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In the previous paper of this series (Romano
and Nickerson, 1956), it was reported that puri-
fied cell wall preparations of Streptomyces fradiae
were solubilized by lysozyme, indicating the
presence of a mueopolysaccharide. In addition
chemical evidence was advanced to support this
thesis. It was shown that on acid hydrolysis of the
cell walls, there was a rapid liberation of reducing
sugars, the major portion of which was accounted
for by a hexosamine. This work has now been ex-
tended to include other members of the genus
Streptomyces and representative members of the
genus Nocardia. Some striking differences in the
carbohydrate composition of the cell walls of
these two genera have been found, and will be
reported here.

MATERIALS AND METHODS

Organisms. Cell wall preparations of the follow-
ing organisms were made: Streptomyces fradiae
3535, Streptomyces griseus 3492, Streptomyces
bobiliae 3310, Nocardia rubra 3639, Nocardia
polychromogenes 3409, and Nocardia asteroides
3573. The above culture numbers refer to the
Institute of Miicrobiology collection.
Medium and culture conditions. The organisms

were grown in shake flasks in a medium of the
following composition: glucose, 10.0 g; sodium
glutamate, 10.0 g; yeast extract, 3.0 g; K2HP04,
0.5 g; MgS04-7H20, 0.2 g; ZnSO4, 0.05 g; CaCl2,
0.05 g; FeSO4, 0.05 g; and distilled water, 1000 g.
The cultures were incubated at 28 C on a

rotary shaker at 250 rpm. The time of incubation
varied with each organism because of differences
in the rate of growth (table 1).

Preparation of cell walls. Streptomyces cells
were harvested by filtration through Reeve Angel
No. 802 filter paper; Nocardia cells were har-
vested by use of a Sharples centrifuge. The cells

1 Present address: Robert A. Taft Sanitary
Engineering Center, U. S. Public Health Service,
Cincinnati 26, Ohio.

were washed twice with distilled water and once
with 0.3 M sucrose; they were then resuspended in
0.3 M sucrose and broken by placing 35 ml of the
suspension in a Raytheon 50-watt, 9-ke magneto-
strictor oscillator, which was run at a plate
voltage of 130 and an output voltage of 100. The
breakage times varied with the organisms studied.
In general, the time required to achieve extensive
breakage was shorter in the case of species in the
genus Streptomyces than in the case of species in
the genus Nocardia. The degree of breakage was
indicated by the gram stain; an estimate could be
made on this basis, since whole cells were gram
positive and the fragmented cell walls were gram
negative. The breakage times are shown in
table 1.

Following the breaking of the cells, the sus-
pensions were centrifuged at 2000 rpm for 20 min
to remove unbroken cells. The supernatant was
then centrifuged at 10,000 rpm in an Aminco high
speed angle centrifuge for 15 min to collect the
cell wall material. This material was then washed
twice with water, five times with M/15 phosphate
buffer (pH 7.5), and finally, six to eight times with
water. It was then suspended in water and
lyophilized. Purity of the preparations was
checked by electron microscopy, using an RCA
model EMU-2 electron microscope.

Analytical procedures. Total reducing sugar was
determined by the method of Folin and Malmros
(1929). Hexosamine was determined by the Blix
(1948) modification of the Elson and Morgan
method (1933). Pentose was determined by the
orcinol method of MIejbaum (1939).

Chromatographic procedures. Pentoses and
hexoses were identified by descending paper
chromatography on Whatman #1 filter paper,
using the following solvent systems: ethyl acetate-
pvridine-water (2:1:2), and n-butanol-acetic
acid-water (4:1:5). The papers were irrigated for
24 hr when the first solvent was used, and for 72
hr when the second was used. Sugars were de-
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TABLE 1
Incubation periods and cell breakage times

Organism Incubation Breakage
Organism ~~~~~Time Time

hr min

Streptomnyces fradiae .......... 72 3
Streptomyces griseus .......... 72 10
Streptomyces bobiliae.......... 120 15
Nocardia rubra ............... 48 45
Nocardia polychromogenes 120 15
Nocardia asteroides ........... 48 45

per cent decrease in optical density of the cell
wall suspensions is plotted as a function of time.
It is apparent that the cell walls of the Strepto-
myces species were lysed bv lv sozyme, while the
cell walls of the Nocardia species tested were re-

sistant to the action of this enzyme. These differ-
ences in susceptibility to attack bv lysozyme
indicated a difference in the carbohydrate compo-

sition of the cell walls, since lysozyme has been
shown to be a mucopolvsaccharase (Epstein and
Chain, 1940; Meyer and Hahnel, 1946), which
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cell walls in M/15 phosphate buffer, pH 6.6, con- o 60- / /
taining 0.017 M NaCl, adding lysozyme, and in- <" /
cubating in a water bath at 37 C. Decrease in F 50 /
optical density was determined at suitable time S.|bo/biIioii<e l
intervals by the use of a Klett-Summerson photo- < 0i
electric colorimeter. ,

