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ABSTRACT

BETrz, JOHN V. (St. Bonaventure tUniversity,
St. Bonaventure, N.Y.), ANi) KEN-NETH E. ANDER-
SON. IsolatioIn aind characterization of b)acterio-
phages active on Closh-idaiuni spo)o(genes. J. Bac-
teIriol. 87:408-415. 1964. Twelve bacteriophages
active oI1 the anaerobic species Clostr-iditoo SpoI'-
gentcs were studied. Fotii' of these were isolated by
the authors, aind eight were obt(ained from L. S.
McClung of Indialnia Uliversity. The 12 plhages
Stud(ied couildC )e distinguishied il1to three gro ups
on tile basis of theni pla(Ue morphology, host
range, receptor sites, aSn(l serological relationships.
OIne group cOintaiiie(l teni Of the phages which were
serologicaly related. I'hese were separated inito
three, suibgrotUps on. t ie basis of pla(lUPe morphology,
host range, and ireceptoI sites. The heat sensitivi-
ties Of foUr phlages were correlated with their clas-
sifiCation in this schem1(e. Of 25 straiis (of C. spot'o-
genes tested for lysogenicity, nonie was fouind to be
ySOgenliC, bl)lt 9 Pro(ltice(1 bacteriocinl-like sub-
stanc1es anI(d 20 weIe sensitive to oi1e oI il1or-e of
these.

the eNistence of bacteriophages for a imiember
of the genus Clostriditini w-as first established by
Cowles (1934), Nho isolated from sewage a phage
whi(ch was active oni t svo strains of C. tetanii.
Since then, several groups of workers have iso-
late(l plhages for other members of thiis genuis.
\IcClung (1956) summililarizedt and reviewedc most
of the available literature on lphages for the genus
Clostridinm. Spencer (1953) listedl replorts by
several Rutssian investigatois oIl phages foI C.
perfrinr.get s and other toNigenic Clostridijo im spe-
cies. Irerikel (1940) rel)orte(d isolation fromn river
water of phages activ-e onI C. sporogenes. How-

This work is plaIt of a Ph.D. thesis submitted
by one of the utitholrs (J.X.B.) to the (raduate
School of St. Bonaventure Universitv. A prelinli-
inairy report of tllis woirk w.as imiade (Betz and An-
dersoll, 1963).

2 PIresent a(didress: The Botany Program, Tihe
UIniversit v (If South Florida, TamIpa.

ever,Iio further work oIn phages for this species
ha.10 aplpleared.
The geineral purpose of this studly was to in-

vestigalte phage-host interatctions in an obligately
anaerobic species. Wl e chose C. sporogenes as our
host orgalilism for this purpose, because it is comn-
monIi in nature aInd oIrlillarily is not plathogenic.
It is easier to grox- tlhanimany other strict an-
aerobes<, (lnd. is thus more amelleiable to the mnanipu-
lations ro(utinely invol-ed in phage research. This
paper dleals wA-ith the first phase of these studies,
the isolatioIl and characterization of bacteri(i-
Iphages. actiN-ve OI this splecies.

MATERIALS AND METHODS

Bacterial straints. The 25 strains of C. sporogenies
used in this study- were kindl1 made available to
the author-s by L. S. McIClung of Indiana Uni-
versit; their numbers, as given in 'l'able 1, refer
t(o theiI dlesignationIs in hlis collection.
Media. The mcedia u.sed ill this study wAere

v-ariatiolls of a me(litumii (lesignate(l S broth, which
hadl the following cnlllIposition: Proteose Peptone
(I)ifco), 5.0 g; Polypelltone (3BL), 5.0 g; NaCl,
5.0 g; yeast extract (D)ifco), 1.0 g; glucose, 3.0
g; so(lium thioglvcolate, 0(.5 g; an(l distilled water,
1 liter. h'l'e pH was adjusted to 7.6 to 7.8 w\ith
_NaOH lbefore autioclav-ing for 10 min at 121 C.
Sterilizatioin low-ered the pH to 7.0 to 7.2. 'TFhe
oxidatioIll-re(lucltion lpoteIltial of freshly auto-
clave(l S broth which 1411(1 been cooled qui(kly to
:37 C average(l -60 miv.

the miie(liumii used for imaintenance of stock
cultures (la(1 to lpr(d(luce (ells for seed layers was
S/H broth. This w-as ma(le by tubing 10 to 15
ml of S broth over a 1- to 3-mm column of Difco
Beef Heart for Infusion, and autoclavingaxs le-
scribe(l.

