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General Introduction

Since 1895 when Miyoshil> found out that a common

industrial fungus, Botrytis cinerea, attacked hydrocarbons,

many investigetions were carried out on hydrocarbon utiliza-
tion by various microorganisms. In these studies, it has

been madevclear that a large number of microorganisms, in-
cluding bacteria, yeasts, and molds, could assimilate aliphatic
and/or aromatic hydrocarbons as the sole source of carbon
during their propagation, and that the former seemed to be the
superior growth substrate for microbesg’B). At the present
time, most investigators working on petroleum microbiology
became to believe thet oxidotion and assimilation of hydro-
carbons were the widespread property of microorganisms.

At present, the oxidation pathways of sromstic and
aliphztic hydrocarbons are considered to be as follows: in
1950, Hayaishi et al.4) found out an enzyme, di-oxygenase,
which converted catechol into cis-cis-muconic acid under the
presence of molecular oxygen. Independently, MasonS) proposed
an enzyme, nono-oxygenase or mixed-function oxidase, which would
participate with the hydroxylation of hydrocarbons. Along

6) 7)

with these studies, Evans et al.”’, Stanier et al. ’, and

other workersa> investigated on the metabolic pathways of

—6-



aromatic compounds by microorganisms. Most aromatic hydro-
carbons will be converted into catechol or protocatechuic acid
under the participation bf mono-oxygenase and other enzymes,
and catechol and its derivatives will be sustained the ring
fission by di-oxygenase. The typical metabolic pathways of

the aromatic hydrocarbons are shown in Fig, 1, 2 and 3.
< b
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On the other hand, aliphatic hydrocarbons has been be-
lieved t0 be metabolized through aliphatic alcchols and acids.
In this case, three mechanisms for alcohol formation have been

proposed; that is, (1) formation of alkane peroxide and its

9)

reduction™’, (2) participation of mono-oxygenase (mixed-function

\5)

oxidase,”’, and (5) participation of dehydrogenase and forma-

10, 11)

?

but an engymatic demonstration has

12)

tion of l-alkense

—

been made only about the second mechanism by Kusunose et a

)-

and Coon §§_§;}5 The aliphatic acids thus formed will be
metabolized by the well-known g- end w-oxidetion pathways
as shown in Fig. 5. Fig. 4 shows the mechanism for the ini-
tial oxidation of n-alkanes by mono-oxygenase-dependent sys-

tem proposed by Kusunose et allz) and Coon et all)).

CH_~R
NADH !//“ Reductase 6\\ //% Rubredoxin M\\\ o 2
[ Gon) (e VT
é f Hydroxylase
1
NAD K\\a Reductase \\x Rubredoxin HZO
(red.) (Fet) HOCH -

Fig. 4. Hydroxylation of terminal methyl group
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Acetic acid or other acids formed from the longer alipha-
tic acids by the degradative oxidation will be used as subst-
rates for construction of cellular materials via the complex
biosynthetic routes,

Besides physioclogical and biochemical studies on the as~
similation of hydrocarbons, the production of useful materials
from hydrocarbon substrates has been intensely investigated
using the fermentation techniques. These workers have claimed
the merit of hydrocarbon fermentaticn that it would be of
deep significance for the human living to convert nonedible
materials, hydrocarbons, into the.eatable ones by the action
of microorganisms.

Thus, a large number of the investigations have been at-
tempted in laboratory and industrial scales in order to pro-

duce the yeast cell massl4’ 15) 16) L7

18, 19) 20, 21)

, amino acids

22, 23)

, proteins

, nucleic acids , fatty substances and

other useful materials.
The present author has been studied on the formation of
vitamins, especially their coenzyme forms, from aliphatic hy-

drocarbons using a number of microorganisms, including bacteria,

B 24) L4 p 25)

yeasts, and molds. Besides vitamin 6 12

, and

26)

their coenzyme forms, the production of carotenoid pigments y

) 28)

respiratory enzyme (cytochrome c)27 , and porphyrins has

—12-



been also studied.

The object of this paper is to study on the hydrocarbon
fermentation with the view to produce vitamins and other .
useful materials for medical use or food supplement.

Part I describes the formation of B6-vitamers from”
n-hexadecane by various microorganism, especially yeast

Candida albicans.

The factors affecting the growth and cytochrome c

production of Candids slbicans are dealt in Part II accompanied

with the cytechrome ¢ productivity of several kinds of yeast.
In Part III, the formation of carotenoids by Myco-

bacterium smegmatis and their characteristics are mentioned.

The results show that the carotenocid pigment produced by this
bacterium mainly- consist of 4-keto- 7 -carotene and its deriva-
tives.

The characterization of metal-free porphyrins accumu-

lated in the cells and excreted into the culture filtrate

by Mycobacterium smegmatis is described in Part IV.

In Part V, the substrate specificity of some yeasts
during n-alkane asgsimilation is investigated, and the growth
ability of various yeasts and molds on aromatic and aliphatic

hydrocarbons and their derivatives are reported in Part VI.

-1 %~



4).

[&)
~—r

7).

References

M. Miyoshi: Jsahrb. Wiss. Botan., 28, 269 (1895)

C.E. Zobell: Adv. tdnzymol., 10, 443 (1950) (Interscience
Publishers, Inc., New York)

J.B. Davis: Petroleum Microbiology (1967) (Blsivier Pub-
lishing Co., Amsterdam)

0. Hayaishi and K. Hashimoto: J. Biochem., 37, 371 (1950)
0. Hayaishi end R.Y. Stanier: J. Bacteriol., 62, 691 (1951)
H.S. Mason: Adv. Enzymol., " 19, 79 (1957) (Interscience
Publishers, Inc., New York)

W.C. Bvans snd B.S5.W. Smith: Biochem. J., 49, X (1951)
N. Walker and W.C. Bvans: Biochem, J., 52, XXIII (1952)
J.I. Davies and W.C. Bvans: Biochem. J., 91, 251 (1964)
W.K. Sistrom and R.Y. Stanier: J. Biol. Chem., 210, 821
(1954)

W.R. Sistrom and R.Y. Stanier: Nature, 174, 513 (1954)
L.N. Ornston and R.Y. Stanier: Nature, 204, 1279 (1964)
S. Dagley and D.A. Stopher: Biochem. J., 73, 16P (1959)
3. Dagley ond D.T. Gibson: J. Biol. Chem., 239, 1284
(1964)

L.N: Ornston: J. Biol. Chem., 241, 3787, 3795, 3800

(1966)

~14-



9).

10) .

11).

12).

13).

14).

15).

16).

B. Imelik: Compt. Rend. Acad. Seci., 227, 1178 (1948)
J.E. Stewart and R.E. Kallio: J. Bacteriol., 78, 726
(1959)

H. Iizuka, M. Iida, A. Unami and Y. Hoshino: Seikagsaku,
39, 530 (1967)

E. Azoulay and J.C. Senez: Compt. Rend. Acad. Sci.,
247, 1251 (1958)

J.C. Senez and E. Azoulay: Biochim. Biophys. Acta, 47,
307 (1961)

B. Azoulay and M.T. Heydeman: Biochim. Biophys. Acta,
73, 1 (1963)

M. Kusunose, J. Matsumoto, K. Ichihara, E. Kusunose and
J. Nozaka: J. Biochem. (Tckyo), 61, 665 (1967)

J.A. Peterson, M. Kusunose, E. Kusunose and M.J. Coon:
J. Biol. Chem., 242, 4334 (1967)

J.A. Peterson and M.J. Coon: J. Biol. Chem., 243, 329
(1968)

A. Champagnat, C.Vernet, B. Laine and J. Filosa: Nature,
197, 15 (1963)

T.L. Miller and M.J. Johnson: Biotech. Bioeng., 8, 549,
567 (1966)

J. Takashashi, K. Kobayashi, Y. Kawabata and K. Yamada:

Agr. Biol. Chem., 27, 836 (1963)

-15-



17).

18).

19).

20).

21).

23).

24) .

K. Yamada, J. Takahashi and K. Kobayashi: Agr. Biol.
Chem., 27, 773 (1963)
J. Takahashi, K. Kobayashi, Y. Imada and K. Yamada: Appl.
Microbiol., 13, 1 (1965)
Y. Imada, E.C. Pantskhava and K. Yamada: Amino acid.
Nucleic acid, 16, 56 (1967)
T. Iguchi, I. Tekeda and 8. Senoh: Agr. Biol. Chem., 29,
589 (1965)

R. Uchino, S. Otsuka and I. Shiio: J. Gen. Appl.
Microbiol., 13, 303 (1967)

T. Iguchi, T. Watanabe and I. Takeda: Agr. Biol. Chem.,
31, 569, 574 (1967)

T. Iguchi, R. Kodairs and I1.Takeda: Agr. Biol. Chem.,

1, 885 (1967)
Kyowa Fermentation Industry Co., Ltd.: Fr. Pat., 1,473,629
(1967)
R.L. Raymond and J.B. Davis: Appl. Microbiocl., 8, 329
(1960)
M.S. Taggart: U.S. Pat., 2,396,9ob (1946)
A. Tanaka and S. Fukui: J. Ferment. Technol.,45, 611
(1967)
A. Tanaka, N. Ohishi and S. Fukui: J. Ferment{ Technol.,

45, 617 (1967)

~16-



25).

26).

27).

28) ..

K. Fujii, S. Shimizu and S. Fukui: J. Ferment. Technol.,
44, 185 (1966)

S. Fukui, S. Shimizu end K. Fujii: J. Ferment. Technol.,
45, 530 (1967)

A. Tanaka, T. Negasaki, M. Inagawa and S. Fukui: J.
Ferment. Technol., 46, 468 (1968)

A. Tanaka, T. Nagésaki and S.. Fukui: J. Ferment.
Technol., 46, 477 (1968)

A, Tanaka, H. Maki and 5. Fukui: J. Ferment. Technol.,
45, 1156, 1163 (1967)

A.. Tanska snd S. Fukui: J. Perment. Technol., (in pr@ss)

-17-



Synopsis

Part I. Production of vitamin B6 by Candida slbicang in

hydrocarbon nmedisa

Vitamin By production by hydrocarbon-utilizers was studied
using a rotary shaker. Among the species including Candida,

Rhodotorula, Hansenula, etc., Candida albicang exhibited the

most excellent vitamin B6—producing ability, i.e., 300 to 400
ﬂg/l in a synthetic medium containing n-hexadecane as the sole
carbon source. Addition of corn steep liguor snd an appropriate
non-ionic detergent such as Tween 85 or Span 60, enharced the
veast growth and vitamin B6 production. The cell yield as well
as the vitamin formation was more increscsed as aeration or
agitation was increased.

Production of vitamin 86’ especially pyridoxal phosphate,
in a hydrocarbon medium was studied by cultivaetion of Candida
zlbicans using a 10-1 jar fermentor. When cultured in a2 5 1
medium consisting of n-hexadecane, salts, corn steep liquor,
and Span 603 under vigorous aeration (10 1/min) and agitation
(400 rpm), the yeast gave 3.96 g of dry cells per liter

(after 4 days' culture), 604 #g/l of total vitamin B, (after

6
8 days) and 163 ﬂg/l of pyridoxal phosphste (after 4 days).

