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Abstract Triacylglycerol is accumulated by Srepto-
myces spp. when grown in submerged culture. Ultrastruc-
tural studies using transmission electron microscopy
(TEM), staining and freeze-fracture/freeze-etch proce-
dures, and light microscopy confirmed the accumulation
of neutral lipid by S. lividans and S. coelicolor during the
stationary phase and its storage within membrane-bound
globular structures within the cytoplasm. These structures
were of various sizes and occupied up to approximately
80% of the total cell volume at that time. There was no
evidence of such material within cells examined during
the early exponential phase of growth. The globules visu-
alised by TEM were electron-transparent since they com-
prised lipids containing saturated fatty acids that did not
react with osmium tetroxide. The globules appeared to be
bounded by a single membrane.

Key words Transmission electron microscopy - Light
microscopy - Triacylglycerols - Streptomyces - Sudan
black B

Abbreviations TAG triacylglycerol - TEM transmission
€lectron microscopy

Introduction

Members of the genus Sreptomyces are filamentous
gram-positive bacteria characterised by unusual morpho-
logical complexity and extreme versatility in making ava-
riety of secondary metabolites, many of which are capable
of antibiotic activity (Martin and Demain 1980; Daza et
a. 1989) and arein clinical use. Another unusual feature
of these bacteria is their ability to sporulate. Indeed, all
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these unusual characteristics may be involved in the sur-
vival strategy of Sreptomyces bacteria (Chater and Mer-
rick 1979).

We have recently shown that Streptomyces spp., per-
haps uniquely among prokaryotes, accumulate consider-
able amounts of triacylglycerol (TAG; 50-150 mg I of
medium) at late stages of submerged growth (Olukoshi
and Packter 1994). This neutral lipid is an atypical energy
reserve compound in bacteria, whereas glycogen, polyhy-
droxybutyrate and polyphosphates frequently function in
this capacity (Dawes 1985). In addition, it has been
demonstrated in S. coelicolor that glucose exhaustion is
accompanied by a levelling off in TAG levels within the
mycelium and that this event is followed by antibiotic for-
mation. It has been suggested that TAG might act as the
carbon source for those antibiotics derived from acetyl-
CoA/malonyl-CoA precursors (Olukoshi and Packter
1994).

This paper presents further insight into the accumula-
tion of TAG in Streptomyces after examining its location
within the mycelium (mainly using S. lividans) by means
of ultrastructural studies involving electron and light mi-
croscopy. These studies highlight some of the difficulties
in fixing and staining cells and in post-staining sections of
Streptomyces cells by reaction with osmium tetroxide,
caused by the absence of unsaturated fatty acyl residuesin
their lipids.

Materials and methods
Source of materials
General chemicals and reagents for microscopy were obtained

from BDH Chemicals. Agar and other media components were
purchased from Lab M Products.

Culture conditions

Streptomyces lividans 66 and S. coelicolor A3(2), an agarase-mi-
nus mutant of the wild type, were obtained originally from the cul-
ture collection at the John Innes Institute, Norwich, UK by cour-



tesy of Prof. D.A. Hopwood. Stock cultures were maintained on
agar slants. Spores were obtained as described by Olukoshi and
Packter (1994) and used to inocul ate complete medium (Hopwood
1967). S. lividans was generally used for these studies because it
produced greater yields of TAG than other species and, moreover,
did not form pigment in liquid culture. Cells were incubated in
250-ml Erlenmeyer flasks containing 100 ml medium on an orbital
shaker (250 rpm, 30° C) for various periods corresponding to early
exponential phase and to early and late stationary phase of growth
(Olukoshi and Packter 1994).

Transmission electron microscopy (TEM) staining

Cells were harvested by centrifugation at 4000 x g for 5 min and
the mycelium from 20 ml culture medium was washed three times
with 20 ml phosphate buffer held at 2°C (0.1 M, pH 7.4). Cells
were fixed by reaction with glutaraldehyde (2.5%, v/v in 0.1 M
phosphate buffer, pH 7.4) for 4 h at 4° C and washed three times at
4°C for 2 h in this buffer. Cells were then treated with osmium
tetroxide (0.1%, w/v in 0.1 M phosphate buffer) at 4°C for 2 h
(Ryter and Kellenberger 1958) and washed in this buffer at 4°C
for 15 min. Cells were dehydrated in a graded ethanol series at
4° C (to reduce loss of lipids) as follows: 70% ethanol (2 x 10 min
each), 90% ethanol (2 x 10 min each) and 100% ethanol (3 x 20
min each). They were stained initialy in this first step with alow
concentration of uranyl acetate (4%, w/v in 70% ethanol) for 1 h.
The dehydrated cells were embedded in Epon 812 resin by trans-
ferring them into propylene oxide (2 x 10 min each) and exchang-
ing to a mixture of propylene oxide and resin (1:1) for 6 h. Cells
were then placed in 100% resin for 24 h under vacuum, leaving the
cap off to alow for solvent evaporation. Finally, cells were
blocked out in fresh resin and alowed to polymerise at 60° C for
48 h. Blocks were cut on a Reichert Ultracut ultramicrotome with
glass knives, and sections were picked on copper grids and re-
stained for 5 min each with uranyl acetate (15%, w/v in methanol)
and lead citrate (Reynolds 1962) prior to TEM. Due to the
mycelial nature of the cells, sections of variable thickness ranging
from 50 nm to, more usually, 100 nm were obtained.

