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The kinetics of loss from the cytoplasm and changes in ultrastructure of symbiont
lambda particles after treatment of axenically cultivated lambda-bearing Parame-
cium aurelia with penicillin G was investigated. Low concentrations (1 to 2 unit/ml)
of the antibiotic caused many particles within the cell to become filamentous; high
concentrations (2,000 unit/ml) caused lysis of the particles without noticeably af-
fecting the protozoan. The ED5o value (2 to 3 unit/ml) was within the range of
values found to cause lysis of many gram-negative bacteria. Rapidly dividing lambda
were more vulnerable to the action of the antibiotic than slowly dividing particles.
Nondividing particles were not affected by exposure to the antibiotic. Ultrastruc-
tural changes observed in lambda during lysis by penicillin G were consistent with
the view that penicillin interferes with the synthesis of a vital component of the cell
envelope of the particle, possibly a peptidoglycan similar to that found in the cell
walls of bacteria. The deoxyribonucleic acid oflambda was dispersed throughout the
particle as electron dense fibers enclosed within electron transparent areas. The cell
envelope appeared to consist of at least two morphologically distinguishable layers,
an inner layer homologous to the plasma membrane of bacteria and an outer layer
homologous to the bacterial cell wall. Lambda may be regarded as a randomly dis-
tributed population of bacteria growing and dividing synchronously within the
collective cytoplasm of its protozoan host.

Lambda is one of a genre of genetically autono-
mous particles of unknown origin that inhabit the
cytoplasm of certain strains of the ciliate Parame-
cium aurelia (17). The precise nature of these and
related particles, kappa, mu, pi, and sigma, has
been a matter of controversy. Kappa particles, for
example, were considered to be plasmagenes or
viruses, a view that was later abandoned when
visualization of the particles with nuclear dyes was
achieved, and the particles were found to be com-
parable to bacteria in size (10).

Recent studies suggest the particles may be bac-
terial endosymbiotes. Lambda particles produced
quantities of folic acid, an essential nutrilite for
P. aurelia, sufficient to support the growth of the
ciliates in a medium devoid of this vitamin (14).
They have been maintained extracellularly for
long periods in a complex medium (23). Lambda
deoxyribonucleic acid (DNA), in a manner char-
acteristic of many bacterial DNA species, under-
goes almost complete renaturation after reanneal-
ing at 60 C (16). The DNA of the kappa and mu
particle has been examined and reported to be
membrane bound (12, 19). Other evidence, de-
rived primarily from studies with the electron

microscope, suggest that the particles are a diverse
group of bacteria that live within the cytoplasm
of the host Paramecium (2).
This concept is further strengthened by the fact

that the particles are destroyed by the action of
certain antibiotics, notably penicillin, under con-
ditions in which the protozoan remains unaffected
(14, 17). Because the mode of action of this anti-
biotic is better understood now than in the past,
detailed studies on the effect of penicillin may
serve to provide an insight into the relationship
between the particles and its protozoan host. This
paper describes the kinetics of loss and changes
observed in the ultrastructure of lambda resulting
from treatment of axenically cultivated, lambda-
bearing P. aurelia with the antibiotic.

MATERIALS AND METHODS

Culture methods. Paramecium aurelia, stock 299,
containing lambda particles was cultured axenically
and maintained at 27 C in the dark (15). The medium
consisted of a mixture of proteose peptone (10 mg/
ml), Trypticase (5 mg/ml), yeast nucleic acid (1 mg/
ml), MgSO4 7H20 (0.5 mg/ml), stigmasterol (5 ,ug/
ml), calcium pantothenate (5 jig/ml), pyridoxal hy-
drochloride (5 ,Ag/ml), pyridoxamine hydrochloride
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(2.5 ,ug/ml), riboflavine (5 ,ug/ml), folic acid (2.5
/ug/ml), thiamine hydrochloride (15 ,ug/ml), biotin
(0.00125 ,ug/ml), DL-thioctic acid (0.05 ,ug/ml) and
tartaric acid esters of beef tallow monoglycerides
(TEM/4T, 100 ,g/ml). Subcultures were made by
inoculating 5 ml of fresh medium with 0.1 ml of a
previous 7-day culture. Under these conditions, maxi-
mum populations were reached in 7 days and ranged
from 12,000 to 15,000 per ml. The number of lambda
particles present in the protozoans was approximately
2,000 per cell.