18-



The ratios of pyridoxal phosphate to fotel vitemin B6 and to
pyridoxal were on the 3rd. day of the cultivation 56 % and
85 %, respectively.

In the case of & glucose medium, the vitamin formed in
the yeast cells was readily transferred into the supernatant
even before reaching the maximal growth. In the hydrocarbon
medium, in contrast, the relatively high contént of vitamin

B especially of pyridoxal phosphate, in the cells was main-

6?
tained after the meximal growth. In the cultured supernatant
of the hydrocarbon fermentation, presence of pyridéxal phos-
phate was also ascertained by microbiocassay and the enzymatic
method.

A comparative study on the types of vitamin B6 produced

in the glucose medium and the hydrocarbon medium were performed

using the bioautographic technique.

Part II. Production of cytochrome ¢ by yeasts in hydrocarbon

fermentation

It has been obeserved that oxidative degradation of
hydrocarbons by microorganisms 1s carried cut under more

aerobic conditions than thet of carbohydrates. Hence our

[3¥]

ttention was called to the question whether the yeasts grown

-19-



on hydrocarbons as a sole carbon source would produce a large
amount of resgpiratory enzymes, especially cytochrome c¢. We
also attempted to study on the relation among growth rate,
cytochrome ¢ content, and respiratory activity, and to use the
cytochrome ¢ content as an index of growth activity of yeast
cells.

In Chapter 1, the effects of medium constituents, pH of
culture medium, and seration on cell growth were investigated

using Candida albicans, which was screened as the typiecal hy-

drocarbon-utilizing yeast. Addition of corn steep liquor and
a detergent, Tween 85, shortened the period of fermentation,
and maintenance of pH at 5.2-5.4 increased the cell yield.
The yield of dry cells was 5.25 g from 7.75 g of n-hexadecane
when the yeast was cultured in the following medium; n-hexa~
decane 7.75 g, NH4NO

3 2774

FeClB.6H20 0.02 g, corn steep liquor 1.0 g, Tween 85 0.2 ml,

and tap water 1000 ml. The effect of aeration or agitation

5.0 g, KH,PO, 2.5 g, MgSO4.7H20 1.0 g,

was observed in the absence of detergent, but not in the
presence of detergent, under the condition tested.

Chapter 2 deals with the study on the relations amoﬁg
the growth rate, cytochrome c content and respiratory activity

of Candida albicans when the yeast was cultured on n-hexadecane

under aeration.

=20~



Under the cultural condition employed, the maximal cyto-
chrome ¢ content was about 1.5 mg per g dry cells, which was
analogous to that of glucose-grown cells. The growth rate
was closely related with the cytochrome c content. The latter
increased in parallel with the yeast growth, reached to the
maximal value at the later part of the exponential phaé;,
then falled off gradually. The correlationship between the
cytochrome ¢ content and the specific growth rate showed that
the former can be used as an index of the growth activity of

the yeast.

Oxygen-uptake of Candida albicans was inhibited by addition

of sodium azide, and this suggested that the respiration of
this yeast would proceed via an electron transport system
including at least cytochrome 8y and a3. Also, we could
detect cytochrome a, b, and ¢ in reduced intact cells spectro-
photometrically by the opal-glass method.

In Chapter 3, we determined the cytochrome ¢ content of

various yeasts grown on the "hydrocarbon mixture 2" (rich in

Qrundecane).

Part III. Producticn of carotenocids by Mycobacterium smegmatis

in hydrocarbon media

S Dl



During the course of the studies on the hydrocarbon uti-

lization and vitamin B 5 production by several kinds of bacteris

1

the present author found out that some bacteria, such as

Mycobacterium smegmatisg, Nocardia lutea, and Nocardia corallina,

grew well on n-slkanes and made up a clump of cells occcluding
hydrocarbon. In the=se cases, these bacteria produced orange
to orange-red pigments easily extractable with n-hexane or
n-hexane-acetone mixture, which were identified as mixtures
of carotenoids.

Chapter 1 describes the studies on the effects of medium
constituents, aeratioﬁ, and addition of some organic compounds

on the carotenoid production by Mycobacterium smegmatis. This

bacterium could grow on n-alksnes of s medium chain-length
<Cll—l9)’ but not on those with shorter chains under the
cultural condition used. Among pure n-alkanes, n-hexadecane
was most suitable for the bacterial growth and carotenoid prd—
duction, but "hydrocarbon mixture 2" (rich in gfundecane) was -
2lso suitable for carotenoid formetion. Addition of surface
detergent, Tween 80, and amino acids, such as glutamic acid,

histidine, and serine stimulated the carotencid production

by Mycobacterium smegmatis, but some metal ions were inhibi-

tory. Under the cultural conditions tested, the maximel ca-

rotenoid production was about 1 mg per liter of medium.

wPDe



The isolation and characterization of carotenoids are
mentioned in Chapter 2. These carotenoids produced by

Mycobacterium gmegmatis were classified into four categories;

(l) intermediates in the carctenoid biosynthesis, such as
phytofluene, ¢—-carotene, and neurcsporene, (2) 4-keto-r -
carotene and its derivatives (containing eleven conjugated
carbon-carbon double bonds and one conjugated carbonyl
group), (3) derivatives of 3',4'-dehydro-4-keto~ y -carotene
(containing twelve conjugated carbon-carbon double bonds and
one conjugated carbonyl group), and (4) pigments having un-
" known chromophore. When carotenocids were extracted at the
stationary phase of growth, the major part consisted of 4-
keto~ r-carotene and its derivatives; possibly monohydroxy-
and monomethoxy-4-keto~-7 —~carotene. Thus, we could isolate
and characterize the precursors of 4-keto- 7 -carotene, 4~
keto- r—-carotene itself, and its derivatives, but could not
detect 7 -carotene or 4-hydroxy- y -carotene, the presumable
precursors of 4-ketc- 7-carotene biosynthesis.
Electromicroscopical studies are carried out in Chapter
3, using hydrocarbon-growsr and glucose-grown cells of Myco-

bacterium smeematis. The carotenoid pigments of hydrocarbon-

grown cells were more readily extracted by orgsnic solvents

compared to those of glucose-grown cells. This phenomencn

D%



suggested that carotenoid pigment would have some role in the
incorporation of hydrocarbon substrate intec bacterial cells,

and that the morphology, especially the construction of cell
membrane, of hydrocarbon~-grown cells would differ from that

of glucose-grown cells. The participation of carotenoids in
hydrocarbon uptake of bacterial cells could not be demonstrated,
but some characteristics were shown about hydrocarbon-grown
cells; that is, having round-shaped and somewhat obsecure

cell membrane. Poly—xy-hydroxybutylate—like substance was

gseen in the electromicrogreph of hydrocarbon-grown cells as

the low density area, but not in that of glucose-grown cells.

Part IV.  Accumulation of porphyrin in culture filtrate of

Mycobacterium smegmatis during hydrocarbon assimilation
1

During the course of the studies on the production of

vitamin B19 and carotencids by Mycobacterium smegmaiis, we

observed that this bacterium accumulated a relatively large
amount of red pigment in the culture filtrate under the reduced
aeration rather unfavourable to the cell growth and the caro-
tenoid production in hydrocarbon fermentation.

The pigments extracted from the culture filtrate and from

the bacterial cells were characterized as metal~free porphyrins

o Pdim



{ from
| their visible absorption spectra. Identification of methyl

esters of these porphyrins was carried out by paper chromato~
graphy, and visible absorption-, infrared- and nuclesr magnetic
resonance spectroscopy. The red pigment extracted from the
culture filtrate contained coproporphyrin IIT only, but the
pigment extracted from the bacterial cells contained a small
amount ¢f unidentified porphyrin-like substance other than
copreporphyrin II1. The accumulation of porphyrin was obser-

ved under the reduced aeration (K =5 hr_l), but not under

La

the larger aeretion (K. = above 28 hr—l).

La
Part V. Substrate specificity of yeest in hydrocarbon fer-

mentation

Although it is well known that yeast can assimilate n-
alkanes, n-alkenes, and hydrocarbon mixtures, relative utili-
zability of n-alkanes has not been defined well. In the course
of the studies on the utilization of hydrocerbons by several

kinds of yeasts, we found out that Candida albicans, Candida

intermedia, Candida tropicelis, and YH 101-C-1 (isolated from

soil) could grow better on "hydrocarbon mixture 2" (rieh in
n-undecane) than on "hydrocarbon mixture 1" (rich in n-tri-

decane). Based on this fact, we investigated the substrate

25



specificity of Candida albicans using pure n-alkanes. Among

the n-alkanes tested, n-decane, n-undecane, and n-dodecane

were the best substrates, n-hexadecane was next to them, but
n-tridecane, n-tetradecane, and n-pentadecane were inferior
under the experimental conditions. n-Hexane and n-octane were
not utilized by this yeast. In order to examine the relative
utilizability of n-alkanes in the hydrocarbon medium contsining
g mixture of wvarious hydrocarbons, we determined the residual
substrates in the cultured broth using gas chromatographic
technigue.

The results obtained showed that the relative utilizabi-
1ity of n-alkanes in the hydrocarbon mixtures by Candida al-
bicans was as follows; n-decane> n-undecane > n-dodecsne >n-
tridecene > n-tetradecane. A higher concentration of n-tride-
cane or n~tetradecane was rather inhibitory for the assimila-

, 1
tion of n-decane or n-undecane. In the case of Candida tropi-

calis PK-233, similar results were obtained.

Part VI. Growth ability of yeasts and molds on hydrocsrbons

and their derivatives

Chapter 1 dealt with the growth ability of various yeasts

on hydrocarbons, their mixtures, and their derivatives. The



yeasts which could not assgimilate n-alkanes, could not also
utilize their derivatives, such as primary alcohols or acids,
as the sole source of carbon, The crude hydrocerbon mixtures,
such as kerosene, light oil or wax, were not utilized by
hydrocarbon-assimilating yeasts.

In Chapter 2, the capability of several kinds of wmolds
to grow on hydrocarbons was investigated in three different
cultural conditions: shaking culture, surface culture, and

interface culture, Some strains of Aspergillus, Penicillium,

Fusarium and Cladcesporium could grow under these three condi-
tionszusing hydrocarbon mixture 1" (rich in thridecane) as
sole carbon source. Among these conditions, surface culture
was congidered to be most suitable for the growth of molds.
All these organisms could assimilate n-hexadecane and n-octa-

decane, but relative few could utilize light oil, kerosene,

and/or paraffin (m.p. 42—44OC). Aspergillug flavus, Asper-

gillus niger, Penicillium notatum, and Cladosporium resinae,

which could utilize n-alkanes of medium chain-length as carbon
sources, could not assimilate n-alkanes of shorter chain-length

(thexane and groctane) and aromatic hydrccarbons so far tested.