Har(i and(I soft agars for (louble-layer l)hage
lallting coIrltaiinecl, resplectively, 2.0 anid( 0.6 -

Difco a1gar in S lbroth.
Inctubation. Tem lperature of incubatioii f'or
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PHAGES ACTIVE ON C. SPOROGENES

phage and bacterial growth was 37 C in all ex-
periments.
Assay of phage. Assay of phage by plaque

count was carried out by a double agar layer
method similar to that described by Adams
(1959), with modifications to protect the bac-
teria from atmospheric oxygen. Base layers of
60 to 75 rnl of hard S agar were prepared in petri
dishes (20 by 100 mm) with porous porcelain
tops to allow surface moisture to evaporate over-
night. Freshly sterilized tubes (13 by 100 mm)
containing 2.5 ml of soft S agar were kept molten
in a 45-C water bath. To these were added 0.2-ml
samples of a late log l)hase S/H culture of the
host bacteria, containing 0.8 X 109 to 1.0 X 109
viable cells per mel. Serial dilutions of the phage-
containing material were made through blanks
of S broth, and 0.1- or 1.0-milportions of appro-
priate dilutions were added to seeded soft agar
tubes, mixed, and plated. Plaques were counted
after 18 to 20 hr of anaerobic incubation.

Anaerobic incubation methods. When a large
number of plates were ready for incubation at
the same time, an anaerobic oven (1.58 ft3 ca-
pacity) from National Appliance Co., Portland,
Ore., was used. After loading and sealing, the
oven was flushed three times by evacuating to
26-in. vacuum and filling with nitrogen. After a
final evacuation, the oven Nwas filled with 10%1,
CO2 in H2 as the final anaerobic gas phase. Small
numbers of plates were incubated in Brewer jars
under an atmosphere of illuminating gas.
Phage isolation procedures. Two methods Nere

used in attempts to isolate phages for C. sporo-
genes from natural sources.

(i) About 3 liters of a fluid sample such as
seNage or river water were saturated with am-
monium sulfate (technical gradle, 800 g per liter)
at room teml)erature and set overnight in a re-
frigerator at 8 C. The floe which formed was
skimmed off and resuspended in 50 to 100 ml of
S broth. Portions (5 ml) of this suspension were
added to actively growing S/H cultures of various
strains of C. sporogenes and incubated overnight
at 37 C. After incubation, the mixtures were
centrifuged, and drops of the supernatant fluids
w^ere spotted on seed layers of the presumptive
host strains.

(ii) About 1 liter of a fluid or solid sample,
such as soil, manure, or septic tank material, was
mixed with 2 liters of freshly steamed S broth
and inoculated with 10-ml samples of actively
growving S/H cultures of several C. sporogenes

strains. After incubation for 48 hr, a sample was
taken and centrifuged at low speed; the super-
natant fluid was spotted on seed layers of the
bacterial strains originally used as presumptive
hosts.

Purification of phage stocks. Lysed areas on
seed layers were scraped from the agar surface
with a sterile Nichrome wire, transferred to S
broth, diluted, and plated to yield isolated
plaques. These were stabbed, diluted, and re-
plated twice in series. If the plaques were uniform
on the third plating, one was scraped from the
agar surface, inoculated into a young culture of
the host bacteria, and a stock was prepared as
described below.