Counting procedures. The population of ciliates was
determined by direct count of a suitable dilution of the
culture medium. Quantitative determinations of
lambda particles were made as described previously
(15). In some cases, a variation of the procedure was
used, especially when the expected number of lambda
particles was low. Animals from 5 or 10 ml of culture
were collected by centrifugation at 600 X g for 1 min,
suspended in a small volume of buffered salt solution
(mg/liter; NaCl, 30; CaCl2- 2H20, 300; MgCl126H20,
200; KH2PO4, 30; K2HPO4. 3H20, 45; pH 7.0) and,
after determination of the number of ciliates present,
disrupted in a Potter Elvehjem-type homogenizer
equipped with a Teflon pestle. This treatment released
the particles quantitatively from the ciliates.

Penicillin treatment. Freshly prepared solutions of
penicillin G at the desired concentration were added
to 50- or 100-ml quantities of cultures of lambda-bear-
ing P. aurelia contained in Erlenmeyer flasks. The
flasks were incubated at 27 C in the dark. Samples
were removed at intervals. The ciliates in each sample
were collected by centrifugation and suspended in a
small volume of buffered salt solution. Quantitative
determinations on the number of ciliates and lambda
particles were made as described above.

Phase microscopy. After concentration of the
lambda-bearing organisms by centrifugation, the
ciliates were picked up in a micropipette and injected
into a small drop of aceto-orcein dye on a glass slide
(13). This procedure revealed the particles within the
cell. Prefixing the ciliates suspended in a small drop of
culture fluid on a glass slide by exposure to OS04
vapors for 15 to 20 sec before staining with aceto-
orcein aided in preserving the structural integrity of
the protozoans. Stained preparations were observed
in a Leitz microscope under oil by using phase optics.

Electron microscopy. The ciliates were fixed in
1.33% (w/v) OS04 buffered with either 0.2 M -y-colli-
dine, pH 7.4, or 6% (w/v) glutaraldehyde in 0.15 M
phosphate, pH 7.2, for 1 hr at 0 C. Both buffers gave
satisfactory results. After fixation, the ciliates were
allowed to stand in buffer overnight at 0 C. They were
dehydrated through a graded series of alcohol, sus-
pended in propylene oxide, and embedded in araldite
(Durcapan). Ultrathin sections were cut with a glass or
diamond knife, doubly stained with alcohol-uranyl
acetate and lead citrate (11, 21), and viewed with a
Phillips EM-300 electron microscope.
Enzyme treatments. After fixation in osmium-phos-

phate buffer solution for 1 hr at 0 C, the ciliates were
washed free of fixative and suspended in buffer solu-
tion containing 1 mg/ml of either deoxyribonuclease
or Pronase. The deoxyribonuclease solution was sup-

plemented with 5 mM MgCl2. After digestion at 37 C
for 1 hr, the ciliates were washed with buffer solution,
dehydrated, and embedded in araldite.

Materials. Vitamins were obtained from Nutritional
Biochemicals, Inc. Yeast nucleic acid (Grade C),
stigmasterol, and Pronase were products of Calbio-
chemicals, Inc. Proteose peptone was purchased from
Difco; Trypticase was from BBL. Orcein was obtained
from Matheson Co., Inc., and penicillin G (K salt)
was from the Pfizer Co. TEM/4T was a gift of H.
Birnbaum of the Hachmeister Co. Deoxyribonuclease
was purchased from Worthington Biochemical Corp.