Part I. Production of vitamin B6 by Candida albicans

in hydrocarbon media

1. Introduction
It would be important to produce some useful compounds
from hydrocarbon substrates, and many investigations have

1)

been carried out on the production of cellular protein™’,

2,3,4) 5)

amino acids , and nucleic acids”’, etc. Only & few
studies, however, have been attempted to produce vitamins.

5.7 4nd vitemin B, &)

. . . . .
These works dealt with vitamin 5 10

but concerning other important vitamins sny papers have:
not been published.

In this part, we describe on the preduction of vitamin
B6 and its coenzyme formg from hydrocarbons, since it was
known that some yeassts produced a relatively large amount
of this vitaﬁin, especially pyridoxal, in a carbohydrate
mediumg).

Vitamin B6’ especlially its coenzyme forms, i.e.,
pyridoxal phosphate and pyridoxamiﬁe pheosphate, sre the
important vitamin participating in smino acid metabolism
and amine oxidatiocn in living bodies, and it will be useful

to produce this vitamin from hydrocarbons by the fermentetion

technique.
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From the study on the growth ability and vitamin B6
productivity of various microorganisms using n-hexadecane

as a sole carbon source, a yeast, Candida slbicans was screened

ag a test organism, and the effects of medium constituents
and cultural conditions were investigated about vitamin B6
production.lo)

The types of the vitamin produced by this yeast were
also examined using biocautographic techniquell>, and the

vitamin contents of bacteria and molds were investigated.12’13>

2. hkxperimental prccedure

2.1. Microorganism

The organism mainly used in this study was Candida
albicsns. Yeasts and molds were maintained on malt extract-
agar slants, and bacteria were maintained on conventional

natural nutrient-agar slants.

2.2. Cultivation method

For an inoculum, the yeast was cultured on malt extract-
agar slant for 24 hrs at 30°C. A loopful of the cells was
transferred into 100 ml of the medium containing 3.0 g of

malt extract in a 500-ml shaking flask and cultured on a

=29~



Table 1. Composition of hydrocarbon medium used.

NH4NO3 5.0g
KHpPO4 2.5¢
MgS0Oy . THO 1.0g
F8013.6H2O 0.02g
Corn steep liquor 1.0g
n-Hexadecane 10 ml
Tap water 148
pH 5.2

Table 2. Composition of glucose medium used.

Glucose 16.5 g or 50.0 g
Peptone 5.0 g

Yeast extract 2.5 g

(W4 ) 504 6.0 g

KH>PO4 2.0 g

MzS04 . THRO 0.5 g
CaCly.2H-0 0.32 g
Distilied water . 17

pH ’ 5.35

rotary shaker (220 rpm) at 30°C for 24 hrs. After centrifugs-
tion, cells were suspended into 25 ml of sterilized saline, and
1 ml of the cell suspension was added to 50 ml of the medium
shown in Table 1 or 2, in a 500-ml shaking flask and cultured
on a rotary shaker (220 rpm) at 30°C. Cultivetion methods of
bacteria and molds were shown in Part II1 snd Part Vi, res~

pectively.

2.3. Extraction and bioassay of vitamin B6

The cultured broth itself, or after being separated into

-30-
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cells and supernatant by centrifugation, was hydrolized with
0.055 N H,50, for 1 hr at 120°C. By this procedure, bound type
vitamers were converted to their free forms (pyridoxal, pyri-
doxine and pyridoxamine). The hydrolyzate was neutralized and

diluted to appropriate volume after filtration. The amount

of total vitamin B6 was assayed by Saccharomvces carlsbergensis

ATCC 4228 using pyridoxine hydrochloride as standardl4), and

the content of pyridoxal was determined by Lactobacillus casei

arce 7469157

- 2.4. Extraction of pyridoxal phosphate

After the centrifugetion, yeast cells sedimented were
treated with boiling water for 15 min and the mixture was
centrifuged for 5 min at 3,000 rpm to obtain an extract.
On the other hand, the cultured filtrate was neutralized
and was treated at lOOOC for 15 min. These extracts contain-
ing pyridoxal phesphate were assayed by enzymatic method as

shown below.

2.5. Preparaticn of apotryptophanase

Bischerichia coli Strain K was cultured with shaking

(220 rpm) for 24 hrs at BOOC in a medium consisting of fish

meat extract 10 g, peptone 10 g, NaCl 5 g and water 1,000 ml

~31-



(pH 7.0). The cells harvested were washed twice with chilled
saline, sonicated for 10 min =t 20 kc below lOOC, and then
centrifuged for 10 min at 10,000 rpm under cooling. The
supernatant thus obtained was acidified with diluted acetic
acid to pH 4.7, allowed to stand at 0°C for 1 hr in the dark,
and then centrifuged for 5 min at 8,000 rpm under cooling.

The precipitate obtained was suspended in chilled water,
dialyzed against cocled water overnight, then dissoiﬁed into
0.1 M potassium phosphate buffer, pH 7.5. The enzyme sclution
thus prepared was used for the assay of pyridoxal phosphate as
apotryptophanase.

In some cases, the bacterial cells harvested were treated
with acetone and stocked at 5°C. The acetone-dried cells were
extracted overnight with cold water, and the crude extract was
obtained after centrifugation9>. This extract was also

treated with diluted acetic acid as mentioned above.

2.6, Bnzymatic assay of pyridoxal phosphate
Pyridoxal phosphate in the extracts obtained from the
cultured broth was assayed by the enzymatic method recommended

by Wada et g;.l6>, Sakamotol7), and Snell §£_§1.18) The re-
action mixture consisting of the original or diluted extract 1

ml, 0.02 M EDTA 0.5 ml and the enzyme sclution 1.5 ml was
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allowed to stand for 10 min at 3700. The reaction was started
by the addition of 0.01 M L-tryptophan solution 0.5 ml, which
was preheated to 3700, and was stopped with additicn of 30 %
trichloroacetic acid 0.5 ml after incubation at 37OC for 30 min.
The reaction mixture was shaken vigorously with 5 ml of

toluene for 5 min to extract indole formed. One mililiter of
this toluene extract was pipetted out, allowed to stand for

20 min at room temperature after addition of 0.5 ml of 5.0 %
p~dimethylaminobenzaldehyde in ethanol and 5 ml of 4 (v/v) %
stO4 in ethanol, and then medsured the optical density at

570 mu. The calibration curve was prepared using authentic

pyridoxal phosphate by the method mentioned above.

2.7. Paper chromatography, paper ionophoresis and bioauto-
graphy

Paper chromatography was done by an ascending technique
on Toyo Roshi No. 50 paper using Solvent A (gggifbutahol—di—
ethylamine-water-acetone 40:5:20:35) and water-saturated n-
butanol as the developing solvents. Paper ionophoresis was
carried out in 0.1 M acetate buffer, pH 5.2, at 500 V for 2
hrs. B6—vitamers on the developed paper were detected by the

biocautographic technique using Saccharomyces carlsbergensis

CATCC 4228 and Lactobacillus casei ATCC 7469 as the test

~33-



organisms.

2.8, Purification of vitamin B6 by phenol.

The hydrolyzate prepared as mentioned above was ext-
racted with 85 % phenoi. To this phenol layer, diethyl ether
was added and the resulting water layer was used as a purified

sample.

2.9. Separation of three types of vitamin B6

The culture filtrate concentrated in vacuo was chromato-
graphed on a paper using water-saturated n-butancl as a
developer, and each B6_Vitamer was extracted with water from
this chromatogram. RKach extract was rechromatographed with
Solvent A, and the zones showing activity to the test organism
and a positive result om Gibbs test were extracted with water,
and the extract was subjected to further purification by paper

ionophoresis.
3. Results and discussion

3.1. Growth and vitamin B6 productivity of yeast on hydro-

carbon

The growth and the vitamin B6 productivity were investi-
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gated in a hydrocarbon medium using various kinds of yeast.
The strains used were gifted from the Institute for Applied
Microbiology, the University of Tokyo, the lnstitute for
Fermentation, Osaka, and the Department of Fermentation
Technology, Osaka University, or isolated from the natural

sources. Ag shown in Table 3, although Candida albicans,

Candida tropicalis, Candida lipolytica and YH 101-C-1 grew

well on n-hexadecane, Candida albicans only produced a relative-

ly large amount of vitamin B6‘ Hence, we used this yeast in

the following study.

3.2. Effects of medium constituents on growth and vitanmin

productivity of Candida albicans

3.2.1. Hydrocarbon

Under the cultural condition employed, n-hexadecane
and n-octadecane were good carbon sources, but kerosene and
light oil were hardly utilized (Table 4).
3.2.2. Nitrogen source

Nitrogen source is an important factor for the growth
of microorganisms because of its utilizability and the
variation of pH attributed to the residual anion. Therefore,
various nitrogen compounds were added to the medium shown

in Table 1 with exception of NH4N03, at the concentration

~B5



Table 3. Growth and vitamin Bg production by several yeast in
a hydrocarbon medium (Shaking culture).

Cell yield Total vit. Bg produced’

Teast (g dry wt./1) (ug/1) (ug/g dry cell)
Candida albicans IFO 0583 2.78 368 132
Candida lipolytica IFO 0717 1.46 120 82
Candida rugosa IFO 0591 0.74 37 50
Candida tropicalis IFO 0589 2.63 51 19
Candida utilis IFO 061¢ 0.23 34 148
YH 101 C1 (isolated from soil) 2.8% 48 17
Rhodotorula rubra IFQ Q382 0.17 27 158
Hansenula anomala IFQ 0127 0.29 34 117

Cultivation was carried out on a rotary sheker (220 rpm) for
7 days at 30°C.

Table 4. Growth of C. albicans on various hydrocarbons.

Hydrocarbon Amts. added /Cell yield
(g or mi/1) (g dry wt./1)
n-Hexadecane . 10 ml 3.14
Cetyl alcohol 10 g 2,06
n-Octadecane 0" 2.30
Stearyl alcohol 10" 0.64
Stearic acid | o 0.60 .
Paraffin (mp. 42-44°C) 10 " 0.52
Wax 0 " 0.42
Kerosene 10 ml 0.18
Light oil 10 " 0.24
Cultural conditions were the same :: those in Table 3.
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of 0.2 énd 0.5 %, respectively. As shown in Table 5, the
yeast grew well at the higher cogcentration of nitrogen source
except casamino acid. Most suitable nitrogen compound was
(NH4>H2PO4 for the growth rate and cell yield of this yeast
(Fig. 1), but for vitamin production, especially pyridoxal
formation, NH4NO3 was most excellent (Table 5). With. the
addition of casamino acid or urea, the yeast showed a two-
step growth (Fig. 1). This phenomenon would be explained by
considering that these compounds were consumed as a carbon
source at the initial stage of the fermentation and afterward
the carbon of hydrocarbon substrate was utilized.