Although the filamentous nature of the cells and their thick cell
wall made it difficult to section them uniformly, it was important
to obtain thin sections for examination. Moreover, modified stain-
ing procedures (initial staining during the first step of the dehydra-
tion process and before blocking) helped to enhance contrast. The
sections were examined in a JEOL 100S transmission electron mi-
croscope at 100 kV.

Freeze-fracture/freeze-etch procedures

Mycelium was harvested and fixed with glutaral dehyde as described
above and washed four times (20 min each) with this reagent. Cells
were subsequently cryoprotected with glycerol (30%, v/v in 0.1 M
phosphate buffer). Tissue was frozen in liquid nitrogen slush on
gold/nickel supports and stored under liquid nitrogen until further
analysed. Specimens were fractured at 163°K or etched for 2 min at
173°K in aBalzers BAF 400D freeze-fracture unit. Platinum/carbon
replicas were laid down from 45° (Pt/C layer approximately 20A; C
layer approximately 200A). Replicas were floated clear of bulk
sample and then transferred to distilled water prior to cleaning with
40% (w/v) NaOCI. Cleaned replicas were picked up on pioloform-
coated 200 mesh copper grids, examined and photographed using a
Philips CM 10 electron microscope at 60 kV.

Light microscopy: Sudan black B stain

Staining with Sudan black B was carried out as described by Burdon
(1946). A thin film of mycelium was prepared and air-dried for 30
min before fixing by heat treatment. The entire slide was flooded
with Sudan black B (0.3%, w/v in 70% ethanol) and left undisturbed
at room temperature for 30 min. The excess stain was drained off
and the slide blotted dry. The slide was treated by dropwise addition
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of ethanol and blotted dry before counterstaining with safranine
(0.5%, wiv in water) for 10 s; then it was washed in water and air-
dried. Specimens were examined on a Nikon Optophot microscope
using an oil immersion lens. Mycelium containing neutral lipid ap-
peared deep purple, whereas the safranine counterstain gave rise to
apink colour in cells that did not contain triacylglycerol.

Results

Localisation of TAG within cells

A series of electron and light microscopic studies was per-
formed to localise the TAG accumulated in cells of Srep-
tomyces. Accordingly, S. lividans was grown in complete
medium and cells were harvested at three stages of

A

Fig. la—d Transmission electron micrographs of sections through
cells of Streptomyces lividans. Mycelium was harvested by cen-
trifugation after growth for 12 h (a, b) and 24 h (c, d) in sub-
merged conditions on complete medium. It was washed with 0.1
M sodium phosphate buffer, prefixed with glutaraldehyde and
postfixed as described in Materials and methods. Sections were ex-
amined in a JEOL 100S transmission electron microscope (bar 0.2

pm)
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Fig. 2a, b Transmission elec-
tron micrographs of sections of
Sreptomyces lividans during
late stationary phase. Cells
were incubated for 48 h (a, b)
and prepared for electron mi-
croscopy as described in Fig. 1
(bar 0.2 um)

growth: 12 h, 24 h and 48 h. These incubation periods cor-
responded to early exponential phase (absence, or very
low content, of TAG), early stationary phase (onset of
TAG accumulation) and late stationary phase (period of
maximum accumulation), respectively. At these times, ap-
proximately 0, 50 and 125 mg TAG were present in
mycelium per litre of medium (Olukoshi and Packter
1994).

Tranmission electron microscopy

Since the fatty acid residues in Streptomyces lipids are all
saturated (Ballio et al. 1965; Packter et al. 1985), these
would not react with osmium tetroxide and stain posi-
tively for the TEM studies. It was, therefore, important to
obtain thin sections and to apply modified procedures in
the treatment with heavy metal salts to maximise contrast
arising from the negative staining effect (see Materials
and methods).