RESULTS
Axenically cultivated lambda-bearing P. aurelia

undergo complete and irreversible loss of particles
resulting from a single treatment with 2,000 units/
ml of penicillin G. We have maintained such
lambda-free organisms for several years through
hundreds of subcultures without observing recur-
rence of the particles. Figures 1 and 2 contrast the
appearance of a portion of the cytoplasm of one
of these animals with a portion of the cytoplasm
of a lambda-bearing Paramecium carried through
an equal number of transfers. Lambda particles
appear as numerous rod-shaped bodies distrib-
uted at random throughout the cytoplasm (Fig.
1). No such rod-shaped bodies are seen in the
treated protozoans (Fig. 2). The minimum con-
centration of antibiotic required to produce this
effect was approximately 25 units/ml (Fig. 3); the
ED60 value was approximately 2.5 units/ml. The
antibiotic destroyed lambda particles selectively;
ciliate populations remained unaffected at con-
centrations of penicillin G as high as 10,000
units/ml.

Effect of high concentrations of penicillin on
lambda-bearing Paramecium. In the presence of
high concentrations of penicillin G (e.g. 2,000
units/ml), loss of lambda from the cytoplasm of
ciliates in the logarithmic phase of growth pro-
ceeded without a lag (Fig. 4) and was complete in
less than 36 hr after administration of the anti-
biotic. Loss of lambda from animals treated with
penicillin G during stationary phase of growth
was accompanied by a lag period of approxi-
mately 5 or 6 hr (Fig. 5). Similarly, loss of lambda
from the cytoplasm of ciliates taken from the
logarithmic phase of growth, suspended in
buffered salt solution, and treated with antibiotic
("resting" cells) was accompanied by an even
more pronounced lag period which lasted ap-
proximately 10 to 12 hr. The time required for
complete loss of particles was 60 hr.

In a variation of this experiment, lambda-
bearers were taken from the logarithmic phase of
growth and allowed to remain at 27 C in sterile
buffered salt solution for a period of 2 days before
administration of the antibiotic. Under these con-
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FIG. 1. Low-power electron micrograph ofa portion of the cytoplasm ofan untreated lambda-bearing Parame-
cium. Symbols: arrows indicate lambda particles; (G) gullet, (M) mitochondrion; (Ma) macronucleus; (T) trich-
ocyst. X9,883.
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FIG. 2. Low-power electron micrograph of a portion of the cytoplasm of a lambda-bearing Paramecium after
treatment with 2000 units ofpenicillin G perml to remove the particles. Symbols: (M) mitochondrion; (Ma) macro-
nucleus; (T) trichocyst. X 7,707.
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FIG. 3. Selective destruction of lambda particles by
penicillin G. Various concentrations ofpenicillin G were
added to cultures of lambda-bearing P. aurelia at time
of inoculation into fresh medium. After 7 days of
growth at 27 C in the dark the population ofparamecia
(*) and lambda (0) was determined. Data are expres-
sed as per cent ofparamecia or lambda remaining in the
treated cultures compared to an untreated control. The
population of P. aurelia in the untreated culture aver-
aged 13,600/ml; the average number oflambda per cell
in the untreated culture was 2,180.

ditions, destruction of lambda was incomplete.
The particle population was reduced to about 10
to 15% of its original number in about 2 days and
remained at that level for an indefinite period.
Microscopic examination of the aceto-orcein
stained animals revealed that large numbers of
protozoans contained an average of 20 to 30
lambda particles per cell. An occasional ciliate
was observed that contained as many as 2,000
lambda particles.
Suspensions of lambda particles in buffered salt

solutions, freshly released from the protozoans by
homogenizing animals taken from the logarithmic
phase of growth, were treated with penicillin G
and incubated at 0 C and 28 C (Fig. 6). The num-
ber of lambda particles decreased significantly
with time of exposure when the suspensions were
incubated at 28 C but this was unrelated to the
presence of penicillin. By way of contrast, the de-
crease in the number of these particles held at 0 C
was small. No effect of the antibiotic could be
detected under either set of conditions.

