
\'ol. 1:17, No. 2JOURNAL. (OF BAC'TERIOLOGY, Feb). 1979, p. 9 33-94f6
0()(21-9)19)3/,79/02-09(33/1 4$()2.()()/()

Possible Involvement of Bacterial Autolytic Enzymes in
Flagellar Morphogenesis

JARED E. FEIN

Department of Mictrobiology and Immunology, McGill Unitersity, Montreal, Quebec, Canada H3A 2B4,*
and Natiotnal Institute for Medical Research, Miill Hill, London NW7 IAA, Enigland

Received for p)ublication 5 Deceniber 1978

Autolvtic enzymes were found to be required for flagellai morphogenesis in
Bacillus subtilis 168 and Bacillus lichen ifortinis 6346. Two previously character-
ized, poorly lytic, chain-fornming mutants of B. subtilis 168, strains FJ3 (temper-
ature conditional) and FJ6, each 90 to 95%' deficient in the piroduction of N-
acetylmuranml-L-alanine amidase and endo-/3-N-acetylglucosaminidase, were ob-
served to be nonmotile at 35°C in a varietv of liquid and senmisolid media. In
contrast, cells of the isogenic wild-type strain were motile and fully separated.
Electron microscopy revealed the complete absence of flagella on the mutant
cells. Similar observations were made with another poorly lytic strain of B.
subtilis 168 (Nil5) and with two poorlv lytic, phosphoglucomutase-deficient
mutants of B. licheniformis 6346 (MH-:3, MH-5). In minimal media lacking
galactose (restrictive conditions), the B. lichen iformis mutants failed to form
flagella, or had serious abnormalities in flagellar morphogenesis and motility.
Under permissive conditions, mutants FJ3 (grown at 17°C) and MH-5 (grown
with added galactose) showed increased autolytic activities, grew in the dechained
form, and regained their capacities to synthesize functional flagella. Exanmination
of several classes of spontaneous revertants derivred from the various mutant
strains further demonstrated a close relationship) between autolvsin activity and
flagellation in the two Bacillus spp).

Autolysins are a group of cell wall-degrading
enzymes which occuIr widely in bacteria (22, 38).
These enzymes hydrolyze specific chemical
bonds in the peptidoglNcan component of the
procaryotic cell wall. They have a variety of
specificities (38), and several have been p)urified
to homogeneity (for examples, see ref. 21, 23).
Under conditions of unbalanced growth (34),
autolysins can bring about the dissolution of a
bacterial cell, a phenomenon known as autolysis.
The regulation of these potentially lethal bac-
terial enzymes has been the subject of recent
investigations (10, 21, 23).

Vegetative cells of Bacillus subtilis 168 and
Bacillus lichenifarmni.s 6346 svnthesize two au-
tolysins, an N-acetylmuramvl-L-alanine ami-
dase, the major autolysin, and a protease-sensi-
tive endo-/3-N-acetylglucosaminidase (9, 14, 21,
33). From genetic and biochemical work, there
is strong evidence implicating either one or both
of these enzymes in the turnover of cell wall
peptidoglycan during growth (16, 30, 31), in the
separation of daughter cells at the end of cell
division (12, 13, 15), and in mediating the killing
action of cell wall antibiotics (12, 28, 32). Similar
physiological roles have been reported for the

autolvsins of several other bacteria (for review,
see 12).

Waard (41) proposed that the endo-/3-N-ace-
tylglucosaminidases of B. subtilis 168 and 13.
licheniformis 6346 may play a role in determin-
ing the average length of the glycan strandls in
the peptidoglvcans of these bacteria. I'he auto-
lvsins of these bacteria, however, do not appear
to be essential for growth, since nmutants of each
having negligible autolytic activities have been
isolated and were shown to grow with normal
doubling times (12, 13). Other work has sug-
gested that the autolytic enzymes of bacilli max
also participate in sporulation, spore germina-
tion, and DNA-mediated transformation (1, 12).
None of these functions, however, was foundl to
be impaired in the poorly! lytic mutants of B.
s.tbtilis 168 characterized by Fein and Rogers
(12). I'hese mutants are 90 to 95'% deficient in
the production of both vegetative autolvsins.
Sonme recent work suggests that several nonve-
getative, autolysin-like enzymes mav be involved
in the spore-related events (9, 18, 19).

TI'he purpose of this p)aper is to report an
addlitional physiological function for autolysins
in B. subtilis 168 and B. lichen ifoUmitis 6346.
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Previously Fein and Rogers (12) presented pre-
liminary work suggesting that their poorly lytic
B. subtilis 168 mutants were nonniotile. In the
present study, it will be shown that these rniL-
tants and other poorIN lytic mutants of B. suib-
tili.s 168 and B. licheniformi's 6346 are defective
in flagellar morphogenesis. A possible moclel for
the involvement of autolysins in flagellai' mor-
phogenesis will be discussed.

(This work was presented in part at the 28th
Annual Meeting of the Canadian Society of Mi-
crobiologists in Montreal [J. E. Fein, Abstr.
Annu. Meet. Can. Soc. Microbiol. 1978,
M l1lp].)

MATERIALS AND METHODS

Organisms, media, and cultural conditions.
'T'he strains of B. subtilis 168 and B. licheniformis
(68346 used in this investigation are listed in Table 1
alonig with their genotypes or phenotypes, derivations,
aild sources. The cultural conditions and maintenance
of stock cultures were as previously described (12, 13).
Growth was monitored by absorbancv nmeasuremienits
at (375 nm in a Bausch and Lomb Spectronic 70-4
sl)ectrophotonmeter. D)eviations from Beers law were
correcte(d as by T'oennies anid Gallant (39).

For the experiments, the following mledia were uLsed:
Penassay broth (Pen B); Spizizen minimllal nmedium

(36) supplemented by MnSO. 4H20 (0.01 ,ag/ml) and,
where indicated, by sodiutmi i.-glutamnate (((.')
(SMM); and a minimal mediutmn without a(lded citi ate
(MSM [12]). This wsas sometimles supplemented by t.-
arginine (0.2%). Glucose, glycerol, Or glucose-free ga-
lactose (Sigma Chemical Co.) were addle(l as sterile
solutions to the stetrilized, coole(d basal mnedia at a tinal
conicetntration of' 0.5%'. Aminlo acids (2)) ,tg, mlt) and
thymine (50 trg/ ml) were also a(l(led where neeessary,
to nmeet the auxotrophic re(uiturements of the strains.
Sandwich plates coontaininig Procion brilliant r-edc-
stained walls ft omi B. subtilis 1 (8trp were plrel)are(l as
plreviously destcbeId (12). 'These wvere LIused in the
prelillinary screeniing of the B. stubtilis nmutants a(l(
revertants for autolysitn produc11tion. On this mecliumii,
poorly lytic strains are distinguished by the absence of
zoIIes of clearing atround their colonies afteIr aniaerobic
treatmenit (1:3).

