation. The presence of bacterial contamination of
callus was evaluated by plating macerated samples (ratio 1:9 w/v)
on different culture media such as Congo Red [39], MacConkey,
LB (Luria Bertani), PY (Peptone yeast), acetic LGI [9], and
MESMA [14]. Contaminated calli were discarded. Differentiation
to plantlets from calli was accomplished by transfer of callus to
the basal MS medium without hormones, and then maintained
for 70 days with a 16/8 photoperiod (light/dark) provided by cool
fluorescent light (50 umol m™2s™') at 25-28°C [16]. Differentiated
plantlets (after the plantlets had rooted) were separated and
maintained for 40 days in the same medium and conditions
described above. Plantlets were tested for bacterial contamina-
tion as described for callus.

Inoculation, Evaluation of the Colonization of Sugarcane Plants,
and Plant Growth Conditions

Micropropagated sterile sugarcane plants are essential for eval-
uating the endophytic establishment of bacteria as well as to
evaluate effects on the plant growth produced by the endophytic
bacteria inoculated. In this work these evaluations were carried
out with the following experiments.

Experiment 1. Endophytic colonization of sugarcane plants
var. MY 55-14 by different G. diazotrophicus strains (PAl 57, UAP
5560, and PAl 3) was evaluated. These strains were selected con-
sidering their ET as well as the predominance of the ET among G.
diazotrophicus populations. Strain PAl 57 corresponds to ET-3,
which is predominant among G. diazotrophicus populations re-
covered from sugarcane plants cultivated in Brazil; strain UAP
5560 represents the predominant ET-1 genotype identified among
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G. diazotrophicus populations collected from sugarcane cultivated
in distant geographical regions from different host plants in-
cluding Ipomoea batatas, Pennisetum purpureum [7], Coffea ar-
abica [22], and Ananas comosus plants [43]; strain PAl 3
represents the ET-5, a genotype rarely identified among isolates of
G. diazotrophicus [7]. The variety MY 55-14 is extensively culti-
vated in Morelos State, Mexico. Micropropagated sterile sugar-
cane plantlets of this variety were inoculated separately, by
immersing the roots in a bacterial suspension for 1 h under sterile
conditions, with three strains of G. diazotrophicus. Each inocu-
lated plantlet was transplanted to a 1-L capacity pot containing
sterile vermiculite. Plantlets were watered with 200 mL of MS
nutrient solution (only mineral salts) supplemented with NH;NO;
as nitrogen source. In this experiment the plants were fertilized
with different nitrogen doses (10, 60, 180 mg N/plant). Uninocu-
lated plantlets were included in the experiment with each treat-
ment. The pots were covered with aluminum foil, and the zone
where the plants emerged was protected with sterile cotton. The
plantlets were maintained in a greenhouse with controlled tem-
perature (26-30°C) and the natural photoperiod corresponding to
January through July of 1999. Endophytic bacterial recovery from
shoots and roots of inoculated plants was determined at 35, 65,
105, and 170 days postinoculation (dpi). Five replicate plants for
each ET and nitrogen level were analyzed. At harvest, plants were
removed from the pots, washed with tap water, and disinfected
with 70% ethanol for 30 s. Then the plants were rinsed with dis-
tilled water and surface sterilized with a 1.5% sodium hypochlorite
solution for 20 min. Later, the plants were rinsed six times with
sterile distilled water under sterile conditions. Fresh plants were
divided into roots and shoots and macerated separately in water in
a 1:10 (w/v) proportion. The macerates were serially diluted with
sterile water. Three replicates per 10-fold dilution were inoculated
in vials containing N-free-semisolid acetic LGI medium [9] and
incubated for 8 days at 29°C. Vials with a thick yellow surface
pellicle were streaked onto acetic LGI agar plates supplemented
with yeast extract (50 mg/L) and incubated at 29°C for 3 days to
verify the presence of the inoculated strain. The electrophoretic
type and plasmid profile of six colonies recovered on LGIP agar
plates, from each nitrogen treatment where G. diazotrophicus was
isolated, were further verified both by MLEE assays of 11 meta-
bolic enzymes [7] and by the modified Eckhardt method [17]. The
bacterial number was determined by the most probable number
(MPN) method using the McCrady tables.