During the course of treatment of lambda-
bearers with penicillin G, some individual mem-
bers of the population contained lambda particles
undergoing characteristic morphological changes.
In addition to normal rod-shaped particles, the
cytoplasm of these individuals contained some
lambda which were elongate, often with a swollen
end, and others which had become spherical in
shape. Paramecium containing these "mixed"
populations of both normal and abnormal par-
ticles were readily identified in the phase micro-
scope after staining with aceto-orcein. Figure 7
(a-c) compares the appearance of the cytoplasm of
one of these animals (Fig. 7b) with the appearance
of the cytoplasm of both a normal, untreated
lambda-bearer (Fig. 7a) and a particle-free animal
(Fig. 7c) treated with the antibiotic for removal
of the particles. After the addition of 2,000 units of
penicillin G per ml to a culture of lambda-bearers
in the logarithmic phase of growth, there is a rapid
decrease in the number of lambda-bearers contain-
ing normal particles. This is accompanied by an
equally rapid increase in the number of protozoa
whose cytoplasm contains a mixture of both nor-
mal and abnormal lambda particles (Fig. 8). This
number reaches a peak after 10 hr and is followed
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FIG. 4. Kinetics of loss of lambda particles from the

cytoplasm oflambda-bearing P. aurelia in the logarith-
mic phase ofgrowth treated with penicillin G. Penicillin
G was added to a 3-day old culture of lambda-bearing
P. aurelia at a concentration of2,000 unit/ml. The pop-
ulation ofprotozoan cells (A) and the number oflambda
particles per protozoan (0) were determined at inter-
vals after administration of the antibiotic. The number
of lambda particles per protozoan (0) of an untreated
control was included for comparison.
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FIG. 5. Kinetics of loss of lambda particle

cytoplasm of lambda-bearing P. aurelia tri
penicillin while in the stationary phase of grc
ditions ofthe experiment were similar to those
in Fig. 4 except that penicillin was added toc
culture of lambda-bearing P. aurelia. Param
lambda particles (0). Ordinate scale is lint

during the next 24 hr by an increase I
100% the number of cells without lan
ticles.
To determine whether animals still c

normal lambda particles during penici]
ment were capable of retaining their pai
ran the following experiment. Individua
bearers, after exposure to the antit
various periods, were removed to fresh, 1
free culture medium contained in the
depression slides and permitted to di
form clones. When the clones reached pc
numbering approximately 1,000 (9 or 1
27 C in the dark), 20 to 30 members of 4
stained with aceto-orcein and examin(
phase microscope for the presence or a
lambda particles. Some clones were
which all members contained the full co]
of lambda particles (e.g. approximately
ticles/protozoan). Others were complet(
the particles. We never observed a clone
tained a mixture of lambda-bearing an
free animals. When the percentage of cl
taining lambda particles was compared t
centage of lambda-bearers in the cull
which these clones were derived, an apj
one to one correspondence was observed

Effect of low concentrations of penici
lambda-bearers. Exposure of lambda-b
aurelia to low concentrations (0.5 to 2.0
of penicillin G for prolonged periods (i
decrease in the average number of la)
ticles maintained in the cytoplasm and (i
the formation of abnormal lambda pz
proportion to the amount of penicillin
the culture (Table 1). Abnormal lambde

take the form of filamentous rods that are as wide
0 but often several fold longer than normal lambda

10.000 c (Fig. 10). Some of these forms have been observed
> to extend the entire length of the protozoan itself.

Removal of these penicillin-treated animals to
z Z

penicillin-free medium, even after several weeks of
, ° exposure, restores to normal both the number and

5000 . morphological appearance of lambda particles
within the cytoplasm.