%.2.3%3. Natural nutrient

Although Candida albicans did not seem to require any

special organic compound for its growth, we expected a effect
of some natural nutrient on the vitamin production in the
hydrocarbon medium without any organi¢ nitrogen or natural
nutrients. The yeast growih was stimulated by the addition

of corn steep liquor or yeast extract as seen in Fig. 2, while
the vitamin production was increased by the addition of corn
steep liquor or casamiqo acid (Table 6). From these results)
we used corn steep liguor as the additive to the hydrocarbon
mediunm.

3.2.4. Detergent

B
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Cultivation was carried out at 309 on a rotary shaker (220 rpm)
The conc. of casamino acid was O.2%{w/v)and the cone. of other
nitrogen compounds were 0.5%. ‘

Table 5. BEffect of nitrogen sources on the yeast growth and
vitanin Bg production in a hydrocarbon medium.
Nitrogen Aimts.added Cell yield Total vit. Bg  PilL pr ducéd
__source (w/v %) (o dry wt/1) produced. (pe/1) (pe/1
NH4NO3 G.2 0.92 - -
0.5 3.19 473 173
(NH4)H2PO4 0.2 2.0% - -
0.5 3.93 267 72
(NHg) 2504 0.2 0.47 - -
' 0.5 2.85 201 88
(NHg ) »CO 0.2 0.46 - -
& 2 0.5 0.62 27 12
NH4C1 0.2 0.54 - -
0.5 3.06 2477 89
(NH,)2C0 0.2 1.23 - -
0.5 2.16 111 32
Casamino 0.2 3.73 177 88
acid 0.5 2.0% - -

Cultivation was carried ocut on a rotary shaker (220 rpm) for 7
days at 300C with 500 ml flask containing 50 ml medium.
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Fig.Z. BEffect of natural nutrients on the growth of C.albicans.

Cultivation was carried out at 30°9C on a rotary shaker (220 rpm).

Table 6. Effect of natural nutrients on the yeast growth and
vitamin Bg production.

Natural Amts.added Cell yield Total vit. Bg PAL produced
nutrients (mg/1) (g dry wt./1) produced(ug/1) (ug/1)
No additicn - 2.00 352 121
Corn steeyp 100 1.93 - -
ligquor 1000 3.09 464 150
Yeast extract 100 1.93 - C -
1000 2.87 293 107
Malt extract 100 1.97 170 99
1000 1.90 - -
Fish extract 100 1.49 276 87
1000 1.40 - -
Pertone 100 1.33 54 40
1000 0.65 - -
Casamino 100 2.20 408 151
acid 1000 1.98 - -

Cultural conditions were the same as those in Table 5.



It was expected that a surface detergent would stimu-
late the emulsification of a hydrocarbon and would increase
the growth rate of the yeast as the result. Hence, we
investigated the effect of non-ionic detergent and found

out that most of them were effective to the growth and vitamin

B6 productivity of Candida albicans. Especialiy, Tween 85
and Span 60 were superior to both purposes, as seen in Table

7.

%.%. Effect of aeration or agitation
Utilization of hydrocarbons by microorganisms was usually .
performed under aerobic conditions, znd so the effect of
aeration or agitation on the vitamin production by this yeast
was investigated by varying the volume of medium in 500~-ml
shaking flasks. As the volume of medium in the flagk was
small, that is the aeration was large, the cell yield as well
es the vitamin production was enhanced. No growth was seen
in a flask contzining more than 100 ml of medium. But the
vitamin productivity of unit cell mass was nearly the same
below 75 ml of medium, ass shown in Table 8. Thus, it appears
necessary to increase the cell yield in order to produce a
larger amount of vitamin B6 in hydrccarbon fermentation.

From the éomparative study on the media with or without a
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Table 7. BEffect of detergents on vitamin B6 production

Anmts. added  Cell yield  Total vit. B6 PAL produced

Detergent
(mg or 41/1) (g/1) produced(ug/1)  (zg/1)

Tween 20 4 ul 2.42 552 308
Tween 40 | 4 nl 2.45 650 271
Tween 60 4 #1 2.42 658 269
Tween 80 4 1 2.34 322 208
Tween 85 40 11 3.24 972 184
Span 20 41l 2.78 504 320
Span 40 4 mg 2.82 608 267
Span 60 4 mg 2.85 G916 397
Span 80 4 41 2.67 530 289
None 0 2.72 386 230

Cultural conditions were the same as those in Table 5.

detergent, it was shown that the emulsification of hydrccarbons,
rather than the supply of oxygen, was more important factor
for the growth of this yeast under the cultural condition used.

- That is, the agitation was the limiting factor for the growth.

3.4. Time course of vitamin B6 production by Candida albicans
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This section deals with a comparative study on time course
changes in vitamin B6 production, distribution of the vitamin

between the cells and the culture filtrate, and the ratio of

pyridoxal to total forms of vitamin B6 when Candids albicans
was cultured on hydrocarbon media and glucose med}a. The
results obtained were summarized in Tabie 9.

2.4.1. Variation of amount of total vitamin Bé

In the glucose media, the amount of vitamin B6 produced
incressed along with the yeast growth till the cell yield
reached its maximum, then decreased rapidly during the
stationary growth phase. In thie case, intracellular vitamin
reduced suddenly at the stationary phase, but extracellular
one did not decrease even at this phase of cultivation. Thé
results suggested that the biosynthesis and the excretion
would occur simultaneously before the stationary phase and
that at the stationary phase, the intracellular vitamin would
be excreted from the cells intco the culture filtrate and be
degraded at this place.

On the other hand, the total amount of vitamin B6
produced in hydrocarbon media slso increased along with the
yeast growth but did not decrease during the stationery phase.
Extracellular viteamin rather increused at this phase, and this

result suggested that vitamin synthesis and excretion would

—h 2w



Table 8. Relationship between oxygen suprly and vitemin Bg production by C. albicans.

Amt. of wmedium Kd Cell yield Vit. Bg produced
in 500 ml flask -6 _ in total broth per vnit cell
dry wt. A
(m1) (x107%) (g dry wt./1) (eg/1) (ng/g dry cell)
25 7.4 3.13% 500 160
50 5.2 2.78 368 1%2
75 4.0 : 2.33 339 146

100 5.8 0.25 0 6]
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Table 9. Time course of vitamin By production by C. albicans in a hydrocarbon medium or
in glucose media.
Medi Hvdy b edium ! Gluqose medium Glucose medium
eaiun wyerocarbon meal (5% slucose) (1.65% glucose)
10
Cultivation time (days) 2 3 5 6 7 8 1 2 3 5 .y 1 2 3
Cell yield (g dry wt./1){ 0.37 0.38 0.39 2.55 2.78 2.77 8.30 10.9 11.3 10.7|3.66 5.65 6.10 6.00
Vitamin B6 produced
in total cells (ug/1)
total B6 21 23 32 60 70 78] 100 428 228 57| 189 292 245 220
PAL 17 18 20 %2 48 44) 81 396 167 19] ...
in supernatant (ug/1)
total B6 trace trace trace 111 147 256] 49 492 1000 1000! 101 281 481 577
PAL " " " 78 105 120] 40 272 458 393
Sum (ne/1) ‘
total B6 21 23 32 172 217 334 149 920 1228 1057! 290 573 726 799
PAL 17 18 20 110 153 164 121 608 625 412
Amts. produced per unit
wt. cell (ﬂg/g)
total B6 56.7 60.5 82.1 23.5 25.2 28.2|12.0 30.2.20.1 5.3{51.6 51.7 40.1 36.7
PAL 45.9 47.4 51.35 12.5 17.3 15.9; 6.8 36.3 14.8 1.
Distribution of
in supernatant/in cell
total B6 - - - 1.85 2.1 3.310.49 1.2 4.4 17.6(0.54 0,96 1.9¢ 2.62
PAL - - - 2.4 2.2 2.70.49 0.7 2.7 20.7
Ratio of PAL/total B 80 78 63 64 67 49 79 73 51 39 - - - -

6

. not assayed

- not calculated
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. Table 10. Time course of vitamin 86 production by C. albicansg in a hexadecane-medium.

Cultivation time (days) 2 3 4 5 & 7 8
Cell yield (g dry cell/1) 0.41 5,00 3.96 3,86 3.39 5,34 3.54
pH of broth 5.2 2.6 2.1 2.3 2.4 2.1 2.1

Vitamin B6 produced

in cells (ug/1) Total B, 51 157 151 151 55 20 51
PATL 40 ag 102 92 28 16 16
PAL-P - 86 82 74 26 13 11
In supernatant Totel B, 53 133 241 359 368 A5 553
1
(ne/1) PAL 16 92 118 63 54 56 77
PAL-P - 76 81 64 79 55 £2
Total (ug/1) Total By 104 290 352 510 443 479 604
PAL 56 190 220 185 122 102 9%
PAL-P - 162 16% 1%8 105 68 7%
Vit. B6 per cells Total B6 254 97 49 132 171 143 171
(ug/g dry cell) PAL 137 £3 56 48 36 31 26
PAL-P - 54 41 36 31 20 20
Distribution of vit. Totsl By 1.04 0.85 1.60 3,38 8.05 23.95 10.81
B, in supernatant PAL C.40 0.94 1.16 1.01 3.36 5,38 4.81
in cells PAL-P - 0.88 0.99 0.91 3.04 4,23 5.64
Percentage of PAL to total BF% 54 66 56 36 28 21 15
Percentage of PAL-P to PAL% - 85 74 74 86 a7 78

. . N oL ;,6‘ . - . i - .
Cultivation was carried out at 30°C using 2 10 l-jer fermentor coatsiming 5 1 of medium

. , o
and arn ferstion rate was 10 1/min., The PAL-P contents in the samples were assayed

enzyzatically using apotryptophansse after extrscticn with hot watér.,
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continue even at the stationary phase and that the apparent
amount of the intracellular vitamin would be retained at a
definite level for relatively long cultivation period.

This difference between the glucose and the hydrocarbon
media may be attribute to the difference of the assimilation
rates of the carbon source, especially the degradation rates
of the metabolic intermediates of the carbon substrates; that
is, higher alcochol or higher fatty acid produced as metabolic
intermediate of hydrocarbon may serve as a carbon source of the
vitamin synthesis.

3.4.2. Variation of amount of pyridoxal produced

In the glucose medium, the amount of total pyridoxal
formed falled off slightly at the stationary phase. This was
arised from the decrease of intracellular pyridoxal, since
extracellular one showed only a 1little reduction. The varia-
tion of pyridoxal was relatively in concert with that of total
vitamin B6’ excepted that the amount of pyridoxal reached to
the maximum in two days' cultivation.