For the motilitv stuclies and the isolationi of revert-
ants, the follow. ing semisolid miieclia were emiiploved:
nutrieint gelatin agar (NGA [27]); P'eni B solidifiedi 'with
0.3 to 0.5%C agar (1'en A); SMM glycerol pl)s t.-gluta-
miiate, solidifie(d with ().3%-< agar (SGGA); anid MSM
glycerol (MG) conitaininlg i.-arginine, citrate (M(. 1
ancd 0.4' agar. The mletho(d for obtaining sponitaneouLs
revertants of LvIt mutanits oni semiiisolicd imotility mile-
dia has been described (12).

I)etection of motility. Bacteria cultured in li(Lidl
me(dia were examiniecd at differenit stages of growth for
motility, by phase-contrast oI dark-fiel(d microscop.
1'he splreading of the strains oni semiisoliti motilit v

Strain

B. subtilis 168
168trp
FJ3
FJ6, FJ7
FJ8
FJ16, FJ17, FJ18
FJ23
FJ60
Nil5

B. lichen iformis 6346
MH-1
MH-3
MH-5
SpoIntanieous derivatives of MH-3
MH-3R1 to MH-3R9,
inclusive
MH-.'3R10

Spontaneous derivatives of MH-5
MH-5C
MH-5RI, MH-5R2
MH-5R:3
MH-51R4, MH-5R5
MH-5R6

TABLE 1. Bacteriul straillS

(GenotYpe or phenotY te

ttpC2
m etC.3 LNvt I (temperature sensitive)
metC.3 Lvt2
m etC3
mi etC3
metC3
trpC72 thvA thvB PBSX
trpC2 th 'A thyB PBSX Lvt

His
His- Pgm
His Spo gIIl

His
His

His Spo Pgm"
His Spo
His Spo Pgm
His Spo
His Spo

Source and, or' reference

J. Spizizen
(12)
(12)
(12)
Spontaneous, from FJ3 (12 "

Spontanieou.s, from FJ7 (12) "

Sponitanieouts, from Nil15
l). Karaim1ata

(13)
(13)
(13)

(13)'
TI'his stUdyl

C. W. Forsberg'
(1:3)
Tl'his study"
'his stUdyVI
This study'

Selected for motilitv on a semisolid medium (Pen A, NGA, or SGGA).
Noninducible for defective phage PBSX (31).
These phosphoglucomutase-deficient (Pgm ) strains are poorlI lytic.

" Selected for ability to grow with galactose as a sole carboni soLlice.
These P'gm- strains are phenotypicall L t>

/ Poolev et al., Abstr. First Int. Couigr. Bacteriol., Jerusaleimi, 2:90, 1971.
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media was also determined.
Electron microscopy. Samples of bacteria at dif-

ferent stages of growth were fixed by gently mixiing
them with Formalin, added to a final concentration of
5'.. The fixed samples were then dried on Parlodion
and carboni-coated grids and negatively stained with
1I phosphotungstic acid at pH 7.2. In some cases,

0.1% phosphotungstic acid was used. The stained bac-
teria were examined for the presence of flagella with
a Philips EM 300 electron microscope.
Measurement of lytic enzymes in native walls

and in LiCl extracts. B. subtilis cell extracts con-

taining autolytic N-acetylmuramyl-L-alanine amidase
and /3-N-acetylglucosaminidase activities were pre-

pared by suspending lyophilized, exponential-phase
bacteria in 5 M LiCl (200 mg of dry cells per ml) at
0°C (7, 12). T'he assays for measuring the lytic activi-
ties contained in the cell extracts were as previously
described (12). In brief, 0.13 ml of crude extract was

added in a round cuvette (optically matched) to 3.87
ml of (i) suspensions (1 mg/ml) of sodium dodecyl
sulfate (SDS)-treated cell walls of strain 168trp in 0.05
M Tris-hydrochloride buffer (pH 8.0) containing 0.01
M MgCl2 (amidase assay), or (ii) suspensions (0.5
mg/ml) of Micrococcus luteus SDS-treated cell walls
in 0.05 M sodium acetate buffer (pH 5.6), also contaiin-
ing 0.01 M MgCl2 (/3-N-acetylglucosaminidase assay
[11]). With the exception of the experiment preseinted
in Fig. 6, a Bausch and Lomb Spectronic 70-4 spectro-
photonmeter was used to measure the lytic activities of
the extracts. With this instrument, one unit of lytic
activity was taken as that which lowered the absorb-
ancy of the suspensions at 450 nm, at 37°C, by 0.001
unit per min during the period of approximately linear
decrease.

For strains of B. licheniformis 6346, similar nmeth-
ods were used to prepare and assay the LiCl-solubi-
lized autolvsins (100 mg of dry cells extracted per ml
of LiCl). Autolvtic amidase in the extracts was deter-
mined by measuring their capacity to lyse SDS-treated
cell walls from strain MH-1 suspended (1 mg/ml) in
0.025 M borate buffer (pH 9.5) containing 0.01 M
MgCl2 (37°C). At this pH, the /3-N-acetylglucosamin-
idase of this bacterium has negligible activity (13).
The glycosidase is active at pH 5.6 (13), and was

measured using the M. luteus SDS-treated cell wall
assay described above. The latter assay appears to be
specific for the glycosidase, since lysis of the M. luteus
walls by the B. licheniformnis extracts is not accom-

panied by the liberation of L-alanyl-NH2 groups, as

measured by the procedure of Forsberg and Ward (14)
(J. E. Fein, unpublished data).

Isolated cell walls containing endogenous autolysins
(native walls) were prepared from exponential-phase
cells of B. slubtilis 168 as previously described (12),
except that T'L buffer (pH 7.1; 0.05 M Tris buffer
containing 0.024 M LiCl) was used in the washing
steps, rather than TL buffer (pH 8.0; 0.05 M T'ris
buffer contaiining 0.041 M LiCl). This was to further
reduce the possibility of autolysis during the prepara-
tion of the walls, and had Ino effect on the subsequent
lytic activity of the walls.