Electron microscopy. Lambda particles of
n axenically cultivated P. aurelia may normally be
> seen in the cytoplasm enclosed within a vacuole

surrounded by a smooth-walled membranous
sheath (Fig. 11). Usually, one or two particles

s from the (Fig. 11, 12) occupy a single vacuole, but this
eated with number may vary considerably. We have observed
?wth. Con- as many as 20 lambda contained within a single
e described vacuole in ciliates harboring a large population of
2 7-day old particles (2,500/cell). Contained within the
lecia (0); vacuoles, in addition to the lambda particle itself,
ear. are numerous filamentous rod-shaped bodies

which Jurand and Preer (6) described as flagella
to almost (Fig. 13).
nbda par- The particles themselves resemble bacteria in

size and shape and are surrounded by a cell enve-
ontaining
llin treat-
rticles, we
Ll lambda- Z
biotic for - 1000 A

penicillin-
wells of in

ivide and C
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FIG. 6. Effect of penicillin G on freshly prepared
suspensions oflambda particles. Lambda were quantita-
tively released from lambda-bearing P. aurelia in a
culture taken from the logarithmic phase of growth (3-
day old culture) by homogenizing in buffered salt solu-
tion in a Potter Elvehjem-type homogenizer equipped
with a Teflon pestle under aseptic conditions. The ho-
mogenates were incubated at 0 and 28 C in the presence
and in the absence of the antibiotic. No penicillin
(0, A); penicillin G, 2,000 units/ml (0, A). Ordinate
scale is linear.

971VOL. 104, 1970



'n,. If

4

- ~

-~~~~~~~~~b.*

-~~~~~1 ,:
*4~

& b

FIG. 7. Phase micrographs oflambda-bearing P. aurelia. Aceto-orcein stain. Appearance ofcytoplasm (a) before
penicillin treatment showing a normal population oflambda, (b) during pencillin treatment showing a "mixed" pop-
ulation ofnormal and abnormal (arrows) lambda, and (c) after penicillin treatment showing loss oflambda. X 1,300.
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vacuolar space (Fig. 16b). It is the filling of the
vacuole with the ruptured contents of the particle
that produces the spherical bodies that may be
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FIG. 8. Change in the distribution ofparamecia con-

tainintg normal and "mixed" lambda populations after
treatment of lambda-bearing P. aurelia with penicillin
G. The antibiotic was added at a concentration of2,000
units;ml to a culture of lambda-bearers in the logarith-
mic phase ofgrowth (3-day old culture). Samples were

removed at intervals and the relative numbers of P.
aurelia containing, normal lambda (0), "mixed" nor-

mal, and abnormal lambda (A), no lambda (O) deter-
mined.

lope consisting of at least two membrane layers
(Fig. 14a). The outermost layer produces a wrin-
kled profile in contrast to the taut appearance of
the innermost layer. The characteristic appearance
of these layers is more readily seen after Pronase
treatment (Fig. 14b). Dispersed throughout the
cytoplasm are areas of low density that contain
fibrous material. The fibers disappear after treat-
ment with deoxyribonuclease and are presumed
to be DNA (Fig. 14c).
High concentrations of penicillin G cause the

particles to lyse. The process appears to be a
random one and occurs independently of the
number of particles occupying a vacuole (Fig. 15).
During the early stages of lysis by penicillin

there is a loss of definition of internal structure,
particularly the fibrous material. Often, the inter-
nal contents of the particle are seen to be pulled
away from the outer membrane (Fig. 16a) which
creates the appearance of vacuolization, some-
times seen when the particles are viewed in the
phase microscope. Breaks in the outer membrane
may also occur. In other instances, both the inner
and outer membranes rupture causing the release
of the internal contents of the particle into the

O EXPERIMENT # 1
* EXPERIMENT # 2

O * / O

0

0

0 50 100

PERCENTAGE OF CLONES
CONTAINING LAMBA

FIG. 9. Correspondence between the percentage of
lambda-bearing P. aurelia containinig normal particles
and the percentage of clones containing lambda-bearers
during treatment with penicillin G. Penicillin G at a con-
centration of 2,000 units/ml was added to a 3-day old
culture of lambda-bearing P. aurelia. At intervals after
administration of the antibiotic, samples were removed
and the number of animals containing normal lambda
particles determined. Individual animals (25 to 50) were
taken from each sample and inoculated into 0.3-ml por-
tions offreshly prepared penicillin-free culture medium
contained in the wells of depression slides. These were
incubated in humidifying chambers for a period of 10
days at 27 C in the dark. Each clone was theni examined
for the presence oflambda within the protozoan. Under
these conditions, almost 100% of the individual para-
mecia produced a viable clone. Ordinate scale is linear.