Preparation of phage stocks. A young S broth
culture of t.he host bacteria, containing ca. 5 X
108 viable cells per ml, was inoculated with enough
phage to give an input multiplicity of one phage
per ten cells, and incubated at 37 C. Under these
conditions, ly sis began after 3 hr and was virtually
complete by 6 hr. The lysates were centrifuged
at low speed and passed through a Millipore
filter (0.45-m, pore diameter). Phage stocks with
titers of 109 to 1011 plaque-forming units (PFU)
per ml were routinely obtained. The sterile fil-
trates lost only about 1 log unit of activity when
stored at 8 C for up to 6 months.

Screening of bacterial strains for lysogenicity. To
determine whether any of the 25 bacterial strains
actively produced phage during growth, the su-
pernatant fluids from mature S/H cultures of
each strain were spotted on seed laYers of every
other strain. After anaerobic incubation, the
plates were examined for signs of lysis in the
spotted areas.

Production of antisera. Young rabbits were in-
jected subcutaneously twice a week for 3 weeks
with 5 ml of phage stocks containing at least
1010 PFU per ml. At 2 weeks after the last injec-
tion, the rabbits were bled by ventricular punc-
ture. Blood samples were allowved to clot in sterile
tubes and centrifuged to sediment clot and cells.
The sera were decanted into sterile bottles and
stored at 8 C.

For use in determining antigenic similarity
among the lphages, 0.2 ml of antisera, or of anti-
sera diluted in S broth, were mixed with an equal
volume of phage stock containing about 2 X 108
PFU per ml. The mixtures were incubated at
37 C for 15 min, then spotted on seed layers of
the host strains to determine whether most or
all of the phage particles had been neutralized.
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As a control, 0.2 ml of sicma fronm a rabbit which
had not been inoculated with any of the phages
was mixed with each antigen, incubated, and
spotted to determine wvhether "normal" rabbit
serum carriedl substances capable of inactivating
these phages.

Phage.-resistant mnutants. C. sporogenes 213 was
found to be sensitive to all of the phages in our
lpossession. Phage-resistaint mutants of this
strain were selected by imiixing ca. 108 log-phase
cells an(l 109 phage particles in a seed layer and
incubating anaerobically. C'olonies of survivors
were isolated, subcultured, and l)lated as for a
viable counit. Individual colonies were reisolated
and challenged with the selecting phage in broth
culture and by spotting on seed layers. 'T'hose
isolates which were not perceptibly ly3sed were
considered resistant. They Nvere shown not to be
ly3sogenic by their failure to lprodluce a zone of
lvsis when spotte(d on seed layers of the phage-
sensitive lparent strain. TheY failed to adsorb
more than 1 of the challenging plhage in 5 nmin
under conditions in which the parent strain ad-
sorbedl 99%', of the challenging phage in the same
time. We concludedl that these phage-resistant
strains wsere mutants of C. sporogenes 213 that
had suffered an alterationi in their surface layers,
destroying the lhage-recep)tor sites.

Host range. The host raniges of the phages were

(leterminle(l by spotting ca. 107 particles of each
l)hage on seed layers of each of the 25 bacterial
strains ain(l the l)hage-resistant mutants derived
from strain 213. P'lates were incubated as (le-
scribed a(Ind exanmined for lvsed areas.

Heat resistance. The rates of thermal inactiva-
tion of several of the phages at 60 C in S broth
wAere determiiined by incubating a dilution of each
phage containing initially 107 to 108 PFU per
ml at 60 C, and saimpling at intervals for assay
of survivors by plaque counit.

RESULTS

Isolation of p/iages. Four l)hages active oIn
various strains of C. sporogenes were isolated.

IPhage S2 was isolated from a septic tank by
the mixedl-culture technique, and gave only very
turbid an(d incoml)lete ly-sis on its original host,
strain 2835. It pro(luced clear lysis on seed layers
of strain 1009, however, and, after purification
aind prop)agation oIn this strain, gave a strongly
lytic reaction with the original host, strain 2835.
Like most of the other phages studied, it gave
"bull's-eye- plaques, 3 to 4 mImI in diameter
(Fig. 1).

