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Abstract Colonization of sorghum and wheat after

seed inoculation with Gluconacetobacter diazotrophi-

cus strains PAL 5 and UAP 5541/pRGS561 (contain-

ing the marker gene gusA) was studied by colony

counting and microscopic observation of plant tissues.

Inoculum levels as low as 102 CFU per seed were

enough for root colonization and further spreading in

aerial tissues. Rhizoplane colonization was around 7

log CFU g-1 (fresh weight). G. diazotrophicus was

found inside sorghum and wheat roots with popula-

tions higher than 5 log CFU g-1 (fresh weight). Stem

colonization remained stable for 30 days post inocu-

lation with endophyte concentrations from 4 to 5 log

CFU g-1 (fresh weight) (in both plants). Population in

leaves decreased continuously being undetectable

after 17 days post inoculation.

Keywords Endophytes � Gluconacetobacter
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Introduction

The use of Plant Growth Promoting Bacteria (PGPB)

as biofertilizer and biocontrol organisms is being

considered as an alternative or a supplemental way of

reducing the use of chemicals in agriculture. Plant

growth stimulation by microorganisms can be a

consequence of nitrogen fixation, production of

phytohormones, biocontrol of phytopathogens in the

root zone or enhancement of minerals availability.

PGPB must grow on or around the roots for further

plant colonization, which is of primary importance

for an effective plant–microbe association. After this

initial colonization step, certain bacteria are able to

enter roots by different mechanisms and establish

endophytic populations (Rosenblueth and Martı́nez-

Romero 2006). A N2-fixing endophytic bacterium,

Gluconacetobacter diazotrophicus, was described by

Cavalcante and Döbereiner as associated with sugar-

cane (1988). This bacterium has also been found in

natural association with other host plants. It can

enhance plant growth independent of nitrogen fixa-

tion as has been shown in sugarcane and maize

(Riggs et al. 2001; Saravanan et al. 2007). Its

colonization behavior has been poorly characterized

in plants others than sugar cane and it is not known

what inoculum concentration is required for plant

entry. This is not an important issue with sugarcane,

which is vegetatively propagated, but should be

important to extend inoculation with this microor-

ganism to seed propagated crops.
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In the present study an attempt was made to study

the colonization behaviour of G. diazotrophicus in

wheat (Triticum aestevium) and sorghum (Sorghum

bicolor). Seeds were inoculated at different inoculum

levels and plants grown under gnotobiotic conditions.

Colony counting of homogenized tissues and micro-

scopic observation of organ sections were performed

in order to determine its colonization capability. It is

shown that seed inoculation of G. diazotrophicus led

to extensive root colonization of either plant followed

by bacterial spreading to aerial tissues, without any

symptom of plant growth inhibition irrespective of

the inoculum level.

Materials and methods

Organisms and maintenance

G. diazotrophicus Pal 5 (ATCC 49037) (Cavalcante

and Döbereiner 1988) and a b-glucuronidase marked

G. diazotrophicus strain UAP5541/pRGS561 (Fuentes-

Ramı́rez et al. 1999) were maintained at 4�C on

potato medium (Stephan et al. 1991) with nalidixic

acid (Nal) (15 lg ml-1) and Nal and streptomycin

(Sm) (45 lg ml-1), respectively.

Culture conditions

Bacterial strains were grown in flasks (250 ml)

containing 50 ml of LGI medium (Stephan et al.

1991) at pH 6, on a rotatory shaker at 200 rpm and

30�C for 48 h.

Inoculum preparation

Bacterial cultures with a final concentration of

*1.109 CFU ml-1 were centrifuged and resuspended

in the same volume of buffer phosphate saline buffer

(PBS) pH 6.0. This suspension was 10-fold serially

diluted in PBS and 10 ml of the appropriate bacterial

suspension used to inoculate 100 g of seeds.

Surface sterilization and inoculation of seeds

Wheat (Triticum aestevium cv. ‘‘baguette’’) and

sorghum (Sorghum bicolor cv. ‘‘energy’’) seeds were

surface sterilized with 70% ethanol for 5 min fol-

lowed by one wash with sterile water and immersion

in 2% sodium hypochlorite for 10 min followed by

three washes with sterile water. Seeds were inoculated

and immediately placed into flasks containing 100 ml

of Fahraeus-semisolid medium (0.5% agar).

Plant culture conditions

Plants were grown in gnotobiotic conditions in a

controlled-climate glasshouse under a day and night

cycle of 16 and 8 h, respectively, at 28�C for 30 days.

Seven treatments (in each of three independent

experiments), with around 50 plants/treatment, were

used for each plant species: uninoculated controls,

inoculated with G. diazotrophicus PAL 5 (106 CFU -

seed-1) and inoculated with G. diazotrophicus UAP

5541/pRGS561 with inoculums levels of 106, 105,

104, 103 and 102 CFU seed-1.