Electron micrographs from thin sections of S lividans
cells at different stages of growth and stained with these
sats are shown in Figs. 1 and 2. After 12 h incubation
(Fig. 1a, b), when TAG was present in very small amounts
(and probably absent from most cells), the cytoplasm was
devoid of visible internal structures and had a characteris-
tic granular appearance. A similar pattern was observed in
sections obtained from cells grown for 24 h (Fig. 1c, d),
except that one or two €electron-transparent regions were
usually present. Cells at this stage had begun to accumu-
late TAG (Olukoshi and Packter 1994). However, sections

of 48-h mycelium (Fig. 2a, b) showed an abundance of
electron-transparent vesicles within the cytoplasm that
had no internal structure. These discrete structures ap-
peared to be bordered by a thin membrane, were of vari-
able sizes and occupied a substantial portion of the total
cell volume (approximately 70-80%). The width of this
membrane (3—4 nm) was approximately half the size of
the cell membrane (Fig.3). No structures were detected
alongside this membrane that might have corresponded to
enzymes involved in lipid synthesis. Very similar micro-
graphs were obtained when sections from S. coelicolor
were examined after comparable stages of growth.

Fig. 3 Portion of a cell of Sreptomyces lividans (48 h) showing
the membrane m surrounding the lipid droplets |d. Cells were pre-
pared for electron microscopy as described in Fig. 1 (bar 0.2 pm)



Fig. 4a—c Micrographs of
freeze-fractured cells of Strep-
tomyces lividans. This organ-
ism was incubated in complete
medium for a 12 h, b 24 h and
¢ 48 h, and mycelium was col-
lected, washed and prefixed in
glutaraldehyde as described in
Fig. 1. Cellswere frozenin lig-
uid nitrogen and fractured.
Replicas were picked on piolo-
form-coated copper grids and
examined in a Philips CM 10
electron microscope (bar 0.2

pm)

Freeze-fracture/freeze-etch procedures

Further studies were carried out using these procedures and
with cells grown for similar periods as in the studies de-

423

scribed above. The patterns observed with freeze-fractured
cells (Fig. 4) and freeze-etched cells (Fig. 5) were similar
to those obtained with heavy-metal, postfixed cellsin that
only 48-h sections showed an abundance of cytoplasmic
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Fig. 5a—c Micrographs of
freeze-etched cells of Strepto-
myces lividans. Cells were ob-
tained after various incubation
periods as described in Fig. 3.
They were frozen under a slush
of liquid nitrogen and freeze-
etched at —173° K. Replicas
were obtained as described in
Materials and methods. Incu-
bation periods were a 12 h;

b 24 h; c 48 h (bar 0.2 um)

G

globular structures. Sections obtained at 12-h incubation in 48-h cells, they occupied large sections of the cytoplasm
were devoid of any internal features (Figs. 4a, 5a), while within individual cells of the mycelium (Fig. 4c, 5c).
cells grown for 24 h contained only a few globular struc- ‘Peaks and ‘troughs’ could be clearly seen (Fig. 4c) de-
tures. These structures showed wide variationsin size, but  pending on which aspect of the fractured face was viewed.



Fig. 6a—d Photomicrographs
of Streptomyces lividans. Cells
were incubated for a 12 h, b
24 h, cand d 48 h in complete
medium. Lipid droplets|d are
shown in d. Cells were stained
with Sudan black B, counter-
stained with safranine and ex-
amined under oil immersion
(bar 10 pm)

425




426

Light microscopy

Light microscopy studiesin which cells were stained with
Sudan black B were carried out to confirm the lipid nature
of these inclusions. This dye is an intracellular stain that
reacts specifically with neutral lipids, e.g. triacylglycerol,
giving a characteristic purple colour (Burdon 1946). Us-
ing this dye, cells incubated for 12 h at an early exponen-
tial phase of growth (Fig. 6a) had an overall pink appear-
ance corresponding only to the colour of the safranine
counterstain. Somewhat older cultures (24 h) had a red-
purplish appearance (Fig. 6b); cells at this stage of growth
were just beginning to accumulate neutral lipid. However,
cells obtained at later stages of incubation and well into
the stationary phase (48 h) had an overall dark purple ap-
pearance, indicating the presence of large amounts of
TAG (Fig. 6¢). A careful examination of the hyphae at the
edge of colonies revealed the presence of numerous tiny
droplets along their entire length. These were especially
visible in the purple-stained 48-h cells (Fig. 6d).

