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ABSTRACT

BARTNICKI-GARCIA, S. (Rutgers, the State
University, New Brunswick, N. J.), AND WALTER
J. NICKERSON. Thiamine and nicotinic acid:
Anaerobic growth factors for Mucor rouxii. J.
Bacteriol. 82:142-148. 1961.-Mucor rouxii re-
quires preformed thiamine and nicotinic acid for
anaerobic growth. Such requirements are not
manifested during aerobic incubation. Aerobi-
cally, the fungus was shown to be able to syn-
thesize both vitamins.
The yeastlike form and the filamentous form

of anaerobically grown M. rouxii exhibit the same
vitamin requirements.
Thiamine can be substituted by its thiazole

moiety. Under certain conditions, nicotinic acid
was partly substituted by tryptophan, kynu-
renine, 3-hydroxykynurenine, and 3-hydroxy-
anthranilic acid.

Anaerobically. the fungus (thiamine requiring)
was about ten times more susceptible to
pyrithiamine antagonism than the same organism
grown aerobically (thiamine independent).

The vitamin requirements of microorganisms
are frequently influenced by environmental
conditions. Variations in temperature (Mitchell
and Houlahan, 1946), pH (Lilly and Barnett,
1947), salinity (Robbins and Kavanagh, 1938),
nitrogen source (Wood, Andersen, and Werkman,
1938), and the presence of other growth factors
(Snell, 1951) have been reported as factors con-
trolling the necessity or superfluity of a given
vitamin. During the course of studies on the
biochemistry of morphogenesis of the dimorphic
phycomycete Mucor rouxii (Bartnicki-Garcia and
Nickerson, 1959) we observed that nutritional
requirements for growth became more complex
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in the absence of molecular oxygen. Abundant
growth of M. rouxii was obtained aerobically in
media containing glucose as the only source of
preformed organic matter; under anaerobic con-
ditions, growth did not occur unless complex
media containing yeast extract or peptone were
employed.
The requirements for anaerobic growth of this

organism have been characterized. The loci
sensitive to oxygen deprivation, the inactivation
of which leads to the development of nutrilite re-
quirements for anaerobic growth, have been
explored. A preliminary report on this work has
appeared (Bartnicki-Garcia and Nickerson, 1960).

MATERIALS AND METHODS

Microbiological procedures. M. rouxii strain
IM 80, maintained in the culture collection of
the Institute of Microbiology, was employed.
Cultures were grown in 250-ml flasks containing
50 ml of basal medium of the following com-
position: glucose, 20 g; vitamin-free acid
hydrolyzed casein (Difco vitamin-free casamino
acids), 6.25 g; KH2PO4, 3.0 g; MgSO4-7H20,
0.5 g; ZnSO4 .7H20, 1.8 mg; FeSO4 - 7H20, 1.0 mg;
MnSO4 *H20, 0.3 mg; CUSO4 *5H20, 0.4 mg; and
distilled water to make 1 liter. The pH was
adjusted to 4.5 with 2 N H2S04. Glucose was
autoclaved separately and added to the other
components of the basal medium which had
previously been sterilized by autoclaving at 121
C for 10 min. Pyrithiamine and the various
growth factors were dissolved in water and
sterilized by filtration through Millipore filters.
Additions to the basal medium, including
inoculum, did not exceed a volume of 1 ml. In
one experiment, a medium I, with the following
composition, was employed: peptone (Difco),
10 g; yeast extract (Difco), 3 g; glucose, 20 g;
and distilled water to make 1 liter. The pH was
adjusted to 4.5 with 2 N H2S04 and the medium
sterilized in the autoclave at 121 C for 10 min.
Cultures were incubated on a reciprocating
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shaker at 28 C for 48 hr. The inoculum consisted
of a thoroughly washed suspension of spores,

incubated under 100% C02 for 8 to 12 hr; during
the incubation period the spores germinated.
Each flask was inoculated with a suspension that
contained approximately 106 spores, as deter-
mined by direct count in a hemacytometer. For
incubation under aerobic conditions, the flasks
were covered with inverted 100-ml beakers. For
incubation under anaerobic conditions, rubber
stoppers with inlet and outlet glass tubing con-

nections were adapted to the flasks. Carbon
dioxide, bone dry grade, of 99.8% purity and
prepurified nitrogen of 99.996% purity (both
obtained from the Matheson Company, Inc.,
East Rutherford, N. J.) were flushed through the
gas space of the flasks during the incubation
period. Growth was estimated by the following
procedure: cultures were filtered through pyrex
sintered glass crucibles (porosity M), washed
extensively with distilled water, dried at 80 to
90 C for 24 hr, and weighed.

