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Summary

The isolates of two out of four examined bacterial species associated with organic dusts (Erwinia herbicola '
and Enterobacter sp.) showed an ability to shed the membrane vesicles while growing on a solid medium.
The formation of such vesicles was not observed in strains of other two species (Acinetobacter cal-
coaceticus and Alcaligenes faecalis) that revealed a lower degree of the outer membrane development. The
preparations of crude lipopolysaccharide isolated with two methods from strains of all four species were
found to be composed of vesicular particles resembling those shed from the outer membrane of E.
herbicola and Enterobacter sp.

The similar structures were found in natural environment, using wood as a model substrate. It has been
shown by electron microscopy and specific immunolabelling that wood dust from American basswood
contained numerous gram-negative bacteria of the species Erwinia herbicola that were shedding large
amounts of the endotoxin-containing membrane vesicles, measuring about 30 nm. Bacteria were not
found in the samples of wood dust from other kinds of timber. These results were in full accord with those
received by the examination of the wood dust samples by culture and by Limulus test for the presence of
endotoxin.

The presented results suggest that the significant portion of an environmental “dust-borne” endotoxin
occurs in the form of microvesicles, what may respresent an increased risk for the people exposed to

various organic dusts.
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Introduction

The shedding of globular microvesicles from the outer
membrane of gram-negative bacteria has attracted grow-
ing interest as a possible way of dissemination of hazard-
ous microbial substances (endotoxin and other toxins, en-
zymes), mainly in relation to the oral environment and the
etiology of periodontitis (Nowotny et al., 1982; Mayrand
and Grenier, 1989).

So far the process of the formation of microvesicles has
been observed only in liquid media (mainly broth , once in
a tissue culture) (Mayrand and Grenier, 1989). Our pre-
liminary studies (Dutkiewicz et al., 1988, 1989a) sug-

gested that some of the gram-negative bacteria associated
with organic dusts may release endotoxin mainly in form
of vesicles and that the shedding of vesicles from the outer
membrane occurred not only in liquid, but also in solid
media and in native plant tissues.

These findings could be of importance for better under-
standing of the pathomechanism of occupational respira-
tory diseases (organic dust toxic syndrome, byssinosis) due
to inhaling of organic dusts polluted with microbial pro-
ducts. It has been demonstrated that endotoxins produced
by bacteria developing on grain, cotton, wood, straw and



other organic substrates play a significant role in etiology
of these diseases (Thelin et al., 1984; Rylander, 1987;
Castellan et al., 1987; Jacobs, 1989; Lacey, 1990), but so
far it is not known in what physical form the endotoxin
occurs in organic dusts, penetrates into lungs and exerts its
damaging effects.

The aim of the present study was to verify these prelimi-
nary findings and to study a possibility of the formation of
microvesicles by the strains of gram-negative bacteria
growing on a solid substrate and by the strains naturally
occurring in plant tissues, using wood samples as a model
substrate. To better understand this process, the ultra-
structure of the outer membrane in the isolates of four
species of gram-negative bacteria, representing major dust
contaminants in various working environments polluted
with organic dusts (Dutkiewicz, 1978, 1986, 1989; Rylan-
der and Lundholm, 1978; Clark et al., 1983; Lacey, 1990)
was compared with the ultrastructure of the endotoxin
(lipopolysaccharide, LPS) derived from the same isolates.

Materials and Methods

Bacterial strains. The strains were: Erwinia berbicola (syn-
onyms: Enterobacter agglomerans, Pantoea agglomerans): strain
M-10-3 isolated from the air of a grain mill in the region of
Lublin, Poland; Erwinia berbicola: strain WD-72 isolated from a
wood sample taken from American basswood in West Virginia,
USA; Enterobacter sp.: strain TR-2 isolated from the air of a
sawmill processing pine wood in the region of Lublin; Acineto-
bacter calcoaceticus var. lwoffi: strain WP-6 isolated from the air
of a poultry hatchery in the region of Lublin; and Alcaligenes
faecalis: strain HB-11 isolated from the air of a herb processing
plant in Lublin.

