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Visualization of an Endophytic Streptomyces Species in Wheat Seed
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Endophytic filamentous actinobacteria were isolated from surface-sterilized roots of wheat plants. Endo-
phytic colonization of germinating wheat seed was examined using one of these endophytes, Strepfomyces sp.
strain EN27, tagged with the egfp gene. Endophytic colonization was observed from a very early stage of plant
development with colonization of the embryo, endosperm, and emerging radicle.

In order to find effective biocontrol agents for fungal plant
pathogens of cereal crops, we isolated actinobacterial strains
from surface-sterilized roots of healthy wheat plants (3; J. T.
Coombs and C. M. M. Franco, submitted for publication).
There have been reports of actinobacteria, other than Frankia
spp., inhabiting the tissues of healthy plants (5, 15, 16). How-
ever, spatial colonization of the root tissue of cereals by acti-
nobacteria has not been reported, and evidence of their distri-
bution as endophytes is required to prove endorhizosphere
competence. A representative endophytic strain, Streptomyces
sp. strain EN27, was tagged with green fluorescent protein
(GFP) to study early colonization events after it was applied to
wheat (Triticum aestivum L.) seeds. Expression of GFP has
been used to visualize a number of unicellular bacteria-plant
interactions (6, 9, 10, 14, 21), but this is the first report on a
filamentous actinobacterial endophyte. For actinobacteria, gfp
expression has been optimized (4, 20) and coupled to a con-
stitutively expressed promoter, ermEp (17).

Streptomyces sp. strain EN27, identified by 16S ribosomal
DNA (rDNA) sequence analysis to be closely related to Strep-
tomyces caviscabies, was isolated from surface-sterilized wheat
root tissue (3; Coombs and Franco, submitted). Control exper-
iments to validate the sterilization procedure were done by
subjecting five individual actinobacterial endophytes and two
endophytic pseudomonads, at 107 to 10° CFU per ml or per g
of seed, to the sterilization protocol. They were tested as coat-
ings on wheat seeds and as suspensions. Simple washing steps
with sterile water do not easily remove the microbial coatings,
but the sterilization protocol was effective in removing all sur-
face-adhering microorganisms.

Streptomyces sp. strain EN27 was selected as a model organ-
ism with which to investigate the colonization of germinating
seeds of the wheat host due to its wide distribution among
wheat plants in the field and its ability to promote plant growth
and control a number of root-infective phytopathogenic fungi
(Coombs and Franco, submitted; J. T. Coombs, P. P. Mich-
elsen, and C. M. M. Franco, submitted for publication). Strep-
tomyces sp. strain EN27 was transformed with egfp by using an
8.0-kb vector, plJ8641 (20), containing the egfp gene down-
stream of a strong constitutive ErmE promoter, an apramycin-
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resistant marker (aac(3)IV)), an oriT/RK2 region, and a lambda
phage chromosomal integration sequence (IntC31). Compe-
tent Escherichia coli S17.1 transformed with pIJ8641 DNA was
used for intergeneric recombination with Streptomyces sp.
strain EN27 by the intergeneric recombination protocol of
Flett et al. (8), which is a modification of the method of Ma-
zodier et al. (13), as described in Practical Streptomyces Genet-
ics (12).

Approximately 100 T. aestivum L. cv. Excalibur seeds were
surface sterilized by a 6-min wash in 3.125% NaOC], followed
by three double-volume rinses in sterile water. A spore sus-
pension of the egfp-tagged actinobacterium, Streptomyces sp.
strain EN27(plJ8641), was added to half the seeds, while 1.5 ml
of sterile water was added to the other half, to act as a control.
The seeds were placed on a mannitol-soy flour (MS) medium
plate and allowed to germinate. Five inoculated seeds were
planted aseptically, in duplicate, in twice-autoclaved sterile
sandy-loam soil placed in sterile 500-ml screw-cap flasks to a
depth of 7 cm. The flasks were watered with sterile water and
incubated in a plant growth chamber with a 16-h-light, 8-h-
dark cycle at 25°C.

The egfp-tagged Streptomyces sp. strain EN27 showed strong
GFP expression when visualized under a Nikon laser scanning
confocal microscope, in comparison to control wild-type Strep-
tomyces sp. strain EN27, which displayed no fluorescence (mi-
crographs not shown). The stability of the integrated vector
was observed for at least 7 successive progeny over a 7-week
period; subcultures from spores obtained from agar plates with
no selective pressure were resistant to 50 pg of apramycin per
ml and expressed GFP. Germinating seeds coated with Strep-
tomyces sp. strain EN27 and untreated control seeds were
harvested every 24 h and were cut into 60- to 80-pm-thick
sections by using a Leitz Wetzlar microtome with a freezing
stage attachment. Sections were examined under an Olympus
BX-50 microscope using a mercury vapor lamp. The GFP-
expressing streptomycete was visualized with a Chroma 31001
filter block with excitation at 465 to 495 nm and emission at 515
to 555 nm. The structure of the plant tissue was visualized by
using the autofluorescence of the tissue itself, with an Olympus
U-MNUA filter set that gave an excitation wavelength of 360
to 370 nm and an emission wavelength of 420 to 460 nm. After
24 h the presence of the strain was detected only in the embryo
and around the break in the seed husk where the embryo
emerges from the seed. No fluorescence was observed on the
outer seed husk, indicating that these cells were nonviable and
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FIG. 1. Microcolonies of Streptomyces sp. strain EN27 expressing enhanced GFP (EGFP) in wheat embryo tissue (plumule) at 24 h (A) and
3 days (B) after germination of coated seed. The image represents the merge of two micrographs of EGFP detection (shown in green) and plant
autofluorescence (shown in red). Magnification for all images, X200. Arrowheads indicate EGFP-expressing Streptomyces sp. strain EN27.