Chemical analyses. Thiamine was assayed by
the thiochrome method (Association of Vitamin
Chemists, 1951) with an Aminco-Bowman
spectrophotofluorometer. The activation and
fluorescent spectra of the samples were compared
with those of thiamine. Nicotinic acid was as-

sayed by the cyanogen bromide method, with
p-methylaminophenol sulfate as the color devel-
oping agent (Association of Vitamin Chemists,
1951).

Rcagents. The thiazole and pyrimidine moieties
of thiamine were prepared according to the

procedure of Williams et al. (1935) and were

shown to be free from contaminating thiamine
by the thiochrome method. Thiamine, nicotinic
acid, L-cysteine, and pyrithiamine were purchased
from the Nutritional Biochemicals Corporation,
Cleveland, Ohio; DL-kynurenine and kynurenic
acid from Mann Research Laboratories, Inc.,
New York, N. Y.; 3-hydroxyanthranilic acid
from California Corporation for Biochemical
Research, Los Angeles, Calif.; DL-tryptophan
from Eastman Organic Chemicals, Rochester,
N. Y.; 3-hydroxykynurenine was prepared by A.
Butenandt, of the Max Planck Institut fur
Biochemie, Tubingen, and supplied to us by the
courtesy of E. Katz. Glucose and inorganic
salts were of reagent grade.

RESULTS

Anaerobic vitamin requirements. Abundant
growth of M. rouxii, either aerobically or anaero-
bically, was obtained in the complex liquid
medium I. The average yield per flask under
aerobic conditions was 350 mg, whereas under
anaerobic conditions it was 100 mg; thus the
ratio of aerobic to anaerobic growth was 3.5.
Good growth occurred aerobically in the defined
basal medium (with 2.4 g/liter of ammonium
sulfate as the sole nitrogen source), but no growth
occurred in this medium if the cultures were
incubated anaerobically (Table 1). The inclusion
in the basal medium of a more complex source
of nitrogen, such as vitamin-free casein hy-
drolyzate, did not suffice to meet the nutritional
requirements of the fungus. The anaerobic growth
factor requirements of the organism were then
explored.
The basal medium was supplemented with a

mixture of the following growth factors: ribo-
flavin, thiamine, p-aminobenzoic acid, calcium
pantothenate, nicotinic acid, and choline (all at a
concentration of 0.5 mg/liter); folic acid and
biotin (both 0.05 mg/liter); cobalamin, 0.007
mg/liter; inositol, 1.0 mg/liter; and adenine,
guanine, cytosine, uracil, xanthine, and thymine
(100 mg/liter). Anaerobically, this supplemented
medium was found to support good growth of the
fungus. A stepwise elimination of the several

TABLE 1. Growth factor requirements of Mucor
rouxii under aerobic and anaerobic incubation

Growth (mg dry weight/
50 ml of medium)

Additions to the basal medium*

Air Nitro- C02gen

Casein hydrolyzate as nitrogen source:
No addition................ 135 2 2
Thiamine ................... 138 3 5
Nicotinic acid.............. 133 2 2
Thiamine and nicotinic

acid..................... 142 43 46
Ammonium sulfate as nitrogen source:
No addition................ 112 2 1
Thiamine ................... 114 6 3
Nicotinic acid.............. 116 5 2
Thiamine and nicotinic

acid ..................... 115 36 30

* Thiamine and nicotinic acid supplied at a
level of 1 mg/liter.