RESULTS 20* /
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Electron photomicrographs of cell wall frag- 1o
ments of S. griseus and N. rubra prepared as de- , /
scribed above are shown in figure 1. These appear UeN. polychromogen.s
to be homogeneous and essentially free of intra- o -.------. *N.rubra
cellular material. iN. asleroides

Effect of lysozyme. The effect of lysozyme on the TIME (MINUTES)
cell wall material of three Streptomyces and three Figure 2. Lysis of cell walls by lysozyme (100
Nrocardia species is shown in figure 2, where the ,ug/ml).
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Figure S. Liberation of reducing sugars (ex-
pressed as per cent of dry weight of cell walls) on

1 N HlI hydrolysis at 100 C.

acts by depolymerizing the mucopolysaccharide
that makes up the fabric of the cell wall (Salton
1952). Studies of the carbohydrate composition
of this cell wall material were accordingly carried
out in order to account for these differences in
lysozyme susceptibility.

Carbohydrate compostn. The cell wall material
was hydrolyzed with 2 N HCI at 100 C. There was
a rapid liberation of reducing sugars on hy-
drolysis, as shown in figure 3. The hydrolysis in
all cases appeared to be complete in 30 min. The
results of carbohydrate analyses carried out on

these hydrolyzates are shown in table 2. Some
distinct differences between Nocardia and Strep-
tomyces are apparent. The amount of hexosamine
present was closely correlated with the degree of
susceptibility to lysozyme. In Streptomyces, the
major portion of the reducing sugar was ac-
counted for by hexosamine; in Nocardia, rela-
tively small amounts of hexosamine were present.
A more striking difference was the presence in the
cell wall of Nocardia of a large amount of pentose
which was completely absent in the cell walls of
Streptomyces tested. The differences between the
pentose and hexosamine values reported appear
to be accounted for by hexoses. Values for hexose
are not included in table 2 because the hexose
analyses suffered from interference by pentose
and hexosamine.
The pentose and hexose occurring in the cell

wall of Nocardia have been tentatively identified
by paper chromatography as arabinose and
galactose, respectively. A typical chromatogram
is shown in figure 4.

TABLE 2
Carbohydrate composition of cell walls: reducing

sugars liberated by .l N HCI hydrolysis at
100 C for 2 hr

Per Cent Per Per
Organism Total Cent Cent

Reducing pentose Hexos-
Sugar amn

Streptomyces griseu 3492.. 21.6 0 19.9
Streptomyces fradias 3535.. 22.0 0 19.8
Streptomyces bobilias 3310.. 19.6 0 12.0
Nocardia rubra 3639....... 18.1 10.5 2.6
Nocardia asteroides 3573... 17.6 12.2 2.6
Nocardia polychromogenes
3409................... 23.6 10.3 3.1

Q - GLUCOSE

O _ - ~~~GALACTOSE

N. RUBRA CELL WALL

0 0 / HYDROLYSATE
Q ARABINOSE

Figure 4. Paper chromatogram of Nocardia
rubra hydrolyzate. Irrigated for 24 hr in descend-
ing direction with ethyl acetate-pyridine-water
(2:1:2).

DISCUSSION

Striking differences have been found in the
carbohydrate composition of the cell walls of
Streptomyces and Nocardia species. While the
data obtained so far is too scant to warrant the
attachment of great taxonomic significance to
these results, the extension of this approach may
yield criteria which will be of value in the classifi-
cation of the actinomycetales. The use of cell wall
composition as a criterion in the determination
of phylogenetic relationship in the plant kingdom
was advocated by von Wettstein (1921) and
carried further by Nabel (1939).
The differentiation of the genera Nocardia and

Streptomyces has been particularly difficult, since
morphological and colonial characteristics used in
their classification (Waksman and Henrici, 1943)
are subject to widespread variation. Two of the
organisms used in this study present such a prob-
lem: S. bobiliae did not produce aerial mycelium,
whereas N. asteroides produced a well-developed
aerial mycelium with conidia. Fragmentation of
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vegetative hyphae seldom occurred in the latter
organism. If strict morphological criteria were
applied, these organisms most resemble Nocardia
and Streptomyces, respectively. However, by
comparing the cell wall composition of these two
organisms, they fall into their respective groups
rather well, as shown in table 2.

This study is being pursued further to deter-
mine the value of this approach in the clarifica-
tion of the taxonomy of the actinomycetales.
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SUMMARY

Cell wall preparations of representative species
of the genera Streptomyces and Nocardia have
been made. Differences in the carbohydrate com-
position of the cell walls of these two genera have
been observed. The cell walls of the Streptomyces
species have been found to be of a mucoid nature,
lysed by lysozyme and containing considerable
amounts of hexosamine. The cell walls of the
Nocardia species were not susceptible to the action
of lysozyme, contained much smaller amounts of
hexosamine, but contained about 10 per cent
pentose, tentatively identified as arabinose. The
possibility of using cell wall composition as a
taxonomic criterion of the differentiation of the
actinomycetales is discussed.
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