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THE VIRULENCE OF PURINE-AUXOTROPHS OF BACILLUS ANTHRACIS

(Following is a translation of an article by G. Ivanovics and
Elizabeth Marjai, University of Szegedi Hungary, published in
the German language periodical, Zent, oy 193, 196k, pages
363=75. Translation performed by Constance L. Lust.)

The minimal nutritional requirements of Bacillus anthracis can be
met with an amino acid mixture, salts and glucose (Gladstone 1939). This
pathogen requires no exogenous vitamins and nu~leic acid-bases, even
though they do enhance the development of its cultures (Brewer and
Mitarb 1946). Previously we reported that under mutagenic influences
matants can be isolated of cultures, which require additional bases or
certain vitamins, (Ivanovics, Varga and Marjai 1963). In the courss of
our investigations we have isolated and studied 186 such anxotrophic
mtants with special requirements (Ivanovics, Varge and Marjai 1964).
More than half of the auxotrophs required some purine base, These
purine-auxotrophs could be divided into six groups according to whether
they required single oases, as adenine, guanine, hypoxanthine or xanthine,
or combinations of bases, In four of the groups, Pul, Pu 2, Pu 3, Pu }
do novo purine synthesis appeared to be identical to that of Enterc-
bacteriales ( Mugasanik 1962),

The place of the presumed block in the four groups of our auxotrophs
is 11lustrated in Figure 1, It should be noted that with the componenmts
of group Pu 1, where base synthesis proceeds from ribosc~5-phos.hate
in 11 steps to inosimic acid, the block could occur in several places.
The gemotype of the mutants which can be satisfied with hypoxanthine
could be different, A place for the block will be considered which applies
for the mmbants only, ‘

The auxotrophs were isolated fron an acapsular mutant of one of our
laboratory strains (Vollum-strain). Since the original work of Preiss
(1904) it is known that the capsul has a basic role in the virulence of
B, anthracis, While virulent strains exist as encapulated bacteria in
5-25% CO2 and form mucoid colonies (Mihgesté:, 1929, Sterne 1937,
Ivanovics, 1937), the acapsular strains do not produce no capsuls under
these conditions. Newer investigations (Thorne, 1960, Meymell 1963) have
shown in the pgpulations of acapsular strains (G-) small mumbers of
encapsulated C mutations (reverted) can occur, The auxotrophs we used
were isolated from acapsular (VC~) mutants of the Vollum strains. The
goal of this study was to produce encapsulated mutants of purine-
auxotrophs and to prove their virulence., During this study we found
that the members of group Pu h-auxotrophs, whose purine requiremsnt was
met by adenine, were completely non-pathogenic. With these studies
we hoped to be able to comprehend the biochemiocal basis of ons, or
more of the factors which play & role in the pathogemicity of B, anthracis.
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Mothods

Medium was prepared essentially as described earlier (Ivanovics
and coworkers 196k; Ivanovics 1962), YP= yeast extract pepton~ mediums
BCM » vitamin free casein-hydrolysate basal medium plus thiamin, This
is identical to MCM (Ivanovics et al 1963); YC = yeast extract-casein
hydrolysate medium, .

Determination of the requirements of the auxotrophs

The auxotrophs were maintained in the form of spores and were
used as inoculum, Their base requirement was determined by using all
four bases (10 ug/ml) in BCM-agar and inoculating this. Quantitative
determinations of mmtritional requirements were performed using BCM
solutions and growth was expressed as optical density. (QGrowth as it
was dependent on the concentration of bases),

Investigation of capsul formation

YC-agar plates containing NaHCO3 were inoculated and incubated in
25% COz-air (Invanovics 1962), Isolation of encapsulated (C*) matants
from acapsular (F)strd.nsinvitrowasdone similar to the method of
Meynell (1963): (10% o of the YC-agar (50°C) containing HCO3~ was
mixed with 2 ml WaC-phage-lysate (Ivanovics 1963) (1010 per ml of
plaque formors) and poured into plates. The plates were.,inosnhted with
a heavy suspension of spores of the acapsular strains(10’'-10" spores per
plate) and the cultures were put COz-air, The mucoid colonies were
suspended in anti-Wa phage solution and subcultured similarly, The
strains obtained were not lysogenic.