1961] 143



BARTNICKI-GARCIA AND NICKERSON
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FIG. 1. Effect of pyrithiamine on the growth of Mucor rouxii. Basal medium supplemented with 0.05
uiig/liter of thiamine and 1.0 mg/liter of nicotinic acid. Cultures incubated either under air or CO2.

growth factors indicated that anaerobic growth
did not occur unless thiamine and nicotinic acid
were present in the medium. The omission of
any other factor did not significantly affect the
anaerobic growth of the organism.
When the basal medium was supplemented

with thiamine and nicotinic acid, substantial
growth was achieved anaerobically. Table 1
summarizes the results obtained with the basal
medium containing either ammonium sulfate or
vitamin-free casein hydrolyzate as the nitrogen
source. The addition of vitamins to the cultures
incubated aerobically was without significant
effect on the total growth produced after incuba-
tion for 48 hr. In the presence of thiamine and
nicotinic acid, the ratio of aerobic to anaerobic
growth varied from 3.2 to 3.8, values comparable
to the ratio obtained in medium I. Thus, the
addition of thiamine and nicotinic acid fully
satisfied the anaerobic growth factor requirements
M. rouxii.
The response of the fungus to various con-

centrations of thiamine and nicotinic acid re-
vealed that 0.1 mg/liter of thiamine and 0.5 to
1.0 mg/liter of nicotinic acid represented the
minimal concentrations for optimal growth.

In most experiments, vitamin-free casein
hydrolyzate was employed as the nitrogen source
because it supported better growth, and greater
constancy of morphological development was
obtained under the different gas atmospheres
employed.

Effect on morphology. The anaerobic atmos-

phere, whether nitrogen or C02, had little effect
on the dry weight of mycelium obtained. But,
as reported previously (Bartnicki-Garcia and
Nickerson, 1959), the presence of high tensions
of CO2 induced a dramatic morphological change.
Growth under CO2 consisted of budding yeast-
like structures, whereas in cultures incubated
under nitrogen a typical filamentous mycelium
developed. This dual morphological potential
was clearly evident in the casein hydrolyzate
medium. In the ammonium sulfate medium,
cultures incubated under CO2 contained a small
proportion of filamentous forms, whereas cultures.
incubated under nitrogen possessed a small
proportion of spherical structures.

Effect of pyrithiamine. Growth of M. rouxii,.
either aerobically or anaerobically, was not
inhibited by the presence of 100 mg/liter of
pyrithiamine in a medium containing 5 mg/liter
of thiamine (Bartnicki-Garcia and Nickerson,
1960). However, when the ratio of pyrithiamine
was further increased, total inhibition of growth
resulted. The effect of different concentrations
of pyrithiamine on growth in a basal medium
containing 0.05 mg/liter of thiamine is illustrated
in Fig. 1. The antagonistic effect (inhibitory
index) of pyrithiamine was calculated according
to Woolley and White (1943). The inhibitory
indices for the aerobically and anaerobically
grown cultures were 400 and 40, respectively.
On this basis, the anaerobically grown yeast
cells were ten times more susceptible to pyri-
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TABLE 2. Aerobic synthesis of thiamine and
nicotinic acid by Mucor rouxii

Vitamin per gram
of mycelium

Fraction analyzed

ThaieNicotinicThiarsmine acid

Ag Ag

Mycelium...................... 7-8 3280
Filtrate ........................ <1 2970

Total ........................ 7-8 6250

TABLE 3. Replacement of thiamine and nicotinic
acid requirements of Mucor rouxii for

anaerobic growth

Growth (mg dry
weight/50 ml

Additions to the basal medium* medium)

Nitrogen C02

No addition.................... 2 2
Thiamine
+ Nicotinic acid...... 40 42
+ DL-Tryptophan........ 4 2
+ DL-Kynurenine............ 5 2
+ 3-Hydroxykynurenine 10 2
+ 3-Hydroxyanthranilic

acid ....................... 15 5
+ Anthranilic acid........... 2 2
+ Kynurenic acid....... 3 2

Nicotinic acid
+ L-Cysteine................ 2 2
+ Thiazole moiety........... 37 42
+ Pyrimidine moiety........ 4 3

* Thiamine and nicotinic acid supplied at the
level of 1 mg/liter; all other additions at 10 mg/
liter.

thiamine than the aerobically grown filamentous
cells.