Native wall lysis was measured at 37°C in TL buffer
(pH 8) containing 0.01 M MgCl, and in 0.1 M acetate
buffer (pH 5.6) containing 0.01 M MgCI2, by monitor-

ing the diminution of extinction values of the suspen-
sions as described above. Native walls of B. licheni-
forrnils 6346 were prepared in a similar manner and
were assayed for autolytic activity by the method of
Forsberg and Rogers (13) in 0.05 M sodium carbonate
buffer (pH 9.5) and in 0.05 M potassium phthalate
buffer (pH 5.6).

Miscellaneous. Phosphoglucomutase activity in
extracts obtained from disrupted bacteria (grown in
Pen B) was measured by the method of Forsberg et al.
(15). Extracellular protease production was assayed on
a skim-milk agar (12). The induction by mitomycin C
of defective phage PBSX in strains of B. subtilis 168
and the determination of the average number of bac-
terial cells per chain in growing cultures by the Vic-
toria blue method were as previously described (12).
The latter values are reported in the text ± their
standard deviation. All chemicals were of reagent
grade and were purchased from commercial sources.

RESULTS
Motility behavior of strains FJ3, FJ6, and

FJ8. Fein and Rogers (12) reported the isolation
of two poorly lytic mutants of B. subtilis 168,
each of which is grossly deficient in both the
autolytic amidase and 3-N-acetyl-glucosamini-
dase (strains FJ1 and FJ2). The loss of both
autolysin activities is probably the consequence
of a single point mutation in each mutant (12).
From FJ1 and FJ2 an isogenic set of strains
carrying the original lyt-J (strain FJ3) and lyt-2
(strains FJ6 and FJ7) mutations was constructed
by transformation (by congression [12]). An is-
ogenic strain wild type with respect to autolytic
activity was also constructed (strain FJ8). The
mutants were shown to grow in a variety of
minimal and rich liquid media at 35°C with
normal doubling times, and to occur as long
chains of unseparated but septated cells (12).

Further investigation by phase-contrast and
dark-field microscopy has revealed that, regard-
less of their phase of growth or the medium
employed (Pen B, SMM glucose ± L-glutamate,
or MSM glucose ± L-arginine), the mutant cells
are nonmotile (35°C). In contrast, strain 168trp
and the isogenic wild-type strain FJ8 exhibited
rapid motility in all media tested, especially in
the latter half of exponential growth. The non-
motile behavior of the mutants could also be
demonstrated on a rich semisolid medium. Typ-
ical growth patterns for the mutant and wild-
type strains on NGA are shown in Fig. 1.
The wild-type and mutant strains were grown

in Pen B at 35°C. Samples of the bacteria at
different stages of growth were prepared for
electron microscopy, and the cells were exam-
ined for the presence of flagella. Typical electron
micrographs are shown in Fig. 2 A to C. Unlike
the wild-type strain, which was peritrichously
flagellated, no detectable flagellar structures
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Fi(;. 1. p/rcodin, b hu/i/l'or of su i/is ,(1 L.N

(/F--) (i/ill LvI (FJ-I (111(1a d TVJ) strai s m (.4.G /iT c
p)lwc('s 1(cr ph' /ot()'-rup)7icd aftcr'/ 14 h7 ()t incu'bu)tio)11 (It

( u rin the -h0)1 iicui(atio pCr'ii(od, s/tr in F-I

I(JImc cci('1tcrZ) ,sprcw'((l rapi/viN 01'('1 thcsu/acSlt(('ff Mc7(
(i(I r. I n r ./st/h( two genr/v iv tic 1uta t.,. F-I

(op/nr 1(1/ ) (mi(d1(F4i')p riA/Zg iilt) illYr nonmoel ti/(,
(1iii/ (-(r/cp' in (I tiitS sitc iti imocul(ltii .

veie ever o0)served on any of' the poorly lvtic(

Strong sup)p)orting evidence for the involve-
milenIt (of aut olvtic enzymes in flagellar' imlor-p)ho-

genIesis caimte frlom studying the effects oif teiml-
p)erature upon st lain F-Jl3 anIdc fromreversIll 0io
sttudies. It was p)reviously 1re)orted that Imutitailt
str ain carrying the lvt- mutation (FJ-l and

FJ-3) ale temperature conditional f'or t he p1-0-
dluctioni of' 1)th ttie aut)lNvtic amidiilase and glv-
(isidl,se.oWh en cultured in Pen B at 1 T` (i, thiese
sti ains )art iallv regain both autolvt ic activities
and girow as singlets, (loublets, andI very shor t
mhains (12). At the low permissive teml)eratuire,
mansv of' the cells also synthesized pieritrichobus
flagella (Fig. 2D) and exhibite(d normlaal miiotilit v.

A similari temperature effect was nuot ()bservedl
f() -t rill.s ('IrVing tie /t-2 mtat i)IOn.

Spontaneouis revertant s vere derived fromn the
nonmiiiotile 1,vt ImuL1taInts FJ3, FJb, md FJ,T b

p)lat ing the nim itanits onIto semIlisollill 1Ien A ani(d
selecting foi cells capable of' sp eading growth at

30J((. Bv thixs technique, a (olledtion of( over 3)
sh)ountaieous re\ertants was ohtainto .

When culturlied in Pen B at 30) (0, each of' the
reverttants grew! as mlotile, pei itric hously flagel-
lated. s,iigle and haired cells. A t pic al revert att
is shown Fi'ig. 2E. None of' the revertants

showed any tendency to foim chains. All were

Mtet and each appeared phenotypically vio
when te.ste(l at 3W)) on Procioni-stainerl (ell wall

agar plates. Preliminary wor-k suggests that a
sizable proportion (approxinmately 25'.) of the
revertants derived from stiain FJ3 are temper-
at ure conditionalh being phenotypically Lv\t at
42 C. FotUI nonconditional reNertants (strains
FJ1(, F-Jl, FY18, and FJ23) have been shown
to produce high levels of' both autolvtic amidase
anici /3-.\-acetvlglutcosaminidase (12).