On the other hand, the amount of total pyridoxal produced
in the hydrocarbon medium was slightly increasing even on the
eighth day of cultivation, but intracellular one began to fall
off at this time. Similar to the case of total vitamin B

6,

pyridoxal formed in hydrocsrbon fermentation retzined in the
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yeast cells for longer period than in glucqse fermentation.
3.4.3. Veriation of ratio of pyridoxal to total vitamin B6

In glucose gedium, the ratio of pyridoxal to fotal vitamin
was 73 % on the second déy, but decreased to 51 % on the third
day when the cell yield reached to the maximum, and then
falled off rapidly. On the other hand, this ratio was 067 %,
on the seventh day when the yeast showed the maximal yield,
followed by éhe decrease, in the hydrocarbon medium.

The decrease of the ratio of pyridoxal to total vitamin
was resulted from the change of pyridoxal phosphate, which
participated as the coenzyme of various amino acid metabolism
in the organism, intc pyridoxamine or pyridoxine.

3.4.4. Relation between cell growth and vitamin B6 production

As mentioned above, the zrowth rate and the cell yield
were rather smaller in the hydrocarbon medium, but the amount
of vitamin produced per unit cells was almost constantly 110~
120 xtg/g dry cells at the meximal growth in either medium
used. From thig fact, we can conclude that it will be most
important factor for the vitamin B6 production to stimulate

the yeast growth.

3.5. Vitamin B6 production in aerated culture

The cultivation of Candide albicans was carried out in
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a 10-1 jar fermentor containing 5 1 of the hydrocarbon medium
supplemented with 20 mg of Span 60. As shown in Table 10 and
Fig. 3, the contents of total vitemin B6, pyridoxal and
pyridoxal phosphate in the yeast cells were sustained at their
maximal levels from third to fifth day of cultivation, although
the celi yield reached to the maximum orn the fourth dsy. This
- phonomenon was one of the characteristics of the hydrocarbon-
grown cells and would be attributed to the essimilation rate
of the carbon substrate or its permesbility of cell nembrane.
Total vitamin in the culture filtrate increased till eighth
day when the yeast showed no more growth. The amounts of
pyridoxal and its phosphate estér in the supernatant were
nearly constant during the stationary phase of growth, and
this fact suggested that pyridoxal phosphate formed in the
yeast cells would be excreted into the culture filtrate
followed by the degradation into its free form and then to

other forms.
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3.6. Types of vitamin B6 produced in shaking culture
%.6.1. Cultivation on glucose

The types of vifamin B6 produced in the glucose medium
vere investigated using one day's éulture when the vitamin
was being accumulating and the three days' culture when the
vitamin was being excreting. In the cells of cne day's
culture pyridoxal and pyridoxamine were detected as the free
forms, but pyridoxine was found in neither free form ncr its
phosphate ester form as shown in Fig. 4. In three days'
culture, pyridoxamine only was detected as free form, while
pyridoxal and pyridoxine existed as their coenzyme forms in
the cells. On the contrary, the three types were all detected
as free forms in the supernsztant and the activity of pyridoxine
was largest. Although the activity of pyridoxal incressed
after hydrolysis, the excretion of pyridoxal phosphate was
not yet confirmed about the glucose-grown Candida cells.
3.6.2. Cultivation on hydrocarbon

The types of vitamin B6 produced in the hydrocarbon
pedium were investigated using five days' culture which was
growing exponentially and seven days' one which was in the
stationary phase of growth.

In the cells of either culture phase, pyridoxal and

pyridoxamine were detected zs both fres formes and ester
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forms, but pyridoxine existed only as phosphate ester (Fig. 5).

In the supernatants, although pyridoxamine was detected as both

forms, pyridoxine was not detected. The active zone correspond-
ing to pyridoxal on the paper ionophoresis was rather larger

when assayed by Saccharomyces carlsbergensis (for all free

forms) than when biocautographed using Lactobacillug cased

(for pyridoxal only). This fact suggested that the zone
corresponding to pyridoxal would be including other B6—vitamer,
pyridoxine, and that this phenomencn would be attributed to the
contamination of & certein impurity occured in the supernatant.
The existence of the impurity was confirmed when the various
samples from Lhe supernatant were chromatographed on a paper,
a8 seen in Fig. 6, This impurity interacted with pyridoxal
and pyridoxine, and their R_ values were lowered as the result.

f
Th

]

active zones conteining both vitemin were purified into
individual components by mecans of paper chromatography and
paper ionophoresis, and the identificsticn of each vitamin

was summarized in Table 11. From this result, it was confirmed
that pyridoxine and pyridoxal, as well as pyridoxamine, were
included in the culture filtrste of the hydrocarbon media as
the free forms.

In Fig. 7, the absorption spectra of purified pyridoxine

were shown under the acidie, neutrsl and basic conditions.
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Fig.6. Biocautogram of vitamin Bg produced by C.albicans in
hexadecone medium.

Solvent: water saturated n-butancl
Test organism: Sacch. carlshergensis 4228
Sample 1: Concentrated cultured supernatant
2: Hydrolysate cof 1
%: Phenol-purificate of 1
3+PAL¥ 200 fold PAL was =dded to 3, and detected by fluorestcence.
A: fluorescent substance(s) in the broth.
B: PAL

Table 11. Hf and Rppy values of vitamin Bg produced by C.
albicons in a hexadecane medlum.

Rf value on paper chromatogram Rpam value on
wWate a P . an \ ¥ % paper
Water satd. butanol  Solvent A eloctrophoresis®
Authentic PAL 0.59 0.78 0.20
PAM 0.09 0.69 1.00
PIN 0.62 0.50 0.52
1 0.07,0.17~0.46 0.45~0.69 -0.10~0.25,1.00
4 0.09 0.71 1.00
5 0.60 0.50,0.81,0.95 0.20,0.52
5+PAL 0.60 0.50,0.81,0.95 0.20,0.5

Rf and Rppm values were the results of bioautograms using Sacch.

cerlsbergensis.

* Paper electrophcresis was carried out in 0.1M acetate buffer, pHE5.2

**Solvent A: t-butanol-diethylamine-water-acetone (40:5:20:35).

Sarple 1: Concentrated cultured supernatent (7 day's).

Sample 4: Lower vitamin Bg substance of sample 1 developed with water
satd. n-~butanol.

Sample 5: Upper Vitamin Bg substance of sample 1 developed with water
satd. n-butanol. -51~




These were good agreed with those of the authentic one. Other

vitamers could not be completely serarated from s contaminent.

]
(o]
=
@
Q
&
@]
3y
-

; : H i ;. ‘:“”Nﬁ;‘r i

240 260 280 300 320 340

Wavelength (mu)
Fig. 7. Ultra-violet absorption spectra of pyri-

doxine obtained from cultured broth of C.
albicans. '

The spectra were measured in neutral (———),
acidic (— ———), and basgic (...) conditions.
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3,7. Production of vitamin B6 by other organisms
“Vitamin B6 productivity of other microorganisms were
investigated uging hydrocarbon media. Some molds including

Aspergillus niger, Cladosporium resinae, Penicillium chryso-

genum and Penicillium notatum, and an unidentified bacterium,

No. 4313, produced relatively large amount of vitamin B6 com—

parable with that of Candida albicens, as shown in Table 12

and 13. The vitamin contents of other organisms tested were
rather smaller, although they showed fairly good growth on

n-hexadecane.

Table 12. Vitamin B6 production by bacteria

Vit. B, produced

Bacterium (jg/l)
Corynebacterium simplex 96
Mycobacterium smegnatis 216
Nocardia corszllinag 31
Nocardis gardoneri 117
Nocardia lutes 41
No. 4313 429

Bacteria were cultured on n-hexsdecane with shaking for

7 to 9 days.
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Table

1%, Vitamin B6 production by molds

Vit. B6 produced

Mold
(#g/l)
Aspérgillas flavus 7
Aspergillus fumigsatus 42
Aspergillus niger 383
Aspergillus cryzae 10
Aspergillus terreus 52
Cladosporium resinae 367
Fugarium moniliforme 55
Fusarium oxysporunm 41
Pusarium solani 44
Penicillium chrysocgenunm 365
Penicillium notatum 3753
MH 201 5

Molds werc cultured stotically on

days.

n-hexadecane vor 14



4. Summary

The growth ability and the vitamin B6 productivity of
various microorganisms were investigated using n-hexadecane
as a sole carbon source. From the results obtained, a yeast,

Candide albicansg was chosen as the test organism, and was

studied on the vitamin B6 productivity under the various
cultural conditions. This yeast could grow well on n-hexadecane
and n-octadecane, but could not on kerosene or light oil. The
vitamin production was stimulated by the addition of corn

steep liquor and a certain detergent upto 1 mg per liter,

The growth rate, cell yield and vitamin production in the
hydrocarbon medium were rather smeller than those in the
glucose medium, but the specific content of the vitamin in

the cells was about 100-120 #g/g dry cells in either medium.
The yeast grown in the hydroccesrbon medium retained the vitamin
within their cells for s longer pericd than that grown in the
glucose medium. This is the one of the choracteristics of
hydrcecarbon fermentation. Another chsracteristics of hydrocar-
bon-grown cells was the excretion of pyridoxal phosphate into
the culture filtrate. The formation of vitemin B6’ especially
of pyridoxal phosphate, continued after the maximal cell

growth followed by the excretion of this vitamin in the

supernztant even at the rather late culture phase.
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The types of vitamin B6 produced in the both media were

nearly same when being detected by paper chromatography and

raper lonophoresis followed by biocautography.

5. Chemical structures and abbreviations of B, -vitamers

CHO

HO- C~CIL,0H
CH,-C C
3 \\ Y
N
Pyridoxal
(PAL)

Pyridoxamine
(patr)
T
?HZOJ
C
N
HO~C//

CH,-C C
SN
\\N

Pyridoxine

(PIN)

C-CHZOH
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CHO
¢
HO—Cé¢ \\ﬁ

CH_.-C &

—CHZOPOBH2

Pyridoxal phosphate
(PAL-P)

T{ - o I8 3
HO C CH20P03H2

CH., ~
3 N\ S
N
Pyridoxamine phosphate

(PaM-P)

CHQOH

Pyridoxine phosphate
(PIN-P)
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part 1I. Production of cytochrome ¢ by yeasts in hydrocarbon

fermentation

Chapter 1. Production of yeast cells from hydrocarbon

1. Introduction

The production of microbial cells, useful cell materials
or metabolites from hydrocarbons is one of the most up-to-
date problem in the field of fermentation technology. ‘The
production of cytochrome ¢, which is an important respiratory
enzyme and can be used for medicine, is an interesting object
gince the assimilation of hydrocarbons by microorganiems is
carried out under aerobic condition. The productivity of
cytochrome ¢ by yeast was supposed to be concerted with the
cell growth, and therefore, we investigated the yeast growth
on n-hexadecane at first.

In this chapter, the effect of medium constituent, pH
cf culture medium, and zcration degree on the growth of

Candida slbicans were dealt.

2. BEBxperimental procedure

2.1. Microorganism

50—



The organism used in this study was Candida albicans

Berkhout IFQO 0583. This yeast was maintained on malt

extract-agar slant.

2.2. Cultivation method
Bach 500-ml shaking flask contained 100 ml of medium as
shown in Table 1. Other cultural conditions were same as those

in Part I.