P'hage Kl was isolated by the miixed-culture
technique for straiin 1009 from the same septic
tank which yielded l)hage S2, but at, a different
time. Likee S2, it gave bull's-eye plaques, but

... .. ..
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1 2

FIG. 1. Plaques of phage s2 on (Clostriditim spor-ogenes 1009. Magnification: 3X.
FIG. 2. Plaqutes of phage 1 ot (tlostridbium sporogenes 175. Marii/rfication: 3X.
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gave clear lysis of all host strains from the time
of its isolation.

Phage M was isolated by the mixed-culture
technique for strain 1009 from a mixture of about
equal parts of soil and manure taken from a
barnyard. Like phage S2, it was originally quite
temperate, but propagation on a variety of host
strains failed to increase its virulence. It formed
very turbid plaques, 3 to 4 mm in diameter.

Phage Fl was isolated from sewage by the
aminonium sulfate flocculation technique. It was
originally quite lytic for its original host, strain
213, and gave bull's-eye plaques 3 to 4 mm in
diameter.

Phages 1, 14, 15, 16, 17, 18, 21, and 22 had been
isolated from chicken feces b- the ammonium
sulfate flocculation technique in the laboratory
of L. S. McClung of Indiana University (un-
published data), and stocks of these were kindly

TABLE 1. Sensitivity of some strains of Clostridium
sporogenes to inhibitor y substances produced by

other strains of C. sporogenes*

Strain
tested

174
175
212
213
225
361
371
379
386
396
397
416
420
423
613
815
845
935
985
1009
1010
1012
1050
1071
2835

Strains producing inhibitory substances

416 1071

+

+

+

+

+

+

+
+

+

+

1050

+

+

) 175 386

+

+

397 420

_

- -

I- +

< A

I1- -
_I_

423

+

+

+

371

±

++

+

TABLE 2. Sensitivity of three phage-resistant
mutants of Clostridium sporogenes 213

to challenge by the 12 phages*
Mutant bacterial strain

Phage
213/18A 213/18B 213/21B

1 + + +
14 + + +
15 -

16 -

17 - _ _
18 -
21 - - -
22 - - -
S22 _ _
F1 - - -

WI + + +
K + + +

* Symbols: + indicates lysis; - indicates no
lysis.

made available for our study. Phages 1 and 14
were routinelv l)ropagated on strain 175, and
gave clear or very slightly turbid plaques 3 to 4
mm in diameter (Fig. 2). Phages 15, 16, 17, 18,
21, and 22 were routinely p)rop)agated on strain
213, and gave bull's-eye plaques similar to those
of phages S2, Fl, and K.

Plaque morphology. As is obvious from Fig. 1
and 2, these phages did not give plaques which
were uniform in size. Since repeated serial isola-
tions of single plaques failed to yield p)hage stocks
which gave plaques of uniform size, we do not
believe that the heterogeneity of lplaque size
exhibited by these phages is an indication of
more than one phage typl)e lpresent in our stocks.
Rather, we feel that the different sizes of l)laques
are a reflection of the different rates at which
infected bacteria become able to sup)port phage
multiplication as anaerobic conditions are
gradually achieved after plating. We are studying
this phenomenon further. The largest (most
mature?) plaques formed by- each phage had
a characteristic size and morphology, and it was
these which were scrutinized in an attempt to
distinguish or relate the different phages oni the
basis of their lplaque morphology.

Occurrence of lysogenic and bacteriocinogenic
strains. N'one of the 25 strains of C. sporogenes
was found to be lysogenic as tested. However,
nine strains l)roduced substances which inhibited
other strains in the seed layer spot test. The clear
areas did not resemible those produced by phage,

* Symbols: + indicates inhibition; - indicates
no inhibition.