Motility behavior of strain Nil5 of B. sub-
tilis 168. PooleN- and co-workers (31, :33) re-
cently sttlodie(d a poorly lvNtic miutant of B. suibtili.s
168 (St rainl N ilS) t hat is defect ive in p)hage IPBSX
induction and(l deficient in peptidoglycan turn-
oxver (ltriilg growth. 'I'he strain was noted to
griow with niormiial doul)ling tinmes in liquid cul-

}re, occurriIng as nonn 'tile cells in short chains.
ThIe otility an(l autolytic characteristics of

strain N15 have been investigated further. In
confirmation of Poolevs observx-ations, str aiin
Nil5 was observed to grow as nonimiotile chains
(11.1 ± 4.6 cells per chain) in Pen B supple-
miientedl with thv-mine. TI'he lack of' motilitNy was
also denmnst rated by thie inability- of the imiutaint
to spread on NGA pluls thymine. Vhen examl-
ined unIdCer the electiron Microscope, the cells of
thie imutitanit alp)pearedl to be completely dlevoidl of
flagella, regal'dIess of cell chain leingth (Fig. 2F
and G Lithiultm chlloride extracts of Nil conI-
tained reduced levels of' both B. sul/)tilis autol-
sinls (Fig. :1 . TIhe levels of these enzymes were

higher thain those previouslyireported for Imut1-
tants FJ:3 and FlJb (12). Native walls of Nil;
lvsed at pH 8.() ain(l pH 5.6 at al)p)roximately 22
and :32'% of tlhe r-ates fori native walls p)rep)aredl
fi,om the wild-type strain, res)ectiv-ely (Fig. 4
A sp)ontaneou.e-.s revert ant of'str'aiin Nil) (straill

FiJ6)) was isolatecd on NGA p)lus thvmine. When
(ultured in Pen B3 containing thvmine, this re-
vertant grew as mIiotile singlets and doublets,
having numerous peritrichous; flagella (1.8 ± .Pb
cells pler chain). T'he morphology of the strain is
shown in Fig. 2H. Like Nil5, the revertant was

found to be phenotyp)ically Spo Trpl) and(
TIhN an(l (leficient in the l)rodluction of' )hage
1PBSX. Lithium chloride extracts l)ep)are(l from
stirain FbJ)) were highly active in both the aLl-
tolvtic amidlase an(d /3-A-acet\vlgltu osamlini(dase
assays (Fig. ;3). In addition, native wNalls pir)are(l
firom the revertant lvsed faster than those of the
wild-type strain, at pH 8.0 audIi pH 5.b (Fig. 4).
'I'hese quantitative differences have not been
intvestigated further. These findings for str-ailns
Nil and Fib) ar e in agreement with those ob-
tained for the other Lvt and( revertant strains
of1B. sul/ilis 168 rep)orted above, and serve to
furii-ther demonstrate the existence of' a close
relationship b)etween autolvtic activitv and flag-
ellar, morphogenesis in this slpecies.

Motility behavior of poorlv lvtic strains

TJ. BACTECRIOLI.
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FIG 2. Morphology of wvild-type, Lvt and Lyt-' recertant strains of B. subtilis 168 groan past midexpo-
nenti'al phase in Pen B. The cells wvere negatively stained u'ith phosphotungstic acid and( examinedn( uinder- an
electron milcroscope for flagella. The bar indicates 1 rim. Electron micrographs of the icild-type strain FJ8 (A),
Lvt chain-forming muitants FE3 (B) and FIG (C), and revertant FJI6 (FE), grown at .35C; muiitant FIR (D)
grown at the permissire temiperature for autolysin synthesis (170(C,); mutant NiI5 (F, Gi) and i'ts rei'ertant F,J6O
(H) groan at 35CC. Only-, those cells hav,ing high autolytic activities u'ere observed to formti flagella (A, D), F,
and*H).
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pears to be a conse(luence of both the resistance
A of the altered mutant walls to the action of the

1.0 B. licheniformis autolvtic amidase, and the re-
duced production of the amidase itself (13, 15).

0.8 _ Although the exact interrelationship between
the phosphoglucomutase defect and the reduced
synthesis of amidase is not understood, evidence

0.6 - has been presented that suggests that onlyr a
single mutation is responsible for the observed

0.4 _ \bv phenotype in each strain (13, 15).
CD \\The motilitv characteristics of the two Pgm-
LI0 2) rmutants and the parental strain (MH-1) were
0.2 - examined and compared. In MG medium at

O 350C, mutants MH-3 and MH-5 grew as non-
0 l l l motile chains (37.1 ± 21.9 and 66.6 ± 48.1 cells

Wli B per chain, respectively). The parent strain in the
> 10nsame medium grew as motile, peritrichouslv
<1t0 flagellated single and paired cells (Fig. 5A). The
< observed motility was most plronounced during
LLJ 0.8 the latter half of exponential growth. For strain

MH-3, no flagella or motile cells were ever ob-

0.6-_

0.4-1.0 pH 8.0

0.2 0.8

0 _0.6

0 30 60 90
MINUTES AT 37C 00.4

FI(T. 3.LyUis of B.xsitllls IhX and M. lIuteus SDS-
L

0.2
-It0 2trevated cell ilall.s with crude LiCl extract.snade fr-om 2 2

strain.s F,18, Ni`i5, and FJ60. The extract.s were oh-
ta'iec(l from lyophilized, exponential-phase cells as 0
(lescribe(l in the text. (A) Lvsis of B. slubtilis 168 cell Ll
tcalls at pH 8 in TL buffer containing 0.01 M M'gCl, > pH 56
(amidase assalv). Svmvbols: (O) control (no added aul H- 1.0
tolvsins); (D) FJ8; (O) Ni15; (U) FfJ60. Rouigh ap- <

p)roxinliations of the activities tor wvall lysis wvere 18.8, L 0.80
4.4, n(d 21.17 units for the extracts (lerivued fromn C
strains F,18, Nil5 (intd FJ60. respe(tiuelV. (B) Lvsixs
of .ll. luteus cell t-alls at pH 5.6 in 0.05 M acetate 0.6
bit//er containing 0.01 Al Mfg(X', (/3-N-a(etylglucosa-
minidase assaN). .Svnmhols ar-c asxin (A). Approximate 04
a(tiv ities for u-all lYsis wi-ere 12.5 (FJ8) 1.8 (Nil`5). and

22.6 units (FJ60). O1)D,-. Optical densitv at 45() am. 02_

of B. licheniformis 6346. Forsberg and Rogers 0
(1:3) isolate(l and characterized several mutants 0 30 60 90 120
of B. lichen iformis 6346 that have altered auto- MINUTES AT 37C
lvtic phenotypes. Among these were two poorly
lNtic, chain-forming mutants, strains MH-3 and Fi(. 4. Comparatiue autol,vsis at pH 8 (top) and
RfTTr.l r l , l ~~~~~~pH5 h6 (bottoti2) of naltiue rlzfls i'solalte(i fi-om wxildl-MH-5. In each of these, the primai- lesion was tIpe str'ain B. subtilis 168trp Li, imutant N15 (0),shown to be a defect in phosphoglucomutase and revertant F.J60(U). Rough approximationsof

(lPgm ). As a restult the cell walls of the mutants the iw-all ltic activuities for strains 168tr-p, Nil5, and
ha-ve an altered chemical conmposition (1:3, 15). Ff160 u-ree 37.8, 8.4, aind 70.0 unitIs at pH 8 and 7.5.
The LVt phenotype of the Pgm mnuttants ap- 2.4. (antd 15.8, units at p)11 55.6, respecctively.