TABLE 1. Effect of prolonged exposure of lambda-
bearing P. aurelia to low concentrations of

penicillin G

Concn of No. of lambda particles per protozoan
penicillin

G (units/ml) oa 1 2 4

None 1,600 1,550 1,570 1,700
(0)b (0) (0) (0)

0.5 1,380 1,530 1,500
(14) (16) (5)

1.0 1,370 1,280 1,300
(17) (38) (12)

2.0 1,220 1,140 1,100
(72) (70) (60)

a Week.
b Numbers in parentheses indicate the per cent

of lambda-bearers containing abnormal particles.
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FIG. 10. Phase micrograph ofa lambda-bearer after exposure to 2 unitslml ofpenicillin G. Notefilamentous ap-
pearance of the lambda particles. X l,300.

seen in the phase microscope as abnormal par-
ticles after staining with aceto-orcein dye (Fig.
7b). Often, the final stages of lysis are character-
ized by the rupture of the vacuolar sheath (Fig.
16c). Occasionally, the outer membrane of the
particle itself and the vacuolar sheath persist for
several hours before they eventually disappear
(Fig. 16d).

DISCUSSION
The salient features of the action of penicillin

on lambda particles are these: low concentrations
of the antibiotic cause many lambda particles
within the cell to become filamentous; the number
of particles within the protozoan is reduced in
proportion to the amount of antibiotic present in
the culture; high concentrations of the antibiotic
cause lysis of lambda particles within the cyto-
plasm without noticeable effect on the protozoan;
the ED50 value is approximately 2 to 3 units/ml;
lambda in animals taken from the logarithmic
phase of growth (rapidly dividing cells) are more
vulnerable to the action of the antibiotic than
lambda in animals taken from the stationary phase
ofgrowth or "resting cells" (slowly dividing cells);
the antibiotic is without measurable effect on sus-
pensions of lambda particles freshly released from
protozoans by gentle homogenization (nondivid-

ing cells); and destruction of lamnbda particles
within the cytoplasm takes place at random.

In summary, lambda particles respond to peni-
cillin as if they were a randomly distributed bac-
terial population growing and dividing within the
collective cytoplasm of protozoan cells.
To understand this argument more fully, it is

useful to review certain features of the division of
lambda within the protozoan host as well as the
specific action of penicillin on bacteria.

Obviously, lambda must divide at a rate com-
parable to that of the protozoan, otherwise the
particles would not be maintained. Even a small
difference in the growth rate of lambda as con-
trasted to that of the protozoan would result
eventually in either the loss or overpopulation of
particles. Quantitative measurements of the
growth rate of lambda particles within the cyto-
plasm of axenically cultivated P. aurelia point to
the remarkable synchronism that exists between
the particles and the protozoan (14). The syn-
chronism is evident at temperatures andpH values
that permit growth and survival of the protozoan
(15). Even removal of actively dividing lambda-
bearing P. aurelia to "resting media" (salt solu-
tions isotonic for the protozoan) causes immedi-
ate and simultaneous cessation of division of both
the protozoan and lambda particle.
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FIG. 11. High-power electron micrograph showinglambda enclosed within individual vacuoles (V) surrounded by
a smooth-walled membranous sheath (S). X41,040.