Discussion

Ultrastructural studies involving certain techniques of
sample preparation, such as ultrathin sectioning, staining
and freeze-fracture/etch procedures, followed by TEM
and light microscopy clearly confirmed the accumulation
of lipid by cells of S lividans during the stationary phase
and its storage within globular structures in the cyto-
plasm. It has been previously established that TAG is
formed only in small amounts during the exponential
phase in various Streptomyces spp. Synthesis increases
during the stationary phase, and the amount present is
maintained until at least 50-60 h, when TAG accounts for
approximately 60% of the total cellular lipids (Olukoshi
and Packter 1994).

The globular structures reported in this paper presum-
ably corresponded to the accumulation of TAG droplets
which had not become stained, and they appeared to be
membrane-bound with little tendency to coalesce. The
presence of this membrane and its apparent size were very
similar to those found in bacterial cells that accumulate
polyhydroxybutyrate. This storage polymer also appears
transparent after the staining procedures, and the granules
containing it are limited by a membrane approximately
2—4 nm thick (Jensen and Sicko 1971; Shively 1974). A
similar ‘single bounding line' has been found surrounding
oil (TAG) droplets in Crambe seed cells (Gurr et al.
1974).

The droplets showed wide variations in size and, in
later cultures, occupied the bulk of the cytoplasm. The
freeze-etching/fracturing procedures clearly indicated re-
gions within the cell that had cleaved during these
processes and supported the nature of membrane-bound
droplets. These procedures did not include dehydration
using ethanol and, therefore, permitted the retention of
lipid within the cells that had been fixed. Presumably, the
fracturing occurred along weaknesses related to structural

inhomogeneities alongside the membrane/cytoplasm in-
terface rather than at cleavage planes within a bilayer
membrane.

The neutral lipid nature of these cytoplasmic inclu-
sions was confirmed by treatment with Sudan black B.
Although the presence of lipid inclusion bodies has been
noted in the cytoplasm of Mycobacterium smegmatis
(Gde and McLain 1963), the nature of these bodies was
not established, and studies relating specifically to the lo-
calisation of TAG had not previously been performed on
bacteria. Thislipid was readily identified in the current in-
vestigations by the strong response to the stain used, es-
pecialy during the late stationary phase. No trace of pur-
ple colour was seen in cells isolated at the early exponen-
tial phase because the cells did not contain TAG. This
neutral lipid is also stored as discrete droplets of varying
sizes in the cytoplasm of oil seeds (Gurr et al. 1974; Gurr
1980) and oleaginous yeasts (Holdsworth et al. 1988).
However, in animals TAG is stored as a single, large
droplet in the cytosol of the adipocyte (Gurr and Harwood
1991).

The electron-transparent nature of the oil-bodies de-
tected in the current studies is due to a lack of specific
staining with osmium tetroxide, which is normally used to
stain lipids of eukaryotic cells (Friend 1969; Gurr et al.
1974) This reagent cross-links specifically with double
bonds in the unsaturated fatty acyl residues of lipids pre-
sent in most cells to generate an electron-dense product,
and it does not react with saturated fatty acids (Hayat
1989). Fatty acids present in the acyl lipids of Strepto-
myces are saturated (Olukoshi and Packter 1994); they
correspond predominantly to the branched-chain of the
iso- and anteiso- series (Ballio et al. 1965; Packter et a.
1985) and would not respond positively to this stain. The
structures visualised arose effectively through a negative
staining effect, athough osmium tetroxide [osmium
(VII1) reagent] does react with some amino acid residues,
particularly cysteine, methionine and tryptophan (Deetz
and Behrman 1981). It would, therefore, stain proteinsin
the cell membrane and in any internal membrane sur-
rounding cytoplasmic inclusions.

Droplets have been noted previously in electron micro-
graphs of Sreptomyces species, but these were described
simply as vacuoles (Wildermuth and Hopwood 1970) or
attributed to the presence of polyhydroxybutyrate (Chater
and Merrick 1979). This polymer, however, is present
only in small amounts (1-15 mg/l of culture in various
species; Kannan and Rehaceck 1970; Ranade and Vining
1993) and could not be detected when some species were
examined (Olukoshi and Packter 1994).

Glycogen and trehalose have also been found in aerial
mycelium and maturating spores in S. antibioticus when
grown on cellophane membranes placed on solidified me-
dium (Brafia et al. 1982, 1986), but these carbohydrates
appeared in micrographs as granules (rather than as mem-
brane-bound ‘vacuoles’) after treatment with periodic
acid and suitable reagents. Moreover, trehalose was not
detected in non-sporulating, vegetative cultures of S
venezuel ae but was present in cells grown in medium that



supported sporulation and in spores formed on agar
(Ranade and Vining 1993).
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