Aerobic synthesis of thiamine and nicotinic acid.
As a working hypothesis it was assumed that
the anaerobic requirement for growth factors
*originated from the inability of the fungus to
synthesize these substances when deprived of
molecular oxygen. To demonstrate that thiamine
and nicotinic acid were synthesized by aerobically
grown cells, assays for thiamine and nicotinic
acid were performed on the mycelia and culture
filtrates of aerobically grown cultures. The results
(Table 2) showed that thiamine was present in

the mycelium in small quantities. Thiamine was
not detected in culture filtrates. Nicotinic acid
was synthesized in comparatively greater amount,
and about half of it was excreted into the medium.
The presence of thiamine and nicotinic acid was
confirmed by a biological assay, using M. rouxii,
itself, as the test organism. Aerobically grown
mycelium (100 mg dry weight) was hydrolyzed
in 0.1 N H2S04 at 121 C for 30 min. The hy-
drolyzate was sterilized by filtration through a
Millipore filter, and added to 50 ml of basal
medium. The medium was inoculated; and after
incubation under CO2 for 48 hr, 64 mg of yeast-
like growth was obtained. Thus, the presence
of the requisite growth factors in the aerobically
grown mycelium was verified.

Replacement of thiamine and nicotinic acid.
To locate the possible biosynthetic step(s) at
which molecular oxygen is apparently necessary
for the syntheses of thiamine and of nicotinic
acid, known precursors or related metabolites
of these vitamins were added to the basal me-
dium. The results, summarized in Table 3, indi-
cated that thiamine was fully replaceable by its
thiazole moiety under either nitrogen or CO2.
Cysteine, which was postulated to be an inter-
mediate in thiazole biosynthesis (Shimomura
et al., 1957), was ineffective in this system.

Nicotinic acid was partly substituted, in
increasing order of activity, by tryptophan,
kynurenine, 3-hydroxykynurenine, and 3-hy-
droxyanthranilic acid. On the other hand,
kynurenic acid and anthranilic acid were without
significant effect. When the atmosphere was C02,
only 3-hydroxyanthranilic acid exhibited nico-
tinic acid-replacing ability; this effect was slight,
but probably significant.

3-Hydroxyanthranilic acid oxidase activity.
This oxygen-requiring enzyme has been shown to
participate in the formation of nicotinic acid in
mammalian liver (Bokman and Schweigert,
1951). Demonstration of the operation of this
oxygenase in M. rouxii would provide a plausible
explanation for the inability of this fungus to
synthesize nicotinic acid under anaerobiosis.
3-Hydroxyanthranilic acid oxidase was assayed
according to the spectrophotometric and fluoro-
metric methods described by Bokman and
Schweigert (1951). Acetone powders and Hughes
press extracts of aerobically grown M. rouxii
were employed, but oxidation of 3-hydroxyan-
thranilic acid was not detected.
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DISCUSSION

The results reported suggest that the absence
of molecular oxygen limited the syntheses of
nicotinic acid and of the thiazole moiety of
thiamine. Conceivably, in the absence of oxygen,

some of the enzymatic systems responsible for
the synthesis of thiazole and nicotinic acid are

inoperative. Although no report of the interven-
tion of oxygen in the biosynthesis of thiamine
has been found, our data suggest that molecular
oxygen is required for the synthesis of the thia-
zole moiety.
An extensive literature on the biosynthesis of

nicotinic acid has appeared in recent years. In
A'eurospora crassa, and in mammalian liver,
nicotinic acid is synthesized via tryptophan and
3-hydroxyanthranilic acid; the mechanism of
biosynthesis in mammalian liver has been
studied most closely. There are three known
steps that require molecular oxygen: (i) the
tryptophan peroxidase-oxidase system which
converts tryptophan into formylkynurenine
(Hayaishi et al., 1957), (ii) the oxidation of L-

kynurenine to 3-hydroxykynurenine (De Castro,
Price, and Brown, 1956) and (iii) a 3-hydroxy-
anthranilic oxidase (Bokman and Schweigert,
1951) which cleaves the aromatic ring of 3-hy-
droxyanthranilic acid to 1-amino-4-formyl-1,3-
butadiene-1 ,2-decarboxylic acid (Wiss, Simmer,
and Peters, 1956). Presumably, this biosyn-
thetic pathway is highly vulnerable to oxygen

depletion. The fact that nicotinic acid can be
partly replaced, in order of increasing activity,
by L-tryptophan, DL-kynurenine, 3-hydroxy-
kynurenine, and 3-hydroxyanthranilic acid,
would tend to support the role of these inter-
mediates as precursors of nicotinic acid in M.
rouxii. The enzymatic transformations of these
intermediates could take place, although at a

much reduced rate, under the anaerobic con-

ditions employed (traces of oxygen may have
been present). In fact, Bokman and Schweigert
(1951) reported that 3-hydroxyanthranilic acid
was slowly oxidized in vitro under anaerobic
conditions. On the other hand, our failure to
detect 3-hydroxyanthranilic acid oxidase activity
in M. rouxii does not support the presence of the
above indicated biosynthetic pathway in this
organism.