Experiment 2. To evaluate the influence of sugarcane variety
on the endophytic and rhizospheric establishment of G. diazot-
rophicus, five sugarcane varieties (MY 55-14, MEX 57-473, MEX
69-290, CP 72-2086, and SP 70-1141) were evaluated at different
sugarcane growth states. Micropropagated sterile sugarcane
plantlets of each variety were inoculated separately with the three
strains of G. diazotrophicus used in experiment 1. Plantlets were
watered with 200 mL of MS nutrient solution containing 10 mg
NH,4NOs3, which was considered a basal level, in order to avoid
nitrogen deficiencies of the plants. The plantlets were maintained
under the greenhouse conditions described in experiment 1, but
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during the months of February to August of 2000. Uninoculated
control plants were included in all of the experiments. At 35, 70,
105, and 170 dpi five plants of each treatment were removed from
the pots under sterile conditions. The vermiculite adhered to the
roots (considered as the “rhizosphere” in this work) was resus-
pended in water in a proportion of 1:10 (w/v). This suspension
was vortexed at 3000 rpm for 3 min. The resulting suspension,
which was considered to contain bacteria from the rhizosphere,
was serially diluted. Endophytic bacteria were recovered as de-
scribed in experiment 1. The cell numbers of G. diazotrophicus,
both rhizospheric and endophytic, and the confirmation of the
inoculated strain were determined as described in experiment 1.

Experiment 3. This experiment was carried out to evaluate
the potential of G. diazotrophicus to promote sugarcane growth
in two varieties. Micropropagated plantlets of the varieties MY
55-14 and MEX 57-473 were inoculated as described in experi-
ment 1. Plantlets of variety MY 55-14 were inoculated separately
with seven different strains of G. diazotrophicus and maintained
under the greenhouse conditions and during the period de-
scribed in experiment 1. The leaf numbers, height, and diameter
of stems of sugarcane of this variety were measured at 35, 65, 105,
and 170 dpi, for both inoculated and noninoculated plants (50
inoculated plants with each strain assayed and 50 control plants).
In addition, 10 inoculated plants and 10 uninoculated control
plants were used to determine the fresh and dry weight of roots
and shoots at 35 and 105 dpi.

Once we identified the variety MEX 57-473 (results from ex-
periment 2) as maintaining G. diazotrophicus strains at higher
numbers for longer periods than other sugarcane cultivars tested,
plantlets of this variety were inoculated with strains PAl 57 (a
good colonizer) and PAl 3 (a poor colonizer). Thereafter, the
inoculated plantlets were treated as in experiment 1 but sup-
plemented with 10 mg of nitrogen at 0 and 35 dpi. Plantlets were
maintained under similar greenhouse conditions described in
experiment 1 during the months of February to April of 2001.
Uninoculated plants were included as controls. The fresh and dry
weight of roots and shoots of 17 plants as well as the total N
content of these plants were evaluated at 35 and 75 dpi. Total N
content of plants was evaluated with the semimicro-Kjeldahl
method modified for inclusion of nitrates [6].

Data Analysis

All data were analyzed statistically using Student’s ¢ test.

Results

Micropropagated sugarcane plantlets were obtained from
callus in a period of about 4 months. All sugarcane
plantlets tested were free of bacteria. The inoculation of
plantlets by immersion of roots into a bacterial suspension
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Table 1. Endophytic colonization of sugarcane variety MY 55-14 by G. diazotrophicus
Nitrogen level applied (mg/plant)
10 60 180
Days postinoculation Strain/genotype G. diazotrophicus A R A R A R
UAP 5560 ET 1 3.25 4.08 2.80 3.25 1 2.87
35 PAl 57 ET 3 4.67 5.40 4.05 2.39 3.57 3.21
PAl 3 ET 5 4.72 5.76 3.84 4.71 3.61 4.87
UAP 5560 ET 1 0.90 3.57 nd 1.69 nd nd
65 PAl 5" ET 3 2.57 3.12 nd 1.53 nd 1.53
PAI3 ET 5 nd 1.95 nd 1.57 nd nd
UAP 5560 ET 1 nd 0.90 nd nd nd nd
105 PAl 5T ET 3 1.55 1.41 nd nd nd nd
PAI3 ET 5 nd nd nd nd nd nd
UAP 5560 ET 1 1.79 2.87 nd 2.17 nd nd
160 PAl 5" ET 3 2.36 2.14 nd nd nd nd
PAI3 ET 5 nd nd nd nd nd nd

A, log G. diazotrophicus cell number/g fresh weight of shoots (steam and leaves); R, log G. diazotrophicus cell number/g fresh weight of root; nd = not

detected. Each value represents the average of five determinations

for 1 h was adequate for the endophytic establishment of
G. diazotrophicus. All of the G. diazotrophicus strains re-
covered from sugarcane plants analyzed in the different
experiments had the same ET and showed a plasmid
profile identical to that of the inoculated strain (data not
shown). Electrophoretic type and plasmid profile from
strains of G. diazotrophicus inoculated have been previ-
ously reported [8, 44]. The endophytic establishment of G.
diazotrophicus within stems of sugarcane was confirmed
by scanning electron microscopy (data not shown) using
stem samples treated as described previously [14]. Ap-
parently, the xylem vessels were the stem tissues colonized
by G. diazotrophicus. However, a detailed analysis on the
localization of this bacterium was not carried out.