Determination of microbial populations

in rhizoplane and inside surface-sterilized

plant tissues

The third day post (seed) inoculation (P.I.) it was

possible to separate roots and shoots and plants were

harvested thereafter at 2 day intervals and separated

into roots and shoots (or leaves and stems). For each

plant species three samples were combined and three

replicates of tissue samples were collected (nine plants

each time) to determine the average colonization value

and fresh weights. To determine endophytic popula-

tion plant tissues were sterilized with 2% sodium

hypochlorite for 3 min with constant vortex agitation

for sorghum roots, 10 min for wheat roots and 2 min

for either shoots. Tissues were washed four times with

sterilized water. Samples were crushed manually with

mortar and pestle. The homogenates were resuspended

in 1 ml of PBS and vortexed. This suspension was 10-

fold serially diluted and cultured on LGI agar plates,

containing Nal, Sm and X-Gluc (40 lg ml-1) for

gusA-marked strain or Nal for strain PAL 5, at 28�C

for 3 days and colonies enumerated. Three control

procedures were performed to ensure the efficiency of

the surface sterilization method: (i) sterilized plant

tissue samples of 96 h P.I. (with gusA-marked strain)

were observed by optical microscopy after staining,

(ii) sterilized vegetal tissues were placed for 1 min

onto plates containing LGI, tissues removed and plates

incubated at 28�C, (iii) the wash solution from the last

rinse was cultured on LGI plates.
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To determine the extent of rhizoplane colonization

by seeds inoculated with bacteria, another set of

plantlets were removed from the agar and roots rinsed

with sterile distilled water and processed as above,

without surface sterilization. Rhizoplane population was

determined by subtracting the inside population from

the total bacterial counts determined without surface

sterilization as described by Gyaneshwar et al. (2001).

Optical microscopy observations

Plants inoculated with strain UAP 5541/pRGS561

(with 106 CFU seed-1) were harvested and separated

into roots and shoots. GUS activity was tested daily

during the first 7 days P.I. and from then at 3-day

intervals. The staining procedure using X-Gluc was

done as described by Jefferson et al. (1987). Unin-

oculated plants were analyzed at the same interval

times. After staining, samples were observed and

photographed using a Carl Zeiss Photomicroscope.

Multiple samples were examined either directly or by

using hand-cut sections.

Results and discussion

Control of sterilization treatment of plant tissues

(1) No zones of blue staining were observed in

sterilized samples from plants previously inoculated

with the gusA-marked strain. (2) No bacterial growth

was observed at 3 days after mounting of surface-

sterilized roots on LGI plates. (3) Bacterial growth

was rarely observed when the wash solution from the

last tissue rinse was plated on LGI. Colonies were

observed in less than 5% of these washes. Similar to

the root tests, no bacterial colonies were found on

stems and leaves neither in post sterilization wash

tests nor in incubations of whole aerial tissues. Based

on these results, we can assume that the sterilization

procedure employed in this work was sufficient to kill

and/or wash away bacteria from plant surfaces.

Tissues colonization by G. diazotrophicus

Colony counting of plants inoculated with either

G. diazotrophicus PAL 5 or UAP 5541/pRGS561

showed a similar behavior for both strains (data with

strain PAL 5 are not shown). G. diazotrophicus

efficiently colonized wheat and sorghum tissues after

seed inoculation. It was not accompanied by inhibi-

tion of plant growth or other macroscopically visible

disease symptoms.

Roots colonization

Rhizoplane population, analyzed 3 days P.I., was

7.0–7.5 log CFU g-1 (fresh weight) for both plant

species, independently of the inoculum level. This

population remained essentially steady with slight

fluctuations for over 2 weeks (data not shown),

suggesting that seedling and root exudates provided

nutrients enough to maintain this population.

Endophytic population remained at 6–6.5 log

CFU g-1 (fresh weight) for more than 7 days (Fig. 1a,

b). After that, endophytic population decreased to a

level of 5.5 log CFU g-1 (fresh weight) and remained

constant until the end of the experiment (30 days).

Although these observations were made from plants

inoculated with a concentration of *1.106 CFU -

seed-1, endophytic colonization was observed over a

range of inoculum levels (from 102 to 106 CFU per

plant) without significant differences in the extent of

colonization (Fig. 1c, d), indicating that few cells were

enough for plant entry and further interior colonization.

In uninoculated controls no bacteria could be detected

by plate counting of homogenized tissues that have

been or not previously sterilized.

G. diazotrophicus could be reisolated from homo-

genated surface-sterilized roots and shoots indicating

internal colonization and spreading within the plants.