There have been a few reports on the influence
of molecular oxygen on the growth factor re-

quirements of microorganisms. Richardson (1936)

found that a strain of Staphyloccocus aureus
required uracil for its anaerobic growth but
could dispense with the requirement under aero-
bic conditions. Kluyver (1940) pointed out
that Torulopsis utilis required "bios" factors
only when oxygen was available in low concen-
trations; the requirement was no longer apparent
when higher oxygen tensions were present.
Andreasen and Stier (1953, 1954) found that
both ergosterol (or certain other sterols) and
oleic acid (or certain other unsaturated fatty
acids) were indispensable requirements for
anaerobic growth of Saccharomyces cerevisiae
in a defined medium. Shockman (1956) found
that 3 strains of Streptococcus faecalis had an
absolute requirement for thiamine (plus lipoic
acid) when grown under aerobic conditions, but
there was no such requirement when the organ-
ism was grown anaerobically. This is the converse
of the situation in M. routxii. Since experimental
evidence was not provided for the presence or
absence of thiamine in the anerobically grown
S. faecalis, it is not known whether the anaerobic
dispensability for thiamine originated from the
fact that it was synthesized anaerobically or
whether the anaerobic metabolism of S. faecalis
does not demand thiamine. The latter hypothesis
seems somewhat more plausible; S. faecalis, a
homofermentative lactic acid organism, could
possibly operate anaerobically without cocar-
boxylase. In M. rouxii, such would not be the
case; approximately half of the glucose metabo-
lized anaerobically is converted to ethanol,
thus necessitating the presence of thiamine.
The simultaneity of the thiamine and nicotinic

acid requirements may not merely be incidental,
but of more profound biochemical significance.
Watanabe (1960) recently isolated auxotrophic
mutants of Salmonella typhimurium resistant
to streptomycin. All of the 15 mutants tested
were slow growing and required both thiamine
and nicotinic acid. Transductional studies
suggested that the four characters derived from
mutation in a single locus. It is conceivable, in
light of our findings with M. rouxii, that the two
vitamin requirements in these salmonella mu-
tants originated from a block in the utilization of
molecular oxygen. Similarly, the other two char-
acters may be associated with limited oxygen
utilization; thus, streptomycin resistance has
already been correlated with limited oxygen
uptake of certain bacteria (Umbreit, Smith,
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and Oginsky, 1951); and a slower growth rate
is usually an inherent characteristic of a facul-
tative aerobe with restricted access to oxygen.
Woolley and White (1943) found that thia-

mine-independent organisms showed a greater
tolerance to pyrithiamine than thiamine-de-
pendent ones. Our results indicate that the rela-
tionship is also valid when thiamine dependence
and thiamine independence can be phenotypi-
cally established in a single organism. It is note-
worthy, however, that the inhibitory indices
reported by Woolley and White are considerably
greater than the corresponding indices in M.
rouxi.

Dimorphic fungi may show different vitamin
requirements in their mycelial and in their yeast
forms. Salvin (1949) found a requirement for
biotin exhibited by the yeast form, but not by
the mycelial form of Histoplasma capsulatutm.
In M. rouxii, different nutritional requirements
are not associated with form development; both
the anaerobic filamentous form (N2) and the
anaerobic yeastlike form (CO2) require thiamine
and nicotinic acid.
No systematic survey of anaerobic growth

factor requirements of microorganisms appears
to have been made. It is conceivable that they
are of more frequent occurrence than is indi-
cated above. Recognition of the anaerobic limi-
tation in the growth factor synthesizing capac-
ity of microorganisms may be of importance in
the study of biosynthetic mechanisms and of
microbial ecology.
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