Ultrastructure of the cell envelope. Bacteria were grown on
nutrient agar slants for 48 h at 34 °C. Small portions of bacterial
mass were picked with a loop, pre-fixed for 2 h in 2% glutaral-
dehyde in phosphate buffer at pH 7.3, rinsed overnight in 7%
sucrose in phosphate buffer at pH 7.3, and then post-fixed in 1%
buffered osmium tetroxide for 1.5 h. After dehydration in graded
series of ethanol, the samples were embedded in Epon 812, thin
sectioned (silver colour) and post-stained with 2% uranyl acetate
and lead citrate.

All micrographs were taken with a Philips EM 300 electron
microscope operating at 80 KV. The size of observed particles
was determined from photomicrographs. Fifty measurements of
the long axis diameter were done for each sample.

The ultrastructure of the Erwinia herbicola strain WD-72 from
wood was examined by slightly different methods. The bacteria
were grown on tryptic soya agar slants for 72 h at 34 °C, and then
were prepared, thin-sectioned and viewed as described for the
wood samples (see below).

Extraction of LPS. Extraction was made from all strains ex-
cept for the WD-72 strain of E. herbicola. Bacteria were prop-
agated on nutrient agar in Roux bottles for 48 h at 34°C. The
lipopolysaccharide was derived from the washed bacterial mass
of each strain by two methods: 1) The trichloroacetic (TCA)
method of Boivin et al. (1933), consisted of extraction with 0.25
M TCA, dialysis against water, precipitation with acetone and
final lyophilization. 2) The phenol-water (P-W) method of
Westphal et al. (1952), consisted of extraction with 45% phenol,
separation of the water phase, dialysis against water and final
lyophilization.
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Ultrastructure of LPS. Samples of the P-W extract of E. her-
bicola (strain M-10-3) and of the TCA extract of A. calcoaceticus
were studied after thin-sectioning. Small portions of the ly-
ophilized LPS powders were prepared, thin-sectioned and viewed
in the same manner as whole bacterial cells.

All the TCA and P-W extracts from the four strains were
studied directly by negative staining. Samples of lyophilized
lipopolysaccharide were resuspended in distilled water and
stained on grids with 2% aqueous uranyl acetate for 5 seconds.

Wood samples. Samples were taken in August and October
1987 from the sapwood of stored timber logs of American bass-
wood (Tilia americana L.), red oak (Quercus coccinea Muenchh.)
and white poplar (Populus alba L.). The logs had been stored for
a period of 4-6 weeks before sampling in a lumber yard at a
sawmill in West Virginia, USA. The wood surface to be sampled
was disinfected by wiping with 70% propanol and a 5.25%
sodium hypochlorite solution. Samples were taken with a novel
drilling device that collects the pulverized wood into a flask at-
tached beneath the bit in a one-step sterile process (Dutkiewicz et
al., 1989b). .

Estimation of the numbers of gram-negative bacteria in wood.
Viable counts of gram-negative bacteria were determined by dilu-
tion plating. Wood samples (200 mg) were suspended in 20 ml of
sterile phosphate buffered saline containing 0.1% (v/v) Tween 80
and, after vigorous shaking, serial 10-fold dilutions were made
up to 107%, 0.1 ml of each dilution was spread on duplicate sets of
eosin methylene blue agar plates (EMB agar, Difco) and incu-
bated for 48 h at 35 °C. Gram-negative isolates were subcultured
on tryptic soya agar (Difco) slants and identified with API kits 20
E (for enterobacteria) and Rapid NFT (for non-fermenting bac-
teria). Results were reported as colony forming units (CFU) per
gram of pulverized wood.

Estimation of the concentration of endotoxin in wood. Wood
samples (100 mg) were extracted with 5 ml of sterile non-py-
rogenic water by rocking for 1 h at room temperature. The sus-
pension was centrifuged at 1000 g for 10 min to remove particu-
late debris. Quantification of gram-negative bacterial endotoxin
in the aqueous extract was performed in duplicate by a chromo-
genic modification of the Limulus amoebocyte lysate test (QCL-
1000; Whittaker Bioproducts, Walkersville, MA). Results were
reported as endotoxin units (EU) per gram of pulverized wood.

Ultrastructural examination of wood samples. Small portions
of pulverized wood (circa 20 mg) were pre-fixed for 3 h in 3.0%
Karnovsky’s fixative (Karnousky, 1965) in 0.1 M Sorensen’s
phosphate buffer at pH 7.4, then placed for 1 h in 2.0% tannic
acid, and post-fixed for 1 h with 2.0% osmium tetroxide. After
dehydration in graded series of ethanol, the samples were embed-
ded in Epon LX 112, thin-sectioned (silver colour), mounted on
copper grids, and stained with 4% uranyl acetate in 50% ethanol
and Reynolds lead citrate.