Virulence was determined by inoculating mice subcutaneously with
the spore-material, The bacteria were isolated from heart blood of
dead animals, and their mutritional requirements checked with BCM-agar,

Results -
The purine-auxotrophs investigated and their requirements.

For these trials the strains described were chosen (Ivanovics and
coworkers 1964), The strains were in three groups (Pu 1, Pu 3, Pu i);
no "leaky" strains were included, They were marked (designated) by
their isolation number, behavior of capsul formation and nutritional
requirements, Based on their food requirements the following points
arose.

hy-; The bloc is found befor inosimic acid synthesis and its re-
quiremsnts are satisfied with all four bases (adenins, guanine, hypox-
anthine, xanthine).

ad-; requires specifically adenine

gu-; utilises only guanine
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Purther, the strains can be characterized as follows: The hy~
awxotrophs can utllize inosine, adenosine and deoxyadenosine as well
25 the four bascs, Adenylic acid or inosinic acid were not utilized
(or only very minimally), This may indicate a connection with the
minimal decomposition of nucleotides.

The requirements of the ad=strains could be met with nucleosides

"of the bascs as well as with adonine, but did not utilize nucleotides.

A similar phenomenon was exhibited by the gu-auxotrophs. -

The hy-strains behaved somewhat more variably in quantitatively
utilizing the individual bases, especially in reference to the speed
of utilization (table 1) The conditions varied from one case to anothe,
as may bec ccen in the table using strains 61 C'hy™ as an example, -

The ad™ auxotrophs required somewhat greater quantities of the
base than the other purine-auxotrophs. An insight of the growth-
reactionc of the one strain is presented in figure 2.

Virulence of acapsular strainse The single factor of the virulence
of B. anthracis is capsule formation. Acapsular mutants kill animals
only after very high numbers of organisms are present. At the sight
of injection in the animal rather large oedemas form, from which the
infection sprcads and evemtually kills the animal, ﬁseteriological
investigation of blood gives evidence of non-encapsulated bacteria
(Sterne 1937; Stamatin 1937; Ivanovics 1938). More recent reports
found that in populations of acapsular strains encapsulated mutants
may also be present (Thorne 1960; Meynell 1963).

The capsular mutants may already be present in the inoculum, or
they could arise during the course of the limited mmltiplication of
the acapsular bacteria within the animal., Through selection the typical
picture of anthrax results with its usual bacteriological observatlon.
“hen mice werc inoculated with 106 spores of the pa.reng acapsular
Vollum strains (VC™) they lived, When quantities of 107-10° werc used
a part of them died. As a rule the encapsulated reverted mutants
(VC”) were isolated from their heart blood. Sometimes VC~ and VC
bacteria werce observed next to each other in the blood of the animals;
othertimes only V€~ were found during bacteriological studies. According
to Thorne (1960) the death of the animals may be due to a toxin effect
in the case of the acapsular mutants.

*

In order to ascertain whether the acapsular mutants exhibit some
pathozenic properties we have injected large numbers of mice. We did

not inject spores, but rather injected the vegetative forms intraperitoneally.

2L hours culturcs prepared in YP-agar were used as thigk suspensions in
saline and employed for injection; 0.5 x 107 to 2 x 109 colony forming
units vere inoculated. The suspensions of the strains contained bacteria
in chains of varying length. The results of the trials performed with
various purine-auxotrophs are sumarised in table 2,
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It can be secn that nome of the 56 animals inoculated with the
ad-ctrains dicd, wherzas nany of those injected with the other auxotrophic -
groups dicd, The strains isolatcd from heart blood of those aninmals
all -ctained their original auxotrophic properties. The isolated bacteria
(from heart blood) could be different however, corresponding to the
individual animals, In a considerable numaber of them mucoid (encapsulated)
bacteria were found; in other cultures only acapsular bacteria were ob-
served, and in still other cases both encapsu’ated and acapsular bacteria
were present simltaneously. i

In the casc of strain 30CTgu” no encapsulated bacteria could be
isolated from any of the animals. It could have been that this strain
did not revert (Meymell 1963) but it was shown that an encapsulated
variety could be formed in vitro.