2.3. Determination of cell yield

Determination of cell yield was carried out as follows;
1 ml of cultured broth was centrifuged and then washed with
n-hexane and water, successively, and suspended into 25 ml
of water then measured by optical density at 570 ma , end
dry cell yield was determined from the calibration curve
gshown in Fig. 1.

Other experimental conditions were shown in the results,

respectively.

3. Results

3.1. BEffect of various carbon sources on cell yield

As mentioned in Part I, Candida slbicans could assimi-
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Table 1. Compouition of hydrocarbon medium used.

NH4NO= 5.0 g

KHpPO4 2.5 g

MgS04 - TH2O ' 1.0 g

FeClz-6Hp0 0.02 g
Corn steep liquor 1.0 g

Tween 85 0.2 ml
n-Hexadecane 10.0 ml
Tap water 1000 ml
pH 5.2-5.4

¥ T H "/
12 + ‘/g B
P
lo e //( -
S a -
42
.,-] y
a
& 4T . i
—~
fav
o 24 -
-
4o
o
© i 2 i 3 J
) 2.0 4.0 6.0 8.0

g.dry cells/1.

Fig. 1. Calibration curve of dry cell yield.

Optical density was measured at 570 me.
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late n-hexadecane snd n-octadecane, as a sole carbon source,

but hardly hydroccarbon mixtures, such as kerosene, light oil,
paraffin and wax. The ability of this organism to assimilate
n-alkanes of ClO—2O and their mixtures was described in Part V.
2.2. bLffect of detergent.

By addition of detergent into medium, emulsification
of hydrocarbon will occur and be stabilized, and subsequently,
the contact surfuce of hydrocarbon with cells will increase. and
the growth rate of yeast will be stimulated. In Part I, we
described that some non-ionic detergents, such s Tween 85 and
Span 60, stimulated the rate of growth but did not affect the
final cell yield. In this experiment, we used Tween 85 and
investigated its effect on the fermentation period of Candida
slbicang, Ag shown in Fig. 24, =as the concentration of
detergent incressed, the period of cultivation was shortened.
Cell yield was not affected, but when high concentration of

tween 85 was added, ye

o

st cells autolyzed vigorously after

the maximunm growth. To obtain the theoretical minimal fermen-
tation period, the amcunt of Tween 85 added vs. the fermentation
veriod were plotted reciprocally. As shown in Fig. 2B, the
relation between these twe reciprocals was linear, and ex-

pressed by the following equation;
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100 X
25 + 0.95 X

T = 140 -

Where,

T the fermentation period (hr)

it

X = amount of Tween 85 added (;Li/l of medium)

The theoretical mirimal fermentation period was calculated
as 35 hrs under the experimental condition used when Tween 85
would be added by infinite amount. Herefrom, we used 200
ﬂl/l of Tween 85 in the subsequent experiments, since the
addition of this amount of detergent reduced the fermentation
period to about 40 hrs, greatly shorter than in the case of
no addition (140 hrs). Further additicn of detergent would

stimulate autolysis of yeast cells.

3.3, Effect of zeration

Fermentation of hydrocarbons which regquires vigcrous
aeration will be affected by the amount of oxygen dissolved
or supplied into culture broth. However, from the view of
biochemical engineering, one hopes that the rate of aeration
and agitation are as little as possible.

We examined the effects of aeration and agitation by
arying the amounts of medium in 500-ml shaking flasks from

25 to 150 ml, with =2nd without Tween 85. Without Tween 85,
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period. ’

Curve A: relation between concentration of Tween 85 and
fermentetion period.
Curve B: resciprocal relation between concentration of Tween 85
and fermentation period, where, X=concentration of
Tween 85 (;&/1) and T=fermentation period (hr).
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effect of aeration and agitation were remarkable, and no growth
was observed with a flask containing 100 ml of medium. But,
with Tween 85, this effect of seration and agitation was not
observed obviously (Fig. 3). This suggested that emulsifica-
tion of hydrocarbons rather than the rate of aeration would
act as cne of the regulators of Candidal growth. Even though
Tween 85 was added, however, growth of Candida sp. was inhibited
slightly when above 150 ml of medium was used in a flask,
because of inevailabilitiy of oxygen or low emulsification, as
seen in Fig. 3.

We could not investigate the effect of zeration alone
separately from emulsification, but these two factors are
important and interesting to elucidate the kinetics of

hydrocarbon fermentation.

3.4. Effect of inoculum size

Provided that the final cell concentration or net cell
yield would be constant, the larger the inoculum size is, the
more the fermentation period wilil be shortened. In this
experiment, we attempted to determine the optimum inoculun
size as small as possible without retardation of fermentation
period and decrease of cell yield.

As shown in Table 2, when the inoculum sigze were 170-1020
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mg/l, net cell yields were 3%.4-4.0 g dry wt./l and the fermen-
tation periods were 40 = 5 hrs. Although the effect of
inoculum size was not observed blearly, a reciprocal relation-
ship was observed between the inoculum size and the lag phase
of growth. This will become an important factor to produce
yveast cell mass using a continuous process in industrial scale,
From the result of Table 2, we decided the coptimum inoculum

size to be 200 mg dry cells/1.

Table 2. Effect of inoculum size on the fermentation periocd
of C. albicans on hydrocarbon medium.

Incuvation Inoculum size (mg dry wt./l)
time
(hr) 85 170 340 680 1020

Cell yield (g dry wt./l)

7.0 - 0.45 0.88 1.81 2.41
11.0 0.40 0.68 1.54 2.45 2.96
16.0 - - 2.30 3.15 3.61
25.0 1.95 2.60 3.46 3.97 4.56
35.0 2.47 3.29 3.69 4.49 5.09
41.0 2.97 3.39 3.70 - -
47.0 2.96 3.65 3.84 4.58 4.96

Cultivation was carried out on a rotary shaker (220 rpm)

at 30°C.

-



3.,5. Effects of concentration of carbon source and the
ratio of carbon to nitrogen

It has been said that high concentration of water-soluble
substrate inhibited micrcbial growth by influencing the
osmotic pressure, while water-insoluble substrate such as
hydrocarbon did not influence the growth rate. We expected
that a high concentration of n-~-hexadecane would increase the
interfacial area of hydrocarbon with yeast cells and subse-
quently enhance the cell yield and shorten the fermentation
period. Concentration of n-hexadecane were varied from 0.5
to 4.0 %, and other constituents of the medium used were
same as those in Table 1. The results shown in Table 3
indicate that the growth of cells is limited by other factors
rather than the concentration of n-hexadecane, since the
growth rate was not affected by the concentration of substrate
up to 2.0 % but the assimilation percentage of substrate was
gréatly decreased from 89.4 to 13.5 %. when 4.0 % of substrate
Wés used, decreased cell-yield and comparative long lag phase
were cobserved. And so, we examined the effect of the carbon-
nitrogen (C/N) ratio on the cell yield (Table 4). The result
shows that it is necessary to maintain an adequate C/N ratio

or constant pH.
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Table 7. Bffect of n-hexadecane concentration on Candidal growt)

Concn. of . . L .
: . Permentation Cell yield Assimilatio
Ef?i;;gicanc C/N Ratio period(hr) (g dry wt./1) ratio (%)
/9
.5 3.8 26~33 2.94 89.4
e 7.5 41-49 3.86 58.7
2.0 15.0 41-49 4.06 30.8
4.0 30.1 49 3.65 13.5

. . . ] o 20
Cul-ivation was carried out on a rotary shaker (240 rpm) at 307(

Table 4. Effect of carbon/nitrogen ratio on the growth of
C. albicans.

Conen. of ; .

(S . . Fermentation  Cell yield dssimilatior

h?g;?; G/t ratio period(hr) (g dry wt./1) ratio (%)
1.0 37.6 49 3.16 48.0
2.5 15.0 49-57 3.76 57.1
5.0 1.5 49=-57 4.15 63.1
10.0 3.8 - 49-70 4.75 72.1

15.0 2.5 70 4.73 71.9

Cultivation was carried out on a rotary shaker (220 rpm)

at 30°C. Concentration of n-hexadecane was 1.0 v/v%.
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3.6, Bffect of pH on growth rate of Candida albicans

As mentioned sbove, the growth rate of the yeast was

affected by the concentration of NH4N03, particularly of

NH4+ ion, or by pH of culture broth. When Candida albicans

was cultured on the medium shown in Table 1, pH of broth

slightly increased at the lag phase of growth, and then
dropped suddenly to 2.i—2.2. At this pH, yeast growth was
inhibited end substrate could not be assimilated ccmpletely.
pH of broth dropped according as the consunption of ammonium
icn, and so pH of broth was msintained constantly at 5.2-5.4

by adding NH,CH. As shown in Fig. 4, growth rate and cell

4
yield increased fairly by additicn of NH4OH. Although the
crowth rate diminished temporarily immediately after the addi-
tion of NH4OH, soon after this lag phasze cells grew exponential-
1y until pH of broth dropped to 2.2 (Fig. 5). In this manner

b

we obtained the assimilation ratio of 80.5 % at the concentra-

tion of 1 %>gfhoxadecane, whereas no addition of NH OH, the

4

assimilation ratio was 56.1 %.

4. Discussion

Johnson suggested that oxygen supply was a rate limiting
factor on the growth of microorganisms in hydrocarbon fermen-—
1)

tation On the contrary, Blakebrough suggested that
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emulsification of hydrocarbons rather than oxygen supply was
rate-limiting using several fermentation equipmentZ).

But reduced aeration below critical demand ¢f oxygen

has influences on the growth rate of Candidas albicans.

Johnson1> also suggested that the growth rate was severely
influenced by oxygen-~supply during the later part of the
growth period because of reduction of dissolved oxygen. We
observed that pH of the medium was rather limiting during
this period of growth when a detergent was addedg).

Yeast could grow a relatively low pH compared with bacteria,
but st an extrémely low pH region the growth activity of the
yeast was reduced and then growth rate would be lowered.

And by addition of NH * ion, the growth rate was maintained

4
constantly with the same oxygen-supply. We concluded that
emulsification of hydrocarbons and maintenance of constant

pH were important limiting-factors for Candidal growth on

hydrocarbons.

5. Summary
During the course of the studies on the ability of
hydrocarbon utilization and cytochrome ¢ production of yeast,

we found out that Candida albicans was useful for these

purposes. Then, we investigated the effects of medium
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constituents, pH of culture medium, and aeration on cell

yield of Candida albicans in this chapter.

Addition of corn steep liguor and a detergent, Tween 85,
shortened the period of fermentation. Maintenance of pH at
5.2-5.4 increased the cell yield. The effect of inoculum size
was not obvious. The effect of aeration was observed in the
absence of the detergent, but not in the presence of the

detergent, under the conditions tested.