All micrographs were taken with a JEOL 100 CX electron
microscope operating at 80 KV. The size of observed particles
was determined from photomicrographs. Fifty measurements of
the long axis diameter wer done for each sample.

Hyperimmune sera. For immunological identification of the
observed structures, antisera against cell wall lipopolysaccharide
(LPS) and lipid A (LA) antigens of Erwinia herbicola, strain M-
10-3 were raised in rabbits. Strain M-10-3 has been used previ-
ously as a standard strain for these purposes (Dutkiewicz, 1978).

LPS antigen was obtained by the TCA method of Boivin et al.
(1933) as described above. Rabbits were injected intraveneously
(i.v.) S times on every second day with increasing doses of LPS
equal to 20 pg, 40 pg, 60 ng, 80 pg and 100 pg, and then received
booster doses of 100 pg on 7th and 17th day after the end of
primary immunization.

Lipid A antigen was prepared according to the method of
Galanos et al. (1971), comprising treatment of cell mass with 1%
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Table 1. Gram-negative bacteria and endotoxin in the particular kinds of woods

Wood Total count of Count of Concentration Ultrastructural Immunogold- Immunogold-
gram-negative Erwinia of bacterial evidence for labelling labelling
bacteria herbicola endotoxin gram-negative for LPS for lipid A
(CFUx 103 (CFU % 10% (EUx 103 bacteria and of Erwinia of Erwinia
per gram) per gram) per gram) endotoxin herbicola herbicola
A® BP A B A B A B A B A B
American
basswood 300.0 218.0 300.0 54.9° 182.47 280.40 Pos.4  Pos. Pos. Pos. Pos. Pos.
Red oak 0 0 0 0 0.14 0.34 Neg.® Neg. Neg.  Neg. Neg.  Neg.
White poplar 0 0 0 0 012  0.19 Neg.  Neg. Neg.  Neg. Neg.  Neg.

*A = August. ® B = October. ¢ Associated gram-negative bacteria were: Klebsiella sp., Citrobacter freundii and Pseudomonas *

putida. © Pos. = Positive. ¢ Neg. = Negative.

Results
Cell envelopes of agar-cultured bacteria

The cell envelopes of the two enterobacterial strains (Er-
winia herbicola and Enterobacter sp.) were clearly dif-
ferentiated into an outer membrane, a peptidoglycan layer,
and the cytoplasmic membrane. The outer membrane of
both showed a very distinct trilaminar (triple-tracked)
structure (Fig. 1). In two non-enterobacterial species (Aci-
netobacter calcoaceticus, Alcaligenes faecalis) the degree
of development of the cell envelope appeared to be less,
particularly in A. faecalis (Fig. 2).

Shedding of membrane vesicles by agar-cultured
bacteria

Outside the cell envelope of bacteria belonging to the
Erwinia herbicola strains M-10-3 and WD-72 were seen
membrane vesicles (Figs. 1 and 3) measuring on the aver-
age (X + S.D.) 44.7 £ 17.7 nm and 36.5 = 16.8 nm,
respectively. Inspection of Figs. 1 and 3 suggest that the
vesicles may be formed in the course of a process involving
convolution of the outer membrane followed by a stage
resembling “internal budding”. Shedding of vesicular par-
ticles from the outer membrane was observed also in cul-
tures of the Enterobacter sp., but to a lesser extent than in
E. herbicola. Shedding was not observed in the cultures of
A. calcoaceticus and A. faecalis.

Isolated endotoxin

Thin-sectioned crude LPS preparations from the E. ber-
bicola and A. calcoaceticus strains were found to be com-
posed of vesicular particles (Fig. 4) showing identical mor-
phology to those shed from the outer membrane of E.
herbicola (Figs.1 and 3). They had a characteristic, 4-5

nm wide margin and their global shape strongly resembled
broken nut shells.

A similar picture of the endotoxin was found in the
directly stained crude LPS preparations from all the strains
examined. It appeared as loose aggregations of shell-like,
vesicular particles (Fig. 5). The LPS particles from the dif-
ferent strains showed a high degree of similarity, irrespec-
tive of the method of extraction.