FIG. 12. Electron micrograph showing two lambda enclosed within a single vacuole (V). (S) sheath. X 73,416.
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With respect to the action of penicillin G on
bacteria, early work revealed that low concentra-
tions of the antibiotic caused morphological
changes in intestinal bacilli. Inhibitory, but not
bacteriocidal, concentrations induced the forma-
tion of involution forms, elongated filamentous
rods, in certain gram-negative bacteria (22). ED50
values against gram-negative bacteria were in the
range of 1 to 5 units/ml. Eriksen (5), in a study of
the action of penicillin upon various r6presenta-
tive gram-positive and gram-negative bacilli,
showed that high concentrations of penicillin G
were most marked upon gram-negative bacilli and
caused lysis without preceding growth or swelling.
Further, it was established that penicillin acted
optimally on dividing cells (20). These observa-
tions led to the view (4) that penicillin had a
specific action on bacteria and that the locus of
action was the cell wall itself.
Recent evidence indicates that penicillin blocks

the synthesis of a mucopeptide essential for the
formation of the cell wall (7, 9, 24). It has been

postulated that penicillin interferes specifically
with a transpeptidation reaction involved in the
final or cross-linking step in the synthesis of the
bacterial cell wall peptidoglycan (24).
The structure of this peptidoglycan, present in

both gram-negative and gram-positive bacteria,
consists of latticework of polysaccharide chains,
composed of alternating units of the sugars,
N-acetyl glucosamine and N-acetyl muramic acid,
covalently linked through peptide bonds. Cross
linking involves the carboxyl end of D-alanine and
the free amino group of a diamino acid, usually
L-lysine (in gram-positive organisms) of a neigh-
boring peptide. Diaminopimelic acid, diamino-
butyric acid, and ornithine have also been found
in the peptidoglycan of certain gram-negative bac-
teria.

Presumably, a component of the cell wall of the
lamba particle is composed of a similar or related
structure and may contain N-acetyl glucosamine,
muramic acid, and possibly diaminopimelic acid.
In a study of the chemical composition of the mu

FiG. 16. (a) Longitudinal section oflambda showing an early stage oflysis by penicillin G. Note breaks (arrows)
in the outer membrane. X43,000. (b) Lambda particles undergoing lysis by penicillin G. Both the inner and outer
membranes (area outlined) have ruptured causing the release ofthe internal contents of the particle into the vacuolar
space. X45,000. (c) A late stage of lysis by penicillin G. Note rupture of vacuolar sheath (arrows). X 19,000. (d)
Final stages of lysis of lambda by penicillin G. (Fl) flagellum, (OM) outer membrane, (S) sheath, (V) vacuole.
X29,000.
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particle, a related symbiont of P. aurelia, Steven-
son (18) found diaminopimelic acid in acid hydrol-
ysates. Two hexoseamines, one identified as glu-
cosamine, the other thought to be muramic acid
but not positively identified as such, were also
found in hydrolysates. This work was carried out
on mu particles isolated from P. aurelia grown in
the presence of living bacteria as a food source.

Morphological and ultrastructural changes ob-
served in lambda particles are consistent with the
view that penicillin interferes with the synthesis of
a vital component of the cell wall of the particle.
Low concentrations of the antibiotic permit
growth of the particles without cell division. Lysis
of lambda by high concentrations of penicillin G
appears to be due to a weakening of a component
of the cell envelope resulting in both the separa-
tion of the inner and outer membranes (Fig. 15).
This is accompanied by rupture of the membranes
and release of the internal contents of the particle
into the vacuolar space (Fig. 16b). Loss of defini-
tion of the internal contents of the particles, par-
ticularly the fibers, may be due to the action of
protozoan nucleases infiltrating the particles
through the damaged membranes.

Observations of ultrathin sections of axenically
cultivated lambda-bearers confirm earlier findings
of Jurand and Preer (6) that the particles possess
flagella and are enclosed within vacuoles. Like
kappa and mu particles (1, 3), the DNA of lambda
appears to be dispersed throughout the particle
and not localized in "nucleoids" or "nuclear
bodies" such as those found in many bacteria.
Pronase treatment (Fig. 14b) of fixed prepara-
tions revealed at least two morphologically dis-
tinguishable layers comprising the cell envelope.
The inner layer is probably homologous to the
plasma membrane of bacteria and the outer layer
homologous to the cell wall (8) of gram-negative
bacteria.
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