FIG. 5. Morphology of seueral B. licheniformis 6346 strains groan in glycerol minimal media at 35CC. The
cells were cultured past midexponential phase, then negatively stained with phosphotungstic acid and
examined under an electron microscope for flagella. The bar indicates I jum. (A-D) Electron micrographs of
cells grown in MG: (A) appearance of the parental strain MH- 1, showing its peritrichous flagella; (B) part of
a long, nonflagellated chain of MH-5, taken at higher magnification; (C) a long chain segment of MH-5
showing a cell with a single flagellum (arrow,); (D) a short chain of MH-5, consisting of nonflagellated and
sparsely flagellated cells. (E-I,) Electron micrographs of cells grown in SGG: (E) sample of MH-5 culture
containing chains of various sizes and degrees of flagellation; (F) a short chain of MH-5 composed of
peritrichously flagellated cells; (G) part of a long, primarilv nonflagellated chain of MWH-5 (a few, of the cells
in the chain were sparsely flagellated farrows] or had peritrichous flagella fwvide arrow)'; (H) nonflagellated
partial revertant MH-3R2; (I) flagellated revertant MH-3R10.
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served, but for str ain MH-5, an occasional
sparsely flagellaterl cell in a chain or a motile,
peritrichouslv flagellatedl single or p)airedl cell
was seen (Fig. 5B to I).) The latter did not

appear to be sp)ontaneous Pgmr revert ants, as

teste(l on a galactose minimal nmediuimi (13, 15,
43).

'IThe phosphoglucomitutase deficiency in nmtu-
tant MH-5 can be circumvented by growing the
bacteria in meidia sup)plemented by galactose.
ressulting in the l)artial restoration of autolvtic
anidase activity an(d in the de(haining of the
mutitanrt (15). Growth of .strcain MiH-5 in M(G
supp)lemented by galactose ((. I') resulted in the
restoration of flagellation and I)otilitv, thotugh
not to the extent characteristic of the wild-type
strain. The mutant showed little tendency to
chain under these growth conditions. In con-

trast, mutant MH-:3 rem1ainied nonmiiotile and

nonflagellated in MG containing galactose, ancl
only p)artially dlechained (17.1 ± 10.1 cells pet
chain).

Results similar to those reported above for
M(G with and without galactose were obtained
for strains MH-1 and MH-:3 grown in SMM
glycerol plus L-gltutamate (SGG(T, wvith and with-
out adderl galactose. Flagella wvere never cle-

tected on the cells of muttant MH-3. 'I'he situa-
tion with MH-5 wvas somewhat clifferent. In S(rG
lacking aclded galactose, a high proportion of the
MH-5 cells were flagellated. Only a very low

p)ro)ortion of the muttanit bacteria, however, ex-

hibiterl motilitv. As with the M(G-growi) bacte-
ria, the cells in the shorter chains were more

likely to be flagellated than those in the longer
chains (9.7 ± 9.4 cells per ('hain), although it wvas

not uncommon to find snome flagellated cells in

the larger chains (Fig. SE) to G). A sImlall numbler
of mwotile leritl'ichousl' flagellate(d separatedl
bacteria wvere always observed in the MH-S5 cul-
tures. Unlike the )arental strain MH-i, whose

swimming pattern resembled the randlom wvalk
patter-n described for Eschcri('ihIa coli (4), Imlost
of the motile n)utant cells ap)p)eared to swilm
abotut slowly an(l aimlessly. 'I'heil p)attern ap-

pearedl uncoordinated, with the (ells otten coIn-
tinuouslyIN' ttiuiblling, spinning, wobbl))ing, or swim-

minig in circles. TI he abnormal motilitY wvas conI-
firmedl tsinig a seimiisoli(i imiedlituiml of a com)posi-
tioni sililar to (SGG(A). tUilike tthe pareii-
tal str-ain, the Ititant failled to spreal O1) t his
I )edliuimIi. Thllerie Nas Io evi(lete ce totI' spo(utaiieous

Pgm revertants in any of these experiments.
ThtIe addlition of galactose (( t Tto S(GGT( re-

sult ed in thie dlecla'i -iIg (of stiraiin MIH- (1 .9±l
1.() ('ells per ('hail) anI in tthe restorati nI ()f

normal motility in a large pr)portiOI of th}e

Imut ant crells. The, latter wasc( infilmed the

observed spreading behavior of the rmutant
grown in senilsolid SSGGA containing galactose.

It is not obvious why the extent of flagellation
in MH-5 was that much moIre extensive for SGG
versus Mi-grown bacteria. I'he two minimal
mledia have basically similar compositions, dif-
fering I)rimarily by the presence of citrate and
L-glutamate an(l the absence of adcled iron in
SGG. The B. lichen iforniis strains used here
were observed to grow miiore readily (with
shorter lag peri6ds\ in SGG than in MG, al-
though the differences in the measured doubling
timels foIr ex)onential-p)hase cells wNere not gireat
(Table 2).
Lithium chloride extracts p)repalre(l from ex-

ponential-phase cells of MH-;-) grown in each of
the minim1al media wvere found to contain signif-
icantlv reduced levels of both autolvtic amnidase
and /3-N\-acet\vlglucosaminiclase (Fig. 6 to 8).
Similar r-esults were obtained for MH-:3 grown
in SGG (Fig. , and 8). From the lvsis data for
MH-5, it would appear that the autolvsin lexels
may be lowsFer in the MG than in the SGG-grown
cells. This, however, requires further investiga-
tion. If correct, the differences in lvNtic activities
night explain the observedl differences in the
rlegrees of flagellation for the mutaint bacteria
grown in the two media. Native walls pre)aredl
from MH-S grown in MG wvere also observed to
lvse poorly at pH 5.6 and pH 9.5.