Ability of G. diazotrophicus to Colonize Sugarcane var.
MY 55-14 Growing with Different Nitrogen Levels

The ability of three strains of G. diazotrophicus (UAP 5560,
PAl 3, and PAl 57) to colonize sugarcane plants growing
with different N levels is shown in Table 1. The three G.
diazotrophicus strains were recovered 65 and 160 dpi when
low nitrogen levels (10 mg N/plant) were applied, but not
when high N-levels (180 mg N/plant) were used (Table 1).
Surprisingly, it was observed that the endophytic bacterial
number diminished drastically in relation with the age of
the plant. This occurred regardless of the G. diazotrophi-
cus strain inoculated or the nitrogen level applied in the
experiment. The cell numbers of strain PAIl 3 diminished
more drastically than those of strains UAP 5560 and PAl
57 after 35 dpi.

Population Dynamics of G. diazotrophicus in Sugarcane
Varieties

A drastic decrease of G. diazotrophicus populations, with
all three strains tested, was observed in the rhizosphere as
well as inside the plant tissues from all of the sugarcane
varieties tested through plant growth time (Table 2). This
behavior was a general feature in the G. diazotrophicus-
sugarcane interaction. Population dynamics of G. diazot-
rophicus was similar in roots and in the rhizosphere, al-
though the bacterial population in the rhizosphere was
always higher than inside the roots (Table 2). The presence
of G. diazotrophicus inside shoot tissues was not consist-
ent; bacteria were not recovered from aerial parts of some
plants even at 35 dpi. During the experiment it was ob-
served that strains UAP 5560 (ET 1) and PAl 5% (ET 3)
were always maintained in higher numbers than strain PAl
3 (ET 5). This behavior was observed in all sugarcane
varieties tested. Two examples are shown in Fig. 1.

Higher numbers of G. diazotrophicus cells of three ETs
(ET 1, ET 3, ET 5) tested were always found in association
with plants of sugarcane var. MEX 57-473, while in sug-
arcane varieties SP 70-1141 and CP 72-2086 lower bacterial
numbers always were detected. Figure 2 shows two ex-
amples of this.

Evaluation of G. diazotrophicus Inoculation on Sugarcane Plant
Growth (var. MY 55-14)

The inoculation of sugarcane var. MY 55-14 plants with
seven different strains of G. diazotrophicus showed that
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Although the population dynamics of G. diazotrophicus
in association with five sugarcane varieties tested was
variable, the decrease of bacterial population related to the

Total N of

plants (mg)
Total N of
plants (mg)

age of the plant was a general characteristic of this bac-
terial species. Strains UAP 5560 and PAl 5" (genotypes 1
and 3, respectively) remained associated with all sugarcane

6.029 (+1.63) B
8.774 (x1.13) A
5.927 (+1.92) B
18.799 (+2.26) B
22.235 (+2.41) A
21.195 (£2.69) A

cultivars for longer periods than strain PAI 3 (genotype 5).
This result shows the different ability of G. diazotrophicus
genotypes to endophytically colonize sugarcane, and it

Total dry
weight (g)

Total dry
weight (g)
0.325 (+0.08) B
0.578 (£0.12) A
0.323 (+0.10) B
2.455 (+0.46) B
3.098 (+0.35) A
3.033 (£0.27) A

could explain the predominance of ET 1 and ET 3 iden-
tified among G. diazotrophicus isolates recovered from
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Fig. 3.
sugarcane var. MEX 57-473. (A) Comparison between inoculated
and control plants 35 dpi. (B) 75 dpi. (C) The same six plants
as (B).

Effect of G. diazotrophicus inoculation on the growth of

G. diazotrophicus in the inner tissues of sugarcane plants.
However, it is known that changes in tissue water relations
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[26] and in the concentration of sucrose may occur [10,
24] during sugarcane growth. In addition, changes in en-
zymatic activities have been observed in sugarcane plants
when they are nitrogen fertilized [33]. These physiological
and metabolic changes might modify the establishment
and even the endophytic permanence of G. diazotrophicus
in sugarcane. Moreover, other possibilities could explain
the population diminution of G. diazotrophicus. Although
this species is considered a nonpathogen [2, 35, 42], it has
been reported that G. diazotrophicus elicits a localized host
defense response [19]. On this basis, it is conceivable that
the endophytic population of G. diazotrophicus decreases,
as a result of host plant defense response mechanisms
similar to systemic acquired resistance (SAR) induced by
pathogens, or induced systemic resistance (ISR) observed
with nonpathogenic rhizobacteria [34].