411Nloi,. 87, 1964



2BE,TZ ANT) ANDERSON

and a reproducing lytic principle was not re-

covered from any of theimi by transferring them
into broth cultures of the sensitive bacterial
strains. If about 50 cells of ani inhibitor-producing
organism were l)late(l on a seed layer of a senisitive
strain, each cell prodticed a small plaque-like
area, 3 to 5 mm in diameter, with a colony of the
inhibitor producer at its center. No clear a1reas

without central colonies were found, ancd no

clear areas were produced by plating serial dilu-
tions of sterile filtrates of the inhibitor-producing
cuiltures on sensitive strains. Thus, these toxic
substances resemble the bacteriocins produced
by other genera (Ivanovics, 1962). Table I lists
the strains producing toxic substances andl the
sensitivity of the other strains to these.
The most active inhibitor-producing strains

were 416, which inhibite(d 14 other strains, and
1071, hich inhibited 11 other strains. These
two strains and their toxic substances (liffered
in at least two respects. Strain 416 was sensitive
to none of the phages in our collection, whereas
strain 1071 was at least partially lysed by ten of

the phages. Heating the supernatant fluid of a

broth cultture of strain 1071 to 70 C for 10 min
destroYed its ability to kill susceptible cells. The
same treatment was sufficient to kill the few
remaininig cells in a supernatant fluid of straini
416 but did not diminish the lethal character of
its bacteriocin.

Serological cross-reactions among the phages.
Normal rabbit sera had Ino effect on any of the
phages. Eachl of the antisera prepared against
phages 1, 14, 15, 16, 17, 18, 21, 22, S2, and Fl
comnpletely neutralized all of the other phages of
this group) at (lilutions of 1:2 and 1:10. None
of these sera appreciably neutralized phages M
and K under the same conditions. Thus, phages
1, 14, 15, 16,17, 18, 21, 22, S2, and Fl seemed
to be serologically related to each other but not
to phages 1\1 and K.

Ability to lyse resistant bacterial miutants. Three
phage-resistant mutants of C. sporogenes 213
were selected. Two of these, 213/18A and 213/
18B, were selected by phage 18, and one, 213/
21B, w-as selected by phage 21. Their sensitivity

TABLE 3. Host ranges of the 12 phages on 25 strainis of Clostridiurn sporogenes*

Phages
Host strain

1 14 15 16 17 18 21 22 S2 Fl M K

174
175 C C C C C C C C C C T C
212 C C C C C C C C C C T/- C
213 C C C C C C C C C C T C
225 T T C C C C C C C T T C
361
371 - - T T T T T T C - C
379 - - T T T T T T T T T
386 - T T T T1' T T - - T
396 C C C C C C C C C - T
397 _ _ _
416 -

420 - - C C C C C C C T - C
423 -

613 T T C C C C C C C C - C
815 C C C C C C C C C C T C
845 C C C C C C C C C C T C
935 C C C C C C C C C C T C
1009 C C C C C CII C C C C T C
10(10 C C C C C C C C C C T C
1012 C C C C C C C C C C T C
1050 C C C C C C C C C C T C
1071 - T T T T T T T C T C
2835 - - T T T T T T T T - T

* C inidicates clear lysis; T indicates tuirid 15lysis or discrete plaques on spot; and -indicates no ap-
pareint lysis.
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to the other phages was determined (Table 2).
Since these mutanits lost the ability to adsorb
phages 15, 16, 17, 18, 21, 22, S2, andl 1F1 in the
same mutational step, we assumine that the host-
cell receptor sites which they used were either
identical or "overlapped'' enough so that the
samle alteration could (lestroy all of themii. 1'hages
1 and 14, which were serologically similar to these
eight phages, apparently (lidc not share the samiie
receptor site with them-n. I'hages AI and K, which
wsere serologically (lissimnilar to the other phages,
also al)l)arently (liffered from them in the recelptor
sites hlich they*used.

host range. T'able 3 shows the host ran,ges of
the 12 phages on the 25 strains of C. sporogenes
tested. IPhages 1 and 14 gsve identical reactions
with all the strains tested. Phages 15, 16, 17, 18,
21, and(i 22 also ha(l i(dentical host ranges. I'hages
S2 an(d Fl differed onily slightly in host ranige fiomii
phages 15 through 22, anid fromn ealh other. Phage
K liffered from these eiglht phages in the (learness
with which it ly3se(d (ertain strains. l'haae 1\l
lysed fewer strains than did the othelr phages,
auid lysed noine clearly.