Forsberg and Rogers (1:3) plreviouslNy reported
that the levels of /-NV-acet\vlgltucosaminirlase
were normal in native wvalls plrep)ared from
strains MH-3 and MH-5, based on redlucing
l)over mleasturemients of atutolvzing wvalls. The
differen(ces bet ween the results p)resented her-e
for the level of the glvcosidase in MH-5 ancl
those by Forsberg an(iRogers ma' b)e a conse-
(Lence of the rlifferenit assay plrocedlures used.
As shown in Fig. and 8, both autolvsin

acti ities were significantly increaserl in c(ells of
MH-5 grown in SGG containing addecl galactose
(()A'1'). TIhe reistults for the aimii(dase are in (lose
agr-eemeint with the previously reported fincrings
of'Florsberg et al. (1 5) for native wNall lvsis of
MHi-5 grown with galactose. Surprisingly, the
LiCl extracts of the imutitanit containe(d approxi-
mately twice as much /3-N-acetvlglucosamini-
(lase act ivitv as th.at founrl in extracts of the

ITI.F. 2.(iI'O t rGto S(rtoIHf 1 0Iad10 MH-.5 iot CGG
and AI(; at I.S (

Average (io n(hag tmile I 11in

MH-1 8 3 To
Mu1--9 95
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FIG. 6. Lysis ofB. licheniformis 6346 andM. luteuis

SDS-tr-eated cell wtalls twith crude LiCI extracts made
fromstrains.7kH- 1, MH-5, MH-5C, and MH-5R3. The
LiCI-solubilized autolysins wvere prepared frcom cells
growvn in MG medium and wvere assayed as described
in the text. Tuice the usual amount of extract (0.27
mlJ) was added to the lvsis tubes. A Uniconm SP-600
wvas used to measiure Iysis. (A) Lvsis of B. lichenifor-
mi.s 6346 (strain MH-1) wvalls at pH 9.5 in 0.025 Ml
borate buffer containing 0.01 M M9gC2 (amnidase as-

say). Symbols: (a, 0) control (no extract addecl); (b,
*) MH-5; (c, A) MH-5R3; (d, V) MH-5C; (e, *) MH-
1. (B) Lysis of M. luteuis ualls at pH 5.6 in 0.05 Ml
acetate buffer containing 0.01 lMM9gC12 (13-N-acetyl-
glucosaminidase assay). `Symbols are as in (A). Over-
all, the relatitve extent of Iysis by the MH-5, llH-5R3,
andl MH-5C extracts wtas 8.4, 6.6, and 24.5%. of that of
the. MH- I extract in the amidase assay and 12.6, 49.7.
and 105.1'c in the /3-N-acetylglucosaminidase assav

(corrected for controls).

wild-type strain. The high lytic activity of MH-
5 grown with added galactose corri elates well
with the observed motility of the strain grown

under these conditions. With strains MH-I and
MH-3 grown with added galactose, only slight
increases were detected in the activities of the
two autolytic enzymes. The failure to stimulate
the autolysins in MH-3 would probably explain
the inability of the mutant cells to form flagella
under these same conditions.
Characterization of spontaneous revert-

ants derived from Lyt- strains MH-3 and

MH-5. Spontaneous revertants of mutants MH-
5 (MH-5R1 and MH-5R2) and MH-3 (MH-3R1
to MH-3R9) having both partially or fully re-
stored phosphoglucomutase and autolytic ami-
dase activities have previously been described
(13). These were selected for their abilitv to
grow on galactose as a carbon source. An addi-
tional Pgm- revertant of MH-5, strain MH-5R6,
was obtained in this studv in a similar manner.
Each of the three revertants of MH-5 grew in

MG and SGG media as motile, fully separated
bacteria, having peritrichous flagella. The pat-
tern of motility by each strain was simiiilar to
that of MH-1. The motile nature of the revert-
ants was confirmed on NGA. Strains MH-5R1
and MH-5R2 were previously reported to con-
tain near-normal levels of autolvtic amidase (13),
and this was found here to be true also for str ain
MH-5R6 (Fig. 7). Strain MH-5R6 was also ob-
served to have fully restored /3-N-acetylglucos-
aminidase activity (Fig. 8). TI'he other two re-
vertants were not tested for this autolNsin.
None of the nine revertants of MH-3 exhibited

motility when tested on semisolid Pen A, and
seven of thenm (MH-3R2 and MH-33R4 to MH-
3R9) neither exhibited motility nor formied flag-
ella when grown in MG and SGG, eveIn Whm;
the latter were supplenmented by galac-'.S. A
tvpical revertant is shown in Fig. 511. Strains
MH-3R1 and MH-3R3 did not grow well in the
minimal media and were not tested further.
The lytic activities of two of the MH-3 revert-

ants, strains MH-3R2 and MH-3R4, are shown
in Fig. 7 and 8. Both revertants containedl only
slightly higher levels of autolytic aiidase and
/3-N-acetvlglucosaminidase than mutant MH-3.
Previously Forsberg and Rogers (13) also ob-
served that amidase and phosphoglucomutase
activities were only partially restored in MH-
3R2 (by 25 and 31%, respectively), anl similar
results were obtained for revertant MH-3R1.
'T'he low lvtic activityv in these MH-3 revertants
would probably explain their inability to formla
flagella. Further support for this is p)resented
below.
To approach the problem from the opposite

direction, a search was undertaken for sponta-
neous motilitv revertants of MH-3 and MH-5,
with the expectation that such revertants woul(d
have restored phosphoglucomutase and lvtic ac-
tivities. One revertant of MH-3 (MH-3R10) and
two of MH-5 (MH5-R4 and MH5-R5) were ob-
tained. The phenotypic properties of the three
revertants were nearly identical to those of the
Pgnmt revertants of MH-5 describedl above. TIhe
three strains could utilize galactose as a caIbon
source, and each was found to contain wild-type
levels of both amidase and /3-N-acetylglucos-
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F ic . L ysis of SDS-teate(d cell waolls of B. lichen iformis 6346 (strain AMH-I) at pH 9.5 in 0.025.10 bortote
bufttoetncotaining 0.01 M Mg(Ui2, with crulde Li('l extrocts molade /r'omlZ sta'tins of B. licheniformnis 6346 grown in

S(G( imd(lium uwith (+gal) or- withoult (-gail) odded galactose. (urues otnd( Iroulgh approximations of the ioall
lvtic actiuities in uinits (."): (A) a, control, no acdde(d extract :; h. MH-5, -gul (@, 0.31 U); c, MH-5, +gal
(@, 1.831 (); d, XH-1, -gal (U, 2.31 U); e, .MIH-5R4, -gal (V, 2.44 U); f .M1H-5R6, -gauI (A, 2.36 l '); g, MH-5R5,
-gal (, 2.38 l'). (B) h, AMH-3, -gaI (C1 0.(19 U'): i, MH-3, +gaI (U, 0.31 l');j1, MIH-3R2, -gal (A, 0.79 U); k,
MH-3R2, +gal (A, 1.04 U); 1, MIH-3R4, -gal (_ 1.03 IU): m,mMH-3R4, +gal (0, 1.0)9 U ): ni, .M1H-3R10, -gui
(7, 2. 9 (-)o0! AIH-3R1(, +gal V, 2..98 (-3.