In the present work, the G. diazotrophicus number in-
side root tissues ranged from 10* to 10° CFU/g fresh
weight of plants at 35 dpi in all varieties tested, but at 170
dpi this number decreased to 10 CFU/g fresh weight, or the
bacterium was not detected. In contrast, the cell numbers
of G. diazotrophicus found in adult sugarcane plants were
in the range of 10°-10” CFU/g fresh tissue [9, 38]. How-
ever, cell numbers of G. diazotrophicus as low as 10 to 10?
CFU/g fresh weight of plant have been found in mature
sugarcane cultivated in Brazil [36]. These authors sug-
gested that the variation in the bacterial number of G.
diazotrophicus was due to changes in environmental fac-
tors, mainly rainfall, but in the present work conditions
were controlled and the number of G. diazotrophicus cells
decreased as well.

The data analysis of population dynamics of G. diaz-
otrophicus in association with sugarcane revealed that
variety MEX 57-473 is able to harbor this diazotrophic
species in greater populations than the other four sugar-
cane varieties assessed. This fact shows the significance of
sugarcane variety for the persistence of the plant-bacteria
interaction, and it could explain the discrepancies in the
frequencies and bacterial number of G. diazotrophicus
recovered from sugarcane plants analyzed in diverse
studies [9, 13, 36, 38], as well as the different rates of BFN
estimated among sugarcane cultivars [23, 45, 46]. It is
important to mention that G. diazotrophicus has been
isolated from sugarcane var. MEX 57-473 cultivated in
fields fertilized with 275-300 kg N/ha but not from other
varieties fertilized with the same amount of nitrogen [13].

Interestingly, plant growth promotion was observed in
var. MEX 57-473, but not in var. MY 55-14, inoculated
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with G. diazotrophicus strains PAl 5" and PAI 3. The lack
of growth promotion of MY 55-14 plants could be due to
the drastic diminution of G. diazotrophicus population
through plant growth time. Even though the population of
strain PAl 3 declined more rapidly than PAl 5" popula-
tions in all sugarcane tested through plant growth, the
ability of strain PAI 3 to promote the growth of sugarcane
variety MEX 57-473 might be explained by the bacterial
permanence at the time evaluated (75 dpi) in this variety.
The present work shows the sugarcane growth pro-
motion when there are appropriate interaction between
sugarcane variety and G. diazotrophicus genotype. How-
ever, the beneficial effect on sugarcane growth observed
with variety MEX 57-473 was apparently not due to BNF,
since the percent nitrogen content of inoculated plants was
statistically similar to or even lower than that in uninoc-
ulated plants. This could reflect an effect of dilution of
nutrients generally observed when a hormonal effect is
involved. Because G. diazotrophicus has been shown to
produce plant growth-promoting substances [3, 13], IAA
could be the compound responsible for the beneficial ef-
fects observed, as suggested by Fuentes-Ramirez et al. [13]
and recently by Sevilla et al. [41], as well as by Oliveira et
al. [32]. In addition, the consistent decrease of G. diazot-
rophicus populations observed and the low cell numbers of
this bacterium inside sugarcane seems not to be sufficient
to sustain the BNF process required by the plant. In fact, it
has been argued that the endophytic bacterial number
appears trivial when it is compared with the Rhizobium-
legume association where high bacterial numbers are re-
quired in the nodule for sustaining BNF [20]. However,
Sevilla et al. [41] with an '°N, incorporation experiment,
reported that G. diazotrophicus strain PAl 5" was capable
of fixing N, inside sugarcane plants var. SP 70-1143. Al-
though these authors did not show evidence that strain
PAl 57 was responsible of such an activity inside sugar-
cane, because they did not eliminate the rhizosphere or
root surface bacterial populations, the possibility that
other growth-promoting factors might be responsible for
the enhancement of sugarcane growth was not excluded.
Differences in sugarcane variety might explain the dis-
crepancies between the results of the present study and
those of Sevilla et al. [41]. Recently, data on expression of
sugarcane genes induced by inoculation with G. diazot-
rophicus have suggested that the plant might be actively
involved in the establishment of this bacterium [30].
Although the inoculation of sugarcane with G. diazot-
rophicus may promote plant growth, it will be necessary to

J. Mufioz-Rojas, J. Caballero-Mellado

search for the best G. diazotrophicus genotype-sugarcane
variety interaction to obtain consistent responses that
contribute to sugarcane growth enhancement.
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