Isolation of encapsulated auxotrophs in vitro. After all mice in-
feeted with rmtant ad- romained alive, We hoped to obtain encapsulated
variants from them via phage~plates. In this way encapulated strains
could be obtaincd from all the strains we studied. - When the phage- 6
plates werc inoculabed with spores, we obtained a proportion of 1/10
muccid colony-Torring-units, These encapsulated strains 6 C ad-,

20 C* ad-, 23 C* ad- and 83 C*ad~, retained their spopilic refuire-
13155 lor -.denine,

In this way encapsulated mutants could be isolated from other .
auxotrophs, namely strains 5 C*hy=, 58 C*hy~, 61 C*my~, as well as 30 C'gu™,
In further experiments we used as encapsulated auxotrophs the strains
obtained in vitro, because in the isolation of this clone the effect
of selection on virulence was not involved. '

From strain 23 C'ad” a protrophic reverted mutant could be made.
ICi-agar plates were inoculatcd with large numbers of spores of the
encapsulated auxotrophs., Prototrophs isolation was attempted in this
vwaye Vrototrophic reverted mutants could be obtained in a proportion
of 10-T from the strain. mis(progotroph) appearcd to be identical
in phenotype to the wild strain VC' in capsual formation as well as
in nutritional requirements.

+ appears that capsul formation is completely independent of the
phenotype of the individual: auxotrophs. This may mean that in the
mutants we studied, capsule formation is nmot related to the genetic
defect in purinc synthesis,

Virulence of encapsulated purine-auxotrophs

Virulence was determined via subcutaneous inoculation of mice with
spore susensions, The control material was the wild strain VC and
the reverted mutant 23C*ad*.

With very few exceptions, mice infected with 10 spores of strain
VC* diede 1In order to illiminate sources of experim:ontal error 20
sporcs were considered as the smallest lethal dose (DLM).
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Groups of 6 mice weighing 24-28 g were infected with 2 x_ 10, 2
x 102, 2 x 10”7 spores respectively. In certain cases 104, 103, Zl.t),-1
were useds The infected animals were placed into two groupse <ne-
half reccived 1 mg of the corresponding bases and later 0.5 mg intraper-
itoneally at 12 hour intervals. The observations werc carried out over
three weel's, All dead animals were "worked up" bacteriologically; their
heart blood was inoculated on YP-agar, and the nmutritional requirements
of each sirain were checred. The dose that killed 2/3 of the animals
was considered to be the DLM (minirmm lethal dose). Only dead animals
with positive bacteriologicak findings were then considered for anthrax.
Sometimes the icolated strains were mot auxotrophs, but rather prototrophs,
This was evaluated correcpondingly. The experiments were done at least
twice and the results combined. The data represent average results.e In
cases of completely identical results the range is listed.

One difficulty encountered with the bases was that adenine became
toxic after several injections. Therefore, a maximum of 5 injections
(totally 2.5 mg in 3 days) was used. The effect was considered toxic
when the dead snimals showed no pathological changes (oedems) and the
bacteriologzical picture was negative,

The difficulty with guanine was that it was somowhat insoluble in
water; it was injccted as a water-suspension.

Only. tuo als died of 75 which had been infected, with doses of
2 x 104=2 x 10° of the four encapsulated strains but not treated with
adcnine,

The bacteriological report was negative for bothe That meant that
death was not attributable to the (i;gfection eight animals died of 58
vhich had becen infected with 2 x 109=2 x 10° sporeses This had been
repeated with adenine treated mice, Sections and bacteriological reports
were negative in 7 cases; one case had both reports positive, The
strain cultured out was not ad”, but a prototrophic reverted strain.

In one experiment the animals received besides adenine simultaneously
an equal amount of hypoxa.gghinﬂ. Thirty six mice had received spores
of the four ad-strains (107~ colony formint units)., Four animals
died one with negative bacterioclogy. The prototrophic variants could
be isolated from the blood of the other three, The ad” strains were
non-pathogenic when 5 mg histidine was given along with adenine.

In contrast all of 10 animals died when inoculated with 2 x 10
sporws of 23 C* ad*. This was similar to the wild straine

The results of the encapsulated, adenine requiring sjrains showed
the following. Of 185 animals inoculated with 200-2 x 10° spores (not

trcated with adenine) none died due to the pathogenicity of the ad-
auxotrophs, .