The mean long axis diameters of the particles found in
the ten examined LPS preparations (X = S.D.) ranged from
35.9 £ 12.5 nm to 82.7 £ 26.3 nm.

Occurrence of gram-negative bacteria and endotoxin in
wood samples

High levels of viable gram-negative bacteria and en-
dotoxin were found in the pulverized samples from Ameri-
can basswood. The red oak and white poplar samples con-
tained no viable bacteria and only trace amounts of en-
dotoxin (Table 1). Electron microscopic examination re-
vealed structures morphologically similar to gram-nega-
tive bacteria and endotoxin in the basswood samples.
These showed positive reactions with antisera against the
LPS and lipid A of Erwinia berbicola, the dominant gram-
negative bacterium in the wood (Table 1). No such struc-
tures were found in the red oak or white poplar wood.

Ultrastructure of gram-negative bacteria and endotoxin
in wood samples

The structures clearly resembling those seen in the agar
cultures of Erwinia herbicola were observed in thin-sec-
tioned samples of the pulverized wood from basswood
(Figs. 6, 7 and 8). The bacteria were seen usually in the
lumen of lignified wood cells (vessels or fibres) (Fig. 6).
The membrane vesicles appeared to be peeling off the out-

4 Fig. 4. Thin-sectioned particles of the isolated lipopolysaccharide (LPS) from Erwinia herbicola (strain M-10-3, P-W extract).

4 Fig. 5. Lipopolysaccharide (LPS) from Enterobacter sp. (strain TR-2, TCA extract), negatively stained with uranyl acetate.
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tic “tripled-tracked” membrane (dark-light-dark), corres-
ponding to the structure of the outer membrane of bacte-
rial cell. The photomicrographs indicate that these vesicles
are formed by a budding-like convolution of outef mem-
brane and are abundantly released from bacterial cells in
wood tissue. The specific immunolabelling with colloidal
gold showed that the vesicles contain lipopolysaccharide
and its constituent lipid A.

Wood is recognised as one of the sources of offending
organic dusts, that cause respiratory disorders (organic
dust toxic syndrome, allergic alveolitis, asthma, rhinitis) in
the exposed workers (Goldsmith and Shy, 1988). Wood
inhabiting microorganisms, in particular fungi and en-
dotoxin-producing gram-negative bacteria, have been im-
plicated as the putative agents of the disease (Wilbelmsson
et al., 1984; Kolmodin-Hedman et al., 1987; Dutkiewicz,
1989). It is known, that gram-negative bacteria may de-
velop abundantly in stored wood (Rossell et al., 1973).

Erwinia herbicola has been implicated as a main source
of potentially pathogenic endotoxin in cotton dust (Rylan-
der and Lundholm, 1978; Rylander, 1987) and grain dust
(Dutkiewicz, 1976). Our data indicate that it may play a
similar role in wood dust. If so, the exposure to dust from
particular kinds of woods (e.g. American basswood) may
carry a risk of the endotoxin-induced acute respiratory
disorders in the workers of sawmills and other wood pro-
cessing facilities, similar to those observed in cotton work-
ers (Rylander, 1987).

The observation that a significant portion of the en-
vironmental “dust-borne” endotoxin occurs in the form of
globules (vesicles) measuring 10—~50 nm is in accord with
results of Rylander et al. (1989) who found a peak of
endotoxic activity in the smallest fraction (below 0.5 pm)
of cotton dust particles. The microvesicular shape of dust-
borne endotoxin represents a particular risk as a respira-
tory hazard, because of the particular ease with which
particles of this shape and size interact with alveolar mac-
rophages and other immune cells (Burrell, 1988; Ozel et
al., 1988), to initiate inflammatory processes in the lungs
(Rylander, 1987; Burrell 1990)

The results conflrm the view (Rylander, 1988; Rylander
et al., 1989; Burrell, 1988, 1990) that studies on the effect
of inhaled dust-borne endotoxin on lung function should
not be performed with chemically purified lipopolysac-
charide or lipid A but rather with a fraction of disrupted
bacterial cells more closely resembling the appearance of
the endotoxin complex in the natural environment. The
microvesicle fraction is particularly suited to this purpose
as it can be separated easily in a sucrose gradient (Burrell
et al., in preparation).
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