no longer expressing GFP, or, more likely, that these cells were
washed away when the seeds were immersed in the freezing
step during sectioning. Figure 1 shows the actinobacteria in-
habiting the embryo tissue. The image generated from the
green-light detection of the tagged Streptomyces was digitally
colored green, and the image generated from the blue-light
detection of the plant tissue was digitally colored red. The
GFP-expressing strain did not show any fluorescence under
blue-light detection in any of the sections. The images were
then overlaid by using Confocal Assistant, version 4.0. It was
observed that the actinobacteria grew preferentially in close
proximity to the plant cell walls. It is possible that this is
intercellular growth and that the microscope stage was slightly
moved (down and to the right in the image) between the two
image captures, as the growth of the actinobacteria appears to
mimic the shape of the plant cell wall in many places. After 3
days, GFP-expressing microcolonies of the actinobacteria were
seen more frequently in the embryo tissue of the seed than at
24 h, indicating that the actinobacteria were actively growing in
the plant tissue. Actinobacterial microcolonies were also de-
tected in the emerging radicle (young root) of the embryo (Fig.
2). After 3 days, actinobacterial growth was observed in the
endosperm of the wheat seed, which was not observed at 24 h
(Fig. 3).

These observations show that the endophytic actinobacte-
rium was able to associate with its host at a very early stage in
the development of the plant. Actinobacterial microcolonies
were observed in the wheat embryo 24 h after infection. Direct
infection across the pericarp seems unlikely, as no early infec-
tion of the endosperm was seen. However, the endophytic
actinobacteria may be carried initially into the embryo through
the break in the seed husk and then into the endosperm as the
seed hydrates from the embryo end. This hypothesis would
explain the lack of endosperm infection at 24 h, followed by
infection of the endosperm at 3 days. The actinobacteria ap-
pear to form microcolonies intracellularly in the plant tissue
and were generally found in close proximity to the cell walls of
the plant tissue. It is possible that the actinobacteria are within
the wall of the plant cell but have not penetrated the plant cell

membrane, like the arbuscles of arbuscular mycorrhizal fungi
(11).

This visualization technique can be employed to determine
the colonization response of endophytic actinobacteria to en-
vironmental conditions, as was observed with Frankia (1) or
plants grown in hydrocarbon-contaminated sites (18). In the
same way, it would be interesting to find any correlation be-
tween the pathogen inoculum level and the level of coloniza-
tion of wheat by endophytes with the ability to control the
pathogen.

The level of autofluorescence in the plant tissue may repre-
sent one of the biggest challenges for the visualization of en-
dophytic organisms by using fluorescent proteins. Under blue-
and green-light excitation, the autofluorescence of the plant
tissue was particularly bright and several subcellular plant
structural features could also be observed (data not shown).
The GFP-expressing actinobacteria were detected by using

FIG. 2. Enhanced GFP (EGFP)-expressing Streptomyces sp. strain
EN27 microcolony in the emerging radicle. Magnification for all im-
ages, X200. The arrowhead indicates EGFP-expressing Streptomyces
sp. strain EN27.
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FIG. 3. Microcolonies of Streptomyces sp. strain EN27 expressing
enhanced GFP (EGFP) in the endosperm after 3 days. Magnification
for all images, X200. Arrowheads indicate EGFP-expressing Strepto-
myces sp. strain EN27.

green emission, together with the absence of red emission
(whereas most plant structures exhibited fluorescence across a
range of wavelengths). The use of uninfected control plants
was also necessary to distinguish those signals from the endo-
phytic actinobacteria and to gauge the autofluorescence of
normal plant structures. This problem may be overcome by the
use of specific fluorescent proteins with emission wavelengths
(19) that coincide with low levels of autofluorescence in plant
tissue. It may also be possible to transform the endophytic
actinobacteria with multiple copies of the egfp gene in order to
increase the fluorescence intensity, as demonstrated with
Pseudomonas spp. (21). To be able to readily visualize the
narrow actinobacterial hyphae in the plant tissue, one could
employ an electron microscopy method as demonstrated by
Berg and McDowell (2) for the visualization of Frankia in
Casuarina nodules. In studying colonization by an actinobac-
terial inoculant, the limitation of this method is that it would
not be possible to guarantee that that the observed actinobac-
terial hyphae originated from the inoculant. This problem
could be overcome by detection of the organism through an
electron microscopy-based technique that remained specific
for the particular strain, such as immunogold labeling (7).
Immunogold labeling combined with scanning electron micros-
copy has a resolving power of better than 1 nm and uses the
highly specific binding characteristics of an antibody, which
should enable visualization of the actinobacterial hyphae.
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