On the other hand the strains of phemotype hy~, and gu , after
enrichment with the corresponding base-or even without base-proved to
be pathogenic in mice. Seventy two mice were infected with the three
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hy~stroins (270-108) and half were treated with hypoxanthine, Of the
treatod mice 27 died; of the untreated 25 died, All dead mice had a
positive bacteriological repart. Seventy eight animals were s arly
;rcatcd with gu™strains, Of 78 animals infected with 200-2 x 10° spores
7 died.

Table 3 prcsents a general picture of the experiments which were
performed using 8 encapsulated auxotrophs.

The original (VC') strain and that isolated from a revertant 23 C'ad*
adeninc-aw:otroph 23¢*2d* proved to be equally virulent, The ad™ mutanls
even at levels of 10° were not lethal for mice. The adenine treatment
did not -nfluence the infection in this case. The hy~ auxotrophs were
very virulent even when not treated with bases. One strain did exhibit
inerzased virulence afier repeated addition of the bases. Auxotrophs
of zu~ shoved slailar behavior, but these caused lethal infections even
without this,

Discussion of Results

It is interesting that one group of purinc-auxotrophs of B anthracis,

namrly enc vhich is dependent on adenine, is completely non-pathogenic

for mice. The recults seem to indicate that the apathogenesis of these
mtants cannot be explained with the adenine requirement of the organisme
These bacteria do not multiply in vivo, even if the 25 gram mice arc
ziven 1 ng adenine intraseritoneally for two or three days after the in-
fection, The adenine requirement of these strains can be met in vitro
with 10-15 ug/ml of base, Greater quantities of adenine could not be
used because of its toxicity.

There arc othcr cxamples, that adenine-auxotrophs of certain patho-
gens, like Salmonells typhi and Pasteurella pestis, can kill the animals
they infect, espeeially when the infection is combined with adenine
supplemeniations. (Burrows 1955). These examples support that the non-
patlogenicity of the adenine-auxotrophs of B, anthracis cannot be ate
4ributcd to lack of adenine, but must be rclated to some other basic
factor. Our rusults with the purine auxotrophs support this concept.

The mutanis multiply in vive and their virulence is fully manifesied
if correc.onding purine derivatives are administered after the infection.

The "non-pathogenic" property appears to be typical for the ...nine
auzotroph of B. anthracis. Besides these purine-auxotrophs the thermo-
sensitiv.. » ymine-auxotrophs (Ivanovics in press), as well as pyrimidine
and vitamin auxotrophs (unpublished results) are also pathogenic.

In our adeninc auxotrophs the bloc in purine synthesis seems to
be related to stopping pathogenosis, The properties of the mutanis
we studied and their interrelationship is presented schematically in
figure 3.

As can be secen, virulence is also determined by the adenine defect,
indcpendently of the capsule, Reversion of the capsule-lacking mutation
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réstores full virulence, Since capsule formation (synthesis) and adenine
synthesis are both required equally for virulence, it is understood
that the acapsular adcnine-auxotrophs cannot kill mice. It is unlikely

-that a simultaneous reversion of both interdependent mutations could

occurr in our case,

In purine biosynthesis inosnic acid is changed (hypoxanthin-nucleo-
tide) in two stups (Abrams and Bentley 1955) (see fige 1). Inosinic acil
is condensed with asparigine to adcnylosuccinate in the presence of
adinglosoccinate synthetase (Lieberman 1956) amd this product is trans-
formed into adenylic acid and fumaric by adenylsuccinase. This enzyme
interestincly plays a role earlier in purine syntheais; in the formatiom

} of the pyrimidine ring be breaking S~amino-)i-imidazol-N-succinocarboxy-

amide-maclcotide into 5-NHp-li=imidazol-carboxyamide-mucleotide and fumaric
acid (Miller, Lukes and Buchanan 1957). This is a special phenomenon

in biocyntheotic pm cesces since the same enzyme acts on different sub-
stratcs. The same segment of the chromosome controls two widely seperated
biochcmical reaction sequences.