Furthermore, uninoculated roots of wheat and sor-

ghum plants did not develop blue zones after GUS

staining, confirming the lack of endogenous b-glucu-

ronidase activity and providing the specificity of the

visualization procedure (Fig. 2b, d). Roots inoculated

with strain UAP 5541/pRGS561 showed intense blue

staining for both crops: the root surface just emerging

from the seeds was always intensively colonized from

24 h P.I. onward, as well as the root hairs (Fig. 2a, c,

e, f). Several root colonization sites were detected by

GUS expression as possible routes of entry for this

bacterium: (1) via lateral root emergence sites

(Fig. 2g, arrows), suggesting a colonization route

similar to that of sugar cane (James and Olivares

1997) could occur in sorghum and wheat plantlets;

(2) via root hairs (Fig. 2e, f), that would indicate that
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G. diazotrophicus could also enter plants through

them, as has been reported for some endophytic

Azospirillum sp. (Hallmann et al. 1997); and (3) (only

for wheat) from the root tips in cells of the root cap

and meristem, since 24 h P.I. and maintained along

the experiment (Fig. 2c arrows, h), which is consid-

ered a possible way of entry for other endophytic

microorganisms like Azoarcus sp. (Hurek et al. 1994).

Longitudinal view of plants roots recovered at differ-

ent times revealed the presence of G. diazotrophicus

in epidermal regions of roots (Fig. 2i) and in many of

the intercellular spaces in the portion of roots just

emerging from seeds (Fig. 2j). Transverse sections of

wheat roots 3 days P.I. showed blue staining on

internal tissues (Fig. 2k, l).

Shoots colonization

G. diazotrophicus was able to colonize aerial parts

of sorghum and wheat plants, as already reported for

other endophytic organisms (Zakria et al. 2008), but

the concentration of this endophytic population was

always lower than that found in roots (Fig. 1a, b).

The highest level of bacterial population was

reached at early stages of plant growth and remained

around 4.5–5.5 log CFU g-1 (fresh weight) through-

out. In 13 days old plants, when it was possible to

separate stems from leaves, stem population

remained at a level of 4.0–5.0 log CFU g-1 (fresh

weight) whereas leaves population decreased con-

tinuously with time and no bacteria could be

detected in plants examined around 17 days P.I.

for both crops (Fig. 1a, b). Figure 2m, n show aerial

tissues colonization. No blue zones were observed

on samples of shoots taken from uninoculated

plantlets after incubation with the GUS substrate

(data not shown).

We have shown that G. diazotrophicus seed

inoculation leads to extensive root colonization of

sorghum and wheat followed by bacterial coloniza-

tion of aerial tissues. Differences in the extent of

colonization between this study and others (Sevilla
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Fig. 1 Endophytic population of sorghum and wheat plants

after seed inoculation with G. diazotrophicus UAP 5541/

pRGS561. a and b Endophytic population in sorghum (a) and

wheat (b) inoculated with 106 CFU seed-1. c and d Endophytic

population in sorghum (c) and wheat (d) roots with different

inoculum levels. The standard error of the mean represented by

each data point is indicated in the figures. fw fresh weight
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and Kennedy 2000; Cocking et al. 2006) may depend,

not only on the methodology of inoculation, but also

on the combination of host cultivar and strain

bacterial endophyte. This study provides further

evidence that G. diazotrophicus can colonize plants

other than its original host (sugarcane) and it can

establish stable endophytic associations with wheat

and sorghum plants, at least under our experimental

conditions. Future studies will be directed to know

whether this significant colonization is accompanied

by stimulation of plant growth as suggested else-

where (Adriano-Anaya et al. 2006).

Fig. 2 Histochemical localization of gusA gene expression in

sorghum and wheat plants after seed inoculation with G.
diazotrophicus strain UAP5541/pRGS561. Photographs of

sorghum (a) and wheat (c) roots showing blue zones due to

gusA-marked cells at the root tips (arrows) and in roots just

emerging from seeds. Not inoculated roots of sorghum (b) and

wheat (d) show no blue zones. Light microscope images of

roots showing blue staining in sorghum root hairs (e and f), at

the site of emergence of lateral wheat roots (g) (arrows), in cells

of wheat root cap and meristem (h), in epidermal tissues (i) and

intercellular spaces of emerging sorghum roots (j). Transverse

sections of wheat roots show blue staining on cortical tissues

(k and l). Blue staining of wheat stems show colonization

of aerial tissues (m and n). (a and c) bars = 3 mm; (e, g and

h) bars = 200 lm; (i, j, k and m) bars = 50 lm; (f)
bar = 20 lm; (l and n) bar = 10 lm
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