[6)}
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Chapter 2. Production of cytochrome ¢ by Candida albicans

1. Introduction
It has been observed that oxidative degradation of
hydrocarbons by microorganisms is carried out under more

1).

aserobic conditions than thst of carbohydrate Hence our
attention was called to the question whether the yeasts grown
on hydrocarbons as a sole carbon source would produce a large
amount of respiratery enzymes, especially cytochrome c. In
this study we investigated the ability of hydrocarbon utiliza-

tion and cytochrome ¢ productivity of several kinds of yeasts,

and found out that Candida albicans was suitable for both

purposes.

Oxygen-upteke of Candida albicans was inhibited by

addition of sodium azide, and this suggested that the
respiration ¢f this yeast would proceed via an electron
transport system including at lesst cytochromes 2 and aB.
Also, we could detect cytochromes &, b, and ¢ in reduced
intact cells spectrophotometrically by the opal-glass methed
of Shibata2).

e also attempted to study on the relation among growth

rate, cytochrome c¢ content, and respiratory activity, and

to use the cytochrome ¢ content as an index of growth activity



of cells. The fesults obtained showed that the growth activity
of the yeast correlated apparently with the cytochrome ¢
content.

Under the cultural conditions used, we obtained a
maximal cytochrome c content of 1.5 ng per g dry cells of

Candida albicans.

2. Experimental procedure

2.1. Microorganism
The organism wmainly used in this study was Candida

albicans Berkhout IFO 0583.

2.2+ Determination of cytochrome ¢ content
2.2.1. Bxtroction of cytochrome ¢ with CTAB (cetyltriﬁ
methylammonium bromide)

Cytochrome c of yeast was extracted with CTAB according
tc the method of Ohbayashi3>. Intact cell suspension
(containing 50-60 mg dry cells/ml) was adjusted to pH 3.5
with 1 N acetic acid, added with CTAB (50-60 ug/mg dry cells),
kept at 400 for 4% min, =and centrifuged. Sedimented cells were

resuspended to the same volume of 0.05 M of phosphate buffer,

pH 8.3, kept at 57°C for 4 hrs, and then centrifuged. Super-

~T74~



patant obtained by this treatment contained cytochrome c,
2.2.2. BEstimation of cytochrome c
Reduction of cytochrome ¢ in the supernatant was

performed by addition of a amall smount of Na SEO to the

4
gupernatant obtained above. Content of cytochrome ¢ was

4)

2

.estimated from Equation 1 by measuring the cpticeal density
at 550 mz# (absorption maximum of @-sbsorption band of
reduced cytochrome c) and 535 mu (absorption minimum) using
Shimadzu Spectrophotometer type QB-50.
2.2.3. Determination of cytochrome ¢ content of intsct
celils
Cytochrome ¢ in cells was reduced by addition of excess

of Naqszo to the intact cell suspension containing about
~

4

20 mg dry cells/ ml. Spectra of the cytochromes contained in
the intact cells were measured by the opal-glass method using

Shimadzu Multipurpose~spectrophotometer. Content of cytochrome

4)

¢ was calculated from Eguation 177 by reading the optical
density at 550 uy (absorption moximum) and 5%5 Iy (absorp-
tion miniwum), respectively.

D550-Dgz5 1

-1 ™ j(

B550-535 L

C(moles of cytochrome c/cm?)

. (Equation l)
C*(ug. cf cytochrome c/cmB) = 600 X (DBSO - D535).



where,

Esso = 2.77 X 107cem?/mol,
Egzs = 0.77 X 107cm2/mole,
D550 = cptical density at 550 me,

Dgz5 = optical density at 535 mu,

L = light path (lcm),
molecular weight of cytochrome ¢ = 12,000.

2.3. Measurement of oxygen-uptake

Oxygen—-uptake of the cells was measured by a conven-
tional Warburg mancometric technigue, the final tctal volume
in each vessel being 3.2 ml, made up as follows; 1.0 nl
of cell suspensicon containing about 5 mg dry cells, 1.0
ml of 0.0%% M KH2P04, and distilled woter in the main
chamber, 0.0l mmole glucose or 0.16 mmole n-hexadecane
a8 gubstrate in the side arm, =nd 0.2 ml of 20 % (W/V)
KCH and filter paper in the center well. In the case of
the inhibitory experiment, 0.03 mole of NaN3 was added
into the main chamber. After preincubation for 10 wmdin,

neasurement of‘oxygen—uptake was begun.

5. Results

3.1. Ability of growth on n-hexadecane and cytochrome c

productivity of several kinds of yesst
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In order tc screen the yeust that grows well on hy-

drocarbon and produces a large amount of cytochrome c,

we examined several strains of yeast for their ability

to grow on n-hexsdecane and their productivity of cyto-

chrome ¢ on glucose medium shown in Table 2 in Part I.

Growing on glucose medium, Candids albicans and Pichia

membransgfaciens produced a large smount of cytochrome c

as shown in Tabhle 1.

While, Candida albicans, Candida

lipolytica, Candida tropicalis, and YH 101C1l strain (isolsted

]

from garden soil) grew well on n~hexadecane, but Pichis men-

branaefsciens did not (Table 1).

From this result, we used

Cendido albicans in the subsequent experiments.

Table 1. Hydrocarbon utilization

and cytochrome c¢ production by yeast.

Yeast

Cytochrome ¢ production
in glucose medium

/
mg/g dry cells

“Growth on
n-hexadecane

Candida albicans Berkhcut -IF0 0583%

Candide lipolytica IFQ 0717
Candida utilis IFO 0619

Candida tropicalis IFO 0589
Debarvomyces kloeckeri IFO 0034
Hansenuls anomala IFO 0127
‘Pichia membranaefaciens IFO 018
Saccharomyces sake No.7
YH101-C1(isolated from soil)

+4 1.2%
+ 0.13
- 0.44

0.44
- 0.09
- 0.64
- 1.85
- 0.24

++ 0.52

Cultivation was carried out on a rotary shaker (220 rpm) at 30°C for 7
days on n-hexadecane or for 24 hr on glucose.

Cytochrome c content of intact cells was measured using Shimadz

Mul-

tipurpose-spectrephotometer by the opal-glass method of Shibata').

++: heavy growth,

+: moderate growth, -:

no growth.
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3.2. Absorption spectrum of cytochromes produced by Can-

dida slbicans

o -Absorption bands of reduced cytochromes a, b, and
c were detected at 600, 560, and 550 ma , respectively, in

the cells of Candida albicans grown on both glucose and

n-hexadecane (Fig. 1). These spectra were measured using

intact cell suspension containing N and were same

328204,
as those of CTAB extract, especially with respect to
cytochrome c.

We did not purify and characterize cytochrome ¢ pro-

duced by Candida albicans in this study. But, based on the

results of purification andcharacterization of cytochrome

¢ produced by Saccharomyces sakeb), we confirmed that

the absorption spectrum shown in Fig. 1 represented that
of reduced cytochrome c. Therefore, we used these absorp-
tion spectra for the estimation of cytechrome ¢ content

of intact cells.

-78-



A / -

N/
- \\VJ \\Glucose—grown -
n .

A

Optical Density

1
ﬁ A

A%
n-Hexadecane-grown

0.1

{ I

i 3
550 600

Wave Length (mﬂ)

!
500

Fig. 1. Absorption spectrum of reduced cytochromes as
measured with intact Candidal cells using Shimadzu
Multipurpose-spectrophotometer by the opal-glass
method of Shibata?),

— 3 glucose-grown cells

; n-hexadecane-grown cells

3.3. Bffects of medium constituents and cultural conditions

on the production of cytochrome ¢ by Candida albicans

3.2.1. Effect of a detergent, Tween 85
As demonstrated in the preceding chapter, addition of
Tween 85 shortened the cultivation period of this yeast but

did not affect the final cell yield. Cytochrome ¢ production

TG~



was also stinulated by addition of the detergent as shown
in Table 2. " A maximal specific content of cytochrome ¢
was obteined during the middle or the later part of the
exponential growth phase as we expected. When EOO,al/l of
Tween 85 was added, we cbtained 1.47 mg per g dry cells or

7.50 g per 1 of broth, of cytochrome c.

t of Tween 85 on cytochrome ¢ production by

Table 2. Effec
C. albicans.

Cultivation Amount of Tween 85 added (n1/1)
time (hr) O 10 100 200 | O 10 100 200
i B cytochrome ¢ produced
(mg/g dry cells) : ~(mg/1)
21.5 - - 0.76 1.00 | - - 1.19 1.12
45.0 - 0.98 0.95 1.47 | -  2.70 4.32 7.50
69.0 - 0.81 0.81 0.67 | -  3.16 3.00 3.15
93.5 0.17 0.43 0.43 0.40 |0.09 1.91 1.51 1.56
118.0 0.66 0.22 0.22 - |1.81 C.71 0.79 -
142.0 0.77 - - - 1337 - - -
166.0 0.68 - - - l2.99 - - -

Cultivation was carried out on a rotery shaker (220 rpm) at 30°C.
Cytochrome ¢ content of intact cells was weasured using Shimadzu
Multipurpose-spectrophotoneter.
3.3.2. Effect of meration

In the presence of a detergent, aerstion or agitation

did not exert any significant effect on the growth rate, final

cell yield, and cytochrome ¢ production of Candida =lbicans

in the n-hexadecane medium. Varying the volumes of medium

in 500-ml shaking flasks from 25 to 150 ml, we examined the
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effect of aeration or agitation on Candidal production of
cytochrome ¢, and cobtained from 1.3 tc 1.5 mg per g dry cells

of cytochrome ¢ in any cases (Table 3).

Table 3. Bffect of aeration on cytochrome c¢ production by C.albicans.

cultivation Volume of medium in a 500 ml -shaking flask(ml)
sime (B T T T 100 150 25 50 75 100 150
Cytochrome ¢ produced.
(ng/g dry cells) total (mg/1)
26.5 1.31 0.99 1.16 1.47 0.8412.3% 1.72 1.91 2.32 1.28
%35.0 1.15 1.31 1.51 1.33 1.34}3.29 3.60 4.11 3.64 3.14
45.0 1.23 1.42 1.49 1.46 1.23|3.33 4.22 4.41 4.61 3.17
54.0 0.72 0.84 0.88 0.83 0.91]2.58 2.69 3.08 2.85% 2.84
66.0 0.43 0.51 0.57 0.58 0.69{1.51 1.82 1.92 2.09 2.25

Method of cultivation and cytochrome ¢ determination were same as thos:
shown in Table 2.

%.3.3., &ffect of inoculum size

By increasing the incculum size, we tried to yield
a larger amount of cytochrome ¢ in a shorter cultivation
period, since the larger the inoculum size was, the more
the lag phase of growth was shortened as mentioned in the
previous chapter. But the attempt, so far tested, was
not successful.
3.3.4. Effect of pH adjustment of medium

During the course of the fermentation, pH of the

brecth was lowered according as the consumption of NH4+
ion and the release of NO, ion. This gave bad effects

3
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on the growth rate and cell yileld of this yeast. With pH
adjustment at intervals, the yeast growth was stimulated,

and the cell yield and cytochrome c¢ production were enhanced
as shown in Taple 4. This suggested that continuous pH
adjustment end sddition of substrate at intervals might
produce a large amount of cell mass and cytochrome c. Surely,
we could produce a larger amcunt of cell mass in this manner,
but did not determine the ccntent of cytechrome c.