aminidase when grown in SGG (Fig. 7 and 8). In
this me(liumr, the cells fornied p)eritrichous flag-
ella and displayed the normal pattern of motil-
ity. Rlevertant MH-3t110 (Fig. 5I) is therefore
(quite unlike the partial Pgm' revertants of MH-
3 describe)d above. The studies with this revert-
ant provide additional support for the proposed
autolvsin-motilitvT relationship in B. lichen ifor-
tils 68346.
An a(lditional type of' motilitv reverltant of

MH-5, having sonmewhat cliffer ent properties
friom those of the other i,evertants, was also
isolated and characterized, (strain MH-5R83). In
liquid and in seimiisolid minimal imedia contain-

ing glycerol as carbon source, the bacteria were

motile anid fully flagellated. Cell separation,

however, was not as extensive as that measured

for MH-1 (11.7 ± 9.5 cells per chain for MG-
grown bacteria). Strain MH-5R3 could not grow

on galactose as a sole carbon source, andi was

found to be Pgm (Table 3). The strain was also
grossly deficient in autolvNtic amidlase when
grown in MG, but containedl an increased level

of /3-N-acetylglucosaminidase as compared with
MH-5 (Fig. 6).

It is known that the /f-N-acetylglucosamini-
dases of B. lichen ifoirmis (13) and B. subtilis (9)
are sensitive to proteolvtic attack, and that pro-
tease-deficient mutants of these species can con-
tain elevated levels of this autolvsin. T'he pro-
teolvtic activity of MH-5R{3 was screened on a
skim-milk agar and was f'ouncd to be reduiced in
comparison to MH-5.

Pooley et al. (H. Pooley, D. Belgrove, and C.
Forsberg, First Int. Congr. Bacteriol., Jerusalem,
2:90, 1973) described another protease-deficient
partial "re-ertant" of MH-5 that has similar
lytic and phosphoglucomutase plroperties to
M H-51R3 (strain MH-5C). Further investigation
has shown that this partial revertant, like MH-
5R3, grows in liquid and semisolid glycerol min-
imal nmedia as nmotile, fully flagellated and sep-
arated bacteria (1.7 ± 0.7 cells per chain in MG).
Cells of MH-5C cultured in MG containedl little
autolytic amidase but nor-mal levels of /1-N-ace-
tylglucosaminidase (Fig. 6). TI'he level of the
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FI(w. 8. Lvsis of SDS-treated cell uwalls of M. luteus at pH 5.6 in 0.05 M acetate baffer containing 0.01 M
MgClt, with (rude LiCi extracts made from strains of B. licheniformis 6346 grown in SGG with and without
galactose. Siymbols are as in Fig. 7. Curues and rough approximations of the wall lytic actiuities in units (UJ):
(A) a, contr-ol, no added extract; b, MH-5, -gal (0.45 U); c, MH-5, +gal (3.49 UJ); d, MH-I, -gal (1.68 U); c,
MH-5R4, -gal (1.99 U); f, MH-5R6, -gal (1.57 U); g, MH-5R5, +gal (1.77 U.T). (B) h, MH-3, -gal (0.25 U,); i,
MH-3, +gal (0.63 U); j, MH-3R2, -gal (1.06 U); k, MH-3R2, -gal (1.17 U); 1, MH-3R4, -gall (0.96 U); in, MH-
.3R4, +gal (1.00 U); n, MH-3R10, -gal (2.42 lJ); o, MH-3RlO, +gal (2.50 U).

glycosidase was notably higher than that found
in MH-5R3, and this might explain why daugh-
ter cell separation is more complete in MH-5C.
Native walls prepared from both partial revert-
ants grown in MG were found to bear the same
lytic relationships at pH 5.6 and pH 9.5 as the
LiCl extracts.

DISCUSSION
The work presented here strongly suggests

that autolytic enzymes play an essential role in
flagellar morphogenesis in species of Bacillus.
This is based on the following observations. (i)
Mutants of B. subtilis 168 (strains carrying the
lyt-1 or lyt-2 mutation, and strain Nil5) and B.
licheniformis 6346 (MH-3, MH-5) that are
grossly deficient in both autolytic amidase and
,8-N-acetylglucosaminidase activities were found
to lack motility and to be deficient in flagellar
morphogenesis. (ii) Lyt- transformants of B.
subtilis 168 were previously constructed by
congression ([12], including FJ3, FJ6, and FJ7).
Each transformant was nonmotile, nonflagel-
lated, and deficient in both autolysins. (iii) The

phenotypes of two of the Lyt- mutants investi-
gated are conditional (12, 15). Under conditions
permissive for synthesis of both autolysins (FJ3
grown at 17°C, and MH-5 grown with galactose),
these strains were motile and flagellated. (iv)
Spontaneous revertants derived from each of
the poorly lytic mutants (with the exception of
some partial revertants of MH-3 and MH-5)
were peritrichously flagellated and normal in
their patterns of motility, and each contained
high levels of both autolytic amidase and l3-N-
acetylglucosaminidase. The partial Pgm' revert-
ants of MH-3 (MH-3R1 to MH-3R9) were de-
void of flagella and apparently contained only
low levels of phosphoglucomutase and autoly-
sins (Fig. 7 and 8; 13). The restoration of motility
in two partial revertants of mutant MH-5
(strains MH-5C and MH-5R3) was correlated
with increased ,8-N-acetylglucosaminidase activ-
ity in these protease-deficient strains. These re-
vertants are also Pgm -. It is therefore unlikely
that the defect in flagellar morphogenesis in
strain MH-5 results directly from the changed
cell wall composition of this Pgm-- mutant, but
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TA.Bi.F 3. Phosph og/lucomuotasc a cti'ci'ti'cs in stirai'is
of B. li(chcn i/ormois 6346

Stra In1 Phosphoglucomut ase sp) act

MII-5 <1.0

"Expressed as uniits X I)' per millligrami ofproteinl
in tbe extracts, where uniit oIf enzyme activi-ty is

rief-ineci as the anmOunlt of enzYme uitillizing I P1mol of

subhstrate per, mml.

rat her from its (deficiencv in autolvtic activit v.