Ihcat resistavce. 'T'lhe patterns of thermal in-

activation of phages 1, 18, S2, and Fl at 60 C
are sshown in Fig. 3. I'hages 1 and 18 were both
inactivated exponentially, but at markedly
different rates. Phage 1 was 98.8%" inactivated
in 80 miii, whereas phage 18 was only 65% in-
activatedl in the samae time. Phages S2 and Fl
NN-erc almost completely resistaint at 60 C for at
least 40 anid 50 min, respectively. Thereafter,
bo1th were inactivated exponentially. S2 was

82.4%' inactivatedl in 80 miiin and Fl was 60.5%
inactivated in the same time.

I)ISCUSSION

Phages active on(C. sporogenes were isolated
fromii natural sources in wN-hich the host organism
is commonly foun(d in abundance. The initially
temiperate character of two of the isolates, S2
aincd A1, suiggests that these two phages may have
originate(l fromn1naturally occurring lysogenic
strains of C. sporogenes. However, none of the
25 pure strains of this organism tested was found
to be overtly lysogenic. 'This, of course, does not
rule out the possibility of defective lysogeny,
or the (letection of overt l-sogeny providednmore
suital)le indicator strainis were used.

GROUP I GROUPM H GROUP=

SUBGROUP

1, 14

A SUBGROUP B
15, 16, 17
18, 21, 22

SUBGROUP C

Fl S2 K M

CROSS REACTS
WITH ANTISERA ALL OF GROUP I PHAGES _ _

AGAINST:

PLAQUE TYPE CLEAR BULLSEYE BULLSEYE BULLSEYE TURBID

LYSES MUTANTS
RESISTANT TO YES NO NO YES YES

IS AND 21

ACTIVITY ON
STRAIN NO.

371 | T C C
379 -T T T T-
386 T T T T _
396 C C C - T-
420 _ C C T C _
2835 T T T T

(C)= CLEAR LYSIS(-).NO LYSIS; (T)=TURBID LYSIS;

FIG. 4. Classification1 of 2 pbaqes for (Cosr i'dium sporogenes.
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The production of bacteriocin-like substances
may be fairly commnon in this species. Of the 25
cultures tested, 9 produced bacteriocins and 20
were susceptible to one or iiore of these. Because
of this incompatibility between certain strains,
consideration should be given to which cultures
are grown together in the mixed-culture tech-
nique for phage isolation. For example, strain
416 killed many phage-sensitive strains but was
resistant to all the phages in our possession. In
the mixed-culture technique, suchi an organism
could kill a phage-sensitive strain before any
phage enrichment could occur, thus rendering a
time-consuming isolation procedure fruitless from
the beginning.

Figure 4 gives a summary of data which are
presented as a classification scheme for the
phages. The phages are divided inito three groups.
The ten phages placed in group I were serologi-
cally related to each other, but not to phages M
and K. These latter two phages differed from
each other in their plaque morphology, host
range, and degree of virulence. In group I, the
two phages 1 and 14, of subgroup A, differed
from the others in plaque morphology, cell re-
ceptor site used, and host range. They were
identical to each other in all characteristics
tested and in routine handling, and may repre-
sent two isolations of the same phage. Similarly,
the six phages of subgroup B did not show any
differences among themselvres and are also proba-
bly six isolations of the same phage. The two
phages of subgroup C were very similar to the
phages of subgroup B and to each other. They
could be distinguished from each other and from
the subgroup B phages by their host ranges.
The heat sensitivities of four selected phages

from group I were correlated with their grouping
in this scheme. Phages 18, S2, and Fl, which had
similar plaque morphology, receptor sites, and
host range, were rather resistant to thermal in-
activation at 60 C. Phage 1, which gave different
plaques, did not use the same receptor site, and
was more restricted in host range than these
phages, was also much more sensitive to thermal
inactivation.

All of the lhages were generally similar to
most phages for aerobic bacteria with which the
authors have had experience. The most notable
difference was the strict requirement for anaerobic
conditions in demonstrating or assaying the
phages by their growth on susceptible cells.
Further studies oIn the interactions of these
phages with their host cells have been under-
taken.
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