Thus far we have not been able to explain which ‘of the two enzymes
involved in forming adenylic acid from inosinic acid is impaired in our
adcnine auzotrophs. The missing enzyme may also be needed elsewhere as
the bacteria multiply in vivo. It has been established that besides
the capsulo, well-characterized macromolecules are also important for
the pathogencsis of B, anthracis. These compounds had been designated
as Ma_gressive™ for about 50 years ago. They are an important factor
in the course of the disease (Bail 190L4)., They are only indispensable
in the in vivo multiplication; in vitro they are superfluous. Keppie,
Harris-Smith and Smith (1963) thought that the capsule material (D=
glutanic acid-polypeptide Ivanovics and Bruchner 1937) also has an
Uageression” effccte lHowever, the individual components of anthrax-
tuxin are more iiportant, Three components have been found for the toxin
-all with protein characteristics- (Stanley and Smith 1961). Asperagine
could be involved in the reaction sequences as as amino-group donor, as
in the conversion of citrullin to arginine (Umbarger and Davis 19625.

The missing enzyme activity in the adenine-auxotrophs of B. anthracis
can be replaced by adenine in witro, but is not sufficient for the mutants
to miltiply in vivo., Further experiments are in progress in order to
elucidate unknowns and strengthen thcse hypotheses.

Summary

A considerable difference exists between the virulences of purine
auxotrophs of Bacillus anthracis due to the site of block in the purine
biosynthotic pathway. All strains in which the block were situated in
front on inosylic acid (hy auxotrophs) or in the conversion of xanthylic
acid to guanylic acid (guauxotrophs) were proved to be virulent,

Contrary, adenine auxotrophs in their phenotype appeared completely

" avirulent. Inoculated into mice, multiplication does not result even if

Te
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O the aninals are repeatedly treated with subtoxic amounts of adenine,
The ccnditions for multinlication in vitro and in vivo are apparcntly
diflerent in these rmtantse It may be assvmed that the two enzymes
involved in the conversion of inosynic acid to adenylic acid (adenyl-
succinate-cymthase and adenyl-succinase), or one of them, also play
a rolc in the synthesis of such cell components that are indispensable
for in vivo multiplication.
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Abb. 1. Schema dor Purin-Biosyntheso und der den einvinen Auxotrophen entapre:
chende Block. "

Figurc 1. Schcema of purine-biosynthesis with the corresponding
. blocks for the auxotrophs.
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Die ad--Auxotrophen benétigten von der adacquaten Base etwas grofere
Mengen als die ibrigen Purin-Auxotropben. Einen Einblick in die Wachs.
tums-Reaktion des einen Stammes bictet Abbildung 2.
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Abb. 2. Wachstum des 23 C-ad--Stammes nach 24- und 48stiindiger Inkubation bei
verschiedenen Adenin-Konzentrationen und 37°C.

© = 24stiindige Inkubation; O = 48stiindige Inkubation.
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Ficurc 2. Growth of strains 23C7ad” after 2l and h8'hours of incubation
(279C) with different adennine concentrations.
6 = 24 hours; O = 48 hours incubation

Tabelle 1

Wachstum des Stammes 61 C-hy— nach 24 und 48 Std. in fliissigem Nahrboden auf den
Einflu verachiedener Basen

Wachstumsagrad : optischer Densitdtswert 3

Konz. ug/ml Hypoxanthin  Xanthin Adenin GGuanin
24 48 24 48 24 48 24 48

Std. 8w, Sud. 8ud.

2,0 0,08 0,16 0,00 0,10 000 0,05 0,16 0,24
4,0 0,16 023 0,08 0,18 0,00 0,10 0,22 0,36 )
8,0 0,i8 0,32 0,08 0,22 0,00 0,14 0,14 041 .

16,0 0,23 03 0,18 035 0,00 0,29 031 043 L

Im Falle der 24atiindigen Inkubation bedcutete der 0,00-Wert in der Tat einc so -
geringgradige, mit freiem Auge wahrnchmbere Tribung, die nicht melber war,

In den keine einziw Bason enthaltenden Kontrolirhrchen bestand auch nach
48 Std. noch keine sichv Tribung.