TIOl exp)lain how auitolvsins miighit be Involved

in flagellar mnorphogenesis, it is necessary to

(()nsi(der the structure (of the flagellumii anrl its

relationship to thie bact erial cell wall. Th'le flag-

ellon 'Is a relat ivelv complex organielle, consist

inig (If thiree morphiologically andl chemically dlis-

tincd pairts: thie filament. thie hook,. t(nd(lite baslal

St rodture (2-1, :35 Of p)rime interest hiere is thie

basal structure, thie component that traiverses

hte cell wall andl whichi is thooghit to(function in

thie anchoring of the flagellumii to thie cell surface

(24, :a5I. Th'le basal strluct ore is also probablyv
involved in thle assembly and( functioning of' theW

organelle. Electron micrOSCopy has shown thlat

the basal st ructuore of' 13. su1t11)1/s consists of' two
rlings or rlisks, dlesignatedl M ani(l that are

Illounted on a Short, possibly hollow iodl. TIhe NI

r'ing appears to attach to the cytop)lasmic miemi-

brane andl thie S rinig to the innier surface (of the

cell windl. Th'le shiort rodl extends,- through the wvall

and appears to attach to the hiook s,tructure near

the cell surface (24, 351. 'Ihe 1)asal 5!trurturles (If

gr(am-negative bacteria aie similar, but ((ontaili

((in adlditioInal p)tir o f rings for binding to th

more comlplex cell envelopes of' these bacteria.

l3eceiu work withi several bacteria including 1B.

Sullti/i'S SUggests that flagella elonigate l)y the

mid(it (If' ptoll)IypepIt ide sub)units (flag-

edIm t((the (list al tips of the growing filamienits

(1.4, :151. TIhese mionio miers may b-e transpoIrtedI toI

Ie (list ((l sites of' mssenibIv via a hollow,, channel

running through the (organelle, and( the b)asal
nilvplay an (It ive roIle in thfe transport

pIlowIess.
In linec with all thes,-e observat ions. anoli withi

thiose iiadl(e here with thie p)oIorly lyrtIC Imutants,

I would like toI pro(pose as a woiking hypothesi.s

that In flagellar, moriphogenesis a certain rdegree
(If localdized peptirdoglycan hydrolysis is re(quirerd
to allow for- the (a.-Seml)lv and( ins,-ertion of thie

b)asal StruLCtUres In the gram-positive cell wall.

Since thte basal structure appears toI be required

fo)r flagellar synthesis anrl functioning, this

nal0del exp)lain the loss of miotility' andc

(defect ive flagellar, morphogenesis (of the p)oorly

lv'tic muiLtanits. PreSumnably, In the case of miutanit
MH-5 growni in SGG, where manY of the cells
ar-e flagellated, the basal structures are niot set

p)roperly in the w,all, accouniting for, the loss of
normal motilitv in the strain. Hollow p)ores or-
channels through which flagella ar-e thoutght to
pass have been dletected in the cell walls of'
C/ostridium sporogcnes (5) and, recently, in Aq-
u o spirl/lumo serpen s (11 (G. IC. Mu rrav, AbstrI.
AnnuIL. Meet. (Can. Soc. Micr-obiol. 1978, Ml).
SimilarM struCtUres f'or fimibriae have l)een re-

p)ortedl to occur Hin the p)eptidloglycan layer of'
certain gram-negative species (20). Suich pores
could possiblYl be fbormed by thie action of auto-
lvtic enzymes, in c-onjuinction wvith the synthesis
Of the app)en(lages.

Ther-e ha-ve been several othier reports in the
r-ecent literature suiggesting a close association
bet,ween the bacterial cell surtf'ace anrd flagellar
morphogenesis. Stuidies with several gram-neg-
ative species have inrlic-aterl that flagellar svn-
thesis is dlependent on either, the presence or

concurrenit sy-nthesis of' an in! act cell envelope
(29, 40). Othier -work has shown that loss of'
abi,itvtoIf syn-thesize flagella can be broughit
about l)v muittationis that alter- the StruCture and(
(ompositioni of' the cell envelope. TFhis, f'or in1-
stance, has been observed wvith somie cleep) rouigh
muALtants of Sa moienclla tvJ)himWurium (2, 25) anrli
gailt muittanits of 1K c0/i (26). In E. co/i, several
lpolypeptidles concerned with flagellar, rotation
anrli chenmitaxis are located Hin the cVtop)lasmic
membrane (35).

In view of the close relationship betweeni thie
cell surf'ace Candl flagellar- formiiationi, anrl the ac-

tive r-ole pilaverd by autolvsins HIn cell wall metab-
olism, it is perhaps not too surp)rising thiat thie
p)oorly lvtiC muILtants dlescribed here ar-e rlef'icierit
in flagellation. Several nionmiotile, pleliotropic
mu1Ltanits of' B. siubtil/is 168 w,ere recently cle-
scribedl whichi lack flagella (but synthesize fla-
gelllin) andl which also ar-e p)artially dleficient in
autolvtic enzyme activity (3, :37, 42). These muit-
tanits are (btite unilike Lvt strains VJ13 anrcl FJ6
(121 in that they are hvperproducers of several
ext racellular enzymes (o-amnvlase, nieutral and(
alkaline prot eases, andi levansucrase), ar-e p)oorly
or niot at all transf'rmable, and( formii only shor-t
chiains of unseparated bacteri-a in r-ich growth
media (indicating that they are more lytic thani
st rains FJ18 anrd F.16). Becauise of the p)leiotrpl)ic
niature of these muttants, it is niot known if their'
lack of flagella is a rlirect consequence of' their'
decreased lvt ic activity, and several possible ex-

p)lanations for, their- phenotypes have beeni sug-
gestedi (:3, :37 ).

Straini Ni15 app)ears to have a closely simiLar
phtienotYp1ettothat of muittants F-J3 anrli F-JG, inl

J. BACTERIOL.
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terms of autolysin production, chain formation,
and loss of motility and flagellation. Pooley (31)
previously reported that Nil5 has a significantly
reduced rate of peptidoglycan turnover during
growth, and similar observations have been
made with strains FJ3 and FJ6 (R. S. Buxton, J.
E. Fein, and H. J. Rogers, unpublished data).
Strain Nil5 was derived from B. subtilis 168
Trp Thy after N-methyl-N'-nitro-N-nitroso-
guanidine mutagenesis (31), and was selected for
its failure to lvse upon thymine starvation (due
to induction of phage PBSX). In view of the
choice of mutagen (17) and the isolation here of
a spontaneous, Lyt' PBSX revertant of Nil5
(FJ60), it is likely that Nil5 is a multiple mutant
and that the lytic and PBSX defects in it are not
directly related. In support of this, PBSX induc-
tion was found to be normal in Lyt strains FJ3
and FJ6 (12).
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