Table 1. G=owth of strain 61C7hy~ after 2l and L8 hours in liquid
n1=2lwn; the influence of various bases.
(~rorth mcasured by optical density)
0.00 indicates growth was not measurable
"o growth (turbidity) was obserfed in any control tubes after
hs hourse
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Tabelle 2

Das Schicksal der mit den einzelnen Purin- Auxotrophen geimpften Mause und das Ergebnis
der bakicriologischen Untersuchung der cingegangenen Ticre

Zahlder Zahlder b.kz‘_‘l.llldlc": " AnBeres der
Stamm  infizicrten  verend. teriologise Kolonicn inder  Nahrbedarf*e

Ticro Ticre unu:;auchlen CO,-Mmosphire®

icre

6 C-ad~ 26 1)
206 ad= 20 v
23 C-ad- M 0
83 Cad~ & (1}

2 Cgu~ 10 8 7 3M,3R,1G G

3Cgu= 5 4 3 1M,2R . G
30 Cgu- 6 6 6 6 R G
52 C-gu~ ] 4 3 CIMZR G
66 C-gu~ 3 1 1 M G
68 Cyu~ 3 2 2 1M,IR G
15 C-hy~ 5 5 2 26 AGH,X
31 C-hy~ 6 4 2 IM,1R A, G H,X
39 C-hy— ) 4 2 2G A, G H, X
58 C-hy~- 10 10 8 2M,8R A, G H, X
61 C-hy— 5 5 2 2M A, G H, X
65 C-hy~ 3 2 1 1G A, G H, X
77C-hy- 3 3 3 3M A, G H, X

® Verteilung des AuBeren der Kolonien der isclicrten Stdmme:
M = mukoid
R = nicht mukoid
G = M + R-Kolonien gemischt
** Die Anspriiche der Isolate waren mit A = Adenin., G = Guanin-, H = Hypo-
xanthin- und X = Xsnthinbasen zu befriedigen,

e ————— © e s P S

Table 2. The fatc of mice inoculated with purine-auxotrophs, and the
result of the bacteriological investigations of the dead

aninals
train # animals # dcad & bact. extreme nutrion
infected mice sampled colonies in reqe

CO2 atmos.

“ Distribulion of the colonics of the isolated strains
M = mmcoid; R = not mucoid; G = M R colonics mixed

% requiremants of the isolated strains satisfied with;
A = adenine, G = guanine, H = hypoxanthine, X = xanthine

10,




Tabello 3
Die Virulens der verschiedenen thlogem Purin-Auxotrophen bei Miusen nach sub.
utaner Injektion
$ DLM
Stamm N
Nicht behandels  Behandelte Tiere®
VO (owild*) 2x10 nicht untersucht
23 (C+adt 2x10 nicht untersuchs
23 Ctad- >3 x Ne >2x 10*
0 Crad- i!xlO‘ >2 x 100
20 Crad- 100 - > 100
83 Cead- » 100 > 108
Gl C+hy- 2 x 1® 2 x 108
5 Crhy~ 2x e 2 x 1ot
a8 Crhy- 2% 10 2x10
30 Crgu- 2 x 10% 2 % 100 2 x 10
88 Cogu- 2 x 10 2 x 10° 2 x 100
Dio mit > bexcichneten Werte bedeuten, da8 die mit der benen Sporenzahl

geimpfien Tiere am Leben blieben und Infektionen mit groBeren n nith vorge-
nommen wurden,

* Von d i io Ti i ; '
und n on ﬂ?ﬂe&mg ;r:‘nselit:n ";i;:‘wu zv-nn Zeitpunkt der Infektion 1 mg |
Figure 3., Investigzations on the direction of the “mitations of the
. Vollunm strains, and the virulence of individual matants.
(The numbers represent the DIM (Min-lethal dose) of the
individual mutants)

- 2-10 >0* B
C*{prototroph) C~(Prototroph) C'Id'
240 >10*
(4" \d Ctod”
(Revertont )

Abb. 3. Untersuchte Richtlinien der Mutation des Vollum.Stammes und die Virulenz
der eingelnen Mutanten.

Die Ziffern stellen dic DLM-Werte der e'inullwn Mutanten dar.
)} Table 3 Virulence of various encapsulated purine-auxotrophs in mice,
2 ter subcutaneous injection.

traing Not Treated Treated Animals

7 mcans that the number of spores did not kill. To use a
greater numbcr was not planned.
# Animals received 1 mg of the particular bases at the tinme
of infection; later 46 times 0.5 mg: all intraperitoneally.
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