Table 4. Effect of pH adjustment on cytochrome ¢ production by
C. albicans.

Cultiva-|  Without pH adjustment With pH adjustment
tion time cell cytochrome ¢ produced cell cytochrome c
(nr) yield _ yield preduced

(/1) (ne/e cells) (mz/1) (2/1) (me/g cells) (mz/1)

17 5.9% ~ - 0.93 -

26 1.94 “0.39 0.77 2.22 1.45 3.22

37 2.98 0.97 2.89 3.60 0.93 3.35

48 3.55 0.81 2.88 4.87 0.99 4.82

5% 5.70 0.70 2.59 5.25 0.85 4,46

61 3.59 0.70 2.51 5.10 0.92 4.69

pH of wed%um Wuu ad jueted with 2& NH4OH Others were same as ‘those
ghown in Table 2.

3.3.5. Effects of precursors for cytochrome ¢ synthesis

In order to cbtain the larger amount of cytochrome c
in hydrocarbon fermentation, the effects of various precursors
for cytochrome c synthesis were investigated using the
"hydrocarbon mixture 2" (rich in n-undecsne) as a sole carbon

source. The additives used were ferric chloride for heme
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gynthesis, glycine and succinate for synthesis of porphyrin
skeleton, and aminc acid mixture (casamino aoid) for protein

synthesis. But these attempts were all failed in any cases.

%3.4. Oxygen-uptaeke by Candida albicans grown on glucose

and pn-hexadecane

In crder to elucidate whether Candida albicans respires

via cytochrome system or not, and that the enzymé systenm
participating hydrocarbon oxidation is constitutive or
inducible, we ccmpared the oxygen-uptake of cells grown on
n-hexadecane with that of cells grown on glucose., Cells
grown on glucose showed higher oxygen-upteke than cells
grown on n-hexadecane, or én both substrates, glucose and
n-hexadecane. This suggested that hydrocarbon oxidizing

enzymes would be constitutive rather than inducible. This

7as consistent with the fact that Candida albicans prein-

cuvated on glucose and on n-hexadecsne respectively, exhibited
rate.
the same growth == when transferred into n-hexadecane medium.

Addition of sodium azide inhibited the respiration of

Candida albicans using either gluccse or n-hexadecane as

subbtrate. From this result and that shown in Fig. 1, we

supposed that Candids albicans would respire via cytochrome

system, at least cytochrome a. We could not find out a
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significant difference between the glucose-grown and the n-
hexadecene-grown cells concerning their growth activity and

respiratory activity on n-hexadecane.

3.5. Relations between growth rate, cytochrome ¢ content,

and oxygen-uptake of Candida albicans growing on

n-hexadecane

As mentioned above, the cytochrome c content of the yeast
reached at the maximum during the exponential growth phase.
On the contrary, respiratory activity became maximum at the
end of the lag phase or at the beginning of the exponential
phase of the growth. Typical results were shown in Fig. 2
and 3. Initially, we attempted to use the cytochrcme c
content or respiratory activity as an index of the growth
activity of the yeast, and found out that the cytochrome ¢
content would be able to use for this index sufficiently. A4s
shown in Fig. 4, the specific growth rate at the middle or the
end of the exponential growth phase was parallel with the
cytochrome ¢ content of the yeast cells.‘ The cytochrome ¢
content of the intact cells can be determined guickly using
a Shimadzu Multipurpose-spectrophotometer by the opal-glass
method2), and therefore, will be a excellent method to control

the growth activity of cells in a fermentation process.
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4. Discussion

Initially,we attempted to produce cytochrome c¢ from yeast,
and screened scveral strains of yeast for their z2bility to
grow on hydrocarbon and to produce cytochrome c. We found

out that Candida albicans was suitable for both purposes.

Using this yeast, we examined the effects of the medium
constituents and the cultural conditions, and found out that

addition of Tween 85 and adjustment of pH greatly stimulated

oytochrome.c production of Candida albicans, but that inoculum
gize, aeration, and addition of the precursors for cytochrome
biosynthesis did not have any significant effect. When added
200 #1 per liter of Tween 85, we obtained 7.50 mg per liter

or 1.47 mg per g dry cells, of cytochrome c. This figure was
comparable to that of cells grown on glucose as shown in

Table 1. Addition of detergent and adjustment of pH increased
the growth rate, and consequently stimulated cytochrome ¢
production, esince the growth rate, especially at the middle

or the end of exponential growth phase, was related to
cytochrome ¢ preduction of this yeast as shown in Fig. 4.
Thus, we obtained 1.5 mg per g dry cells of cytochrome ¢ at
the maximum. But this yield was not so large as we expected

in the hydrocarbon fermentation.

Secondary, we attempted to ascertain that the respiration
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of Candida albicans would proceed via cytochrome system when -

grown on hydrocarbon. We first compared the absorption

spectrum of intact Candidal cells grown on n-hexadecane with

5)

grown on glucose,

those of this yeast and Saccharomyces sake

and confirmed that Candida albicans grown on n-hexadecane

contained cytochrome a, b, and c (Fig. 1). Next, we investigst-
ed the decrease Of oxygen-uptake using the yeast cells grown

on glucose and, n-hexadecane. Oxygen-uptake of both Candidal
cells was inhibited by addition of sodium azide, and we

conéluded that Candida albicans would respire via cytochrome

system as other yeasts did.

Third, we examined the relations among the growth rate
(or the specific growth rate), oxygen-uptake, and cytochrome c
content of the yeast cells grdwn on n-hexadecane. As shown
in Fig. 2, 3%, énd 4, the growth rate at the later part of
the exponentiasl phase was closely related with the cytochrow
¢ content. It was observed that the cytochrome ¢ content
was small during the induction period of the growth and
began to increase concomitantly with the start of the exponential
phas§ when the oxygen-uptake of the cells became its maximum.
The increase of the cyfochrome ¢ content procgeded in paraliel
with the yeast growth during the exponential phase and reached

to the maximum at the later stage of the exponential phase
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when the specific growth rate decrcased suddenly, afterward
the content falled off gradually. Subsequently, we will have
to harvest the yesst cells at the maximal step in order to
obtain*cytochrome ¢ from the cells. The facts mentioned
fébove suggest that the cytochrome ¢ content can be used as

an index of the growth activity of this yeast in a hydrocarbon

fermentation process.

5. Summnary
This chapter dealt with the study on the relations
among the growth rate, cytochrome c content and respiratory

activity of Candida slbicans when the yeast was cultivated

on n-hexadecane under acration.

Under the cultural conditions employed, the maximal
cytochrome ¢ content was about 1.5 mg per g dry cells, which
was analogous to that of glucose-grown cells. The growth
rate was closely related with the cytochrome ¢ content. The
latter incressed in parallel with the yeast growth, reached
to the maximal value at the later part of the exponential
phase, then falled off graduzlly. The correlationship between
the cytochrome ¢ content and the specific growth rate showed
that the former can be used a&s an index of the growth activity

of the yeast.
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Cchapter 3. Production of cytochrome c by various yeasts

1. Introduction

As mentioned in Chapter 2, although Candida albicans

produced relatively large amount of cytochrome c in hydro-
carbon fermentation among the test organisms used, the
content obtained was far smaller than expected. In order
to obtain larger amount of cytochrome ¢ from hydrocarbons,
we investigated the cytochrome ¢ productivity of hydro-
carbon~utilizing yeasts obtained from severasl institutes
and from natural sources. Utilizing the "hydrocarbon

mixture 2" (rich in gfundecane), Candida lipolytica NRRL

y-6975 showed the highest cytochrome c¢ productivity, although
the new isolates from garden soil also yielded high cytochrome

¢ contents.

2. Experimental procedure

2.1. Cultivation method and estimation of cytochrome ¢
Cultivation of yeasts and estimation of cytochrome c¢

were same as those shown in Chapter 1 and 2 of this part

except that the "hydrocarbon mixture 2" (n-decsne 22.2,

n-undecane 44.5, n-dodecane 29.1 and n-tridecane 4.2 % by

weight) as a carbon source and NH4H2PO4 as a nitrogen source
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were used.

2.2. Isolation of yeast from natural sources
Hydrocarbon-utilizing yeasts were isolated from garden

ol
l’L). That is, a soil

soil by enrichment culture technique
sample was incubated at BOOC on a rotary shaker (220 rpm)
for 2 days in a medium consisting of NH4NO3 5.0 g, KHZPO4

2.5 g, Mgd0 -7H20 1.0 g, FeCl -6H2O 0.02 g, chloramphenicol

4 3
0.02 g, tap water 1000 ml, hydrocarbon 10-20 ml (g—hexadecane,
"hydrocarbon mixture 2" or light 0il), =nd pH 5.2.. One
miliiliter of the cultured broth was transferred into 100 ml of
the same medium and was further incubated for 2 days under

the same condition. The resulting cells were diluted with
sterilized saline to 20-30 cells per ml, and were cultured on
malt-agar pldtes for 3 days. Colonies of yeast thus obteined
were cultured again in the liguid hydrocarbon medium, and on
the malt-agar plate, successively. Sanme procedure was repested
until pure cultures were obtsined. The purity of the isclated .
yeasts was confirmed microscopically. The yeasts isoleted

were maintgined on malt-agar slants. By this method, yeasts

and molds could be isolated.



3. Results and discussion
3.1. Cytochrome ¢ production by hydrocarbon-utilizing
yeasts

As shown in Table 1, Candida lipolytica NRRL y-6795 and

several new isolates produced large amount of cytochrome c
using the "hydrocarbon mixture 2" as a sole carbon source.

Candida albicans, however, showed the relatively low content

on this substrate. Among these yeasts, Candida lipolytica

NRRL was superior in the cytochrome c¢ productivity, then we
investigated the effects of some medium constituents on the

eytochrome ¢ production by this yeast,

3.2. Producticn of cytochrome ¢ by Candida lipolytica

NRRL
3.2.1. Effect of ferric ion

Although the effect of ferric ion wes seen on the yeast
growth, the cytochrome ¢ productivity was not affected even
under the minimum addition of ferric chloride as shown in
Table 2. The cytochrome c content of yeast cells was rather
smaller at the high concentration of ferric ion.
3.2.2. Effects of precursors

§-Aminolevulinic acid, a precursor for heme synthesis,

is known to be formed from glycine and succinate under the

e



Table 1. Cytochrome c production by yeasts on hydrocarbon

Organism Cell yield gyggggigé§§\\

g dry Cells/l mg/l mg/g cells

———
Candida albicans IFO 0583 6.29 371 0.59
Candida intermedia NRRL Y-63%28-1 4,01 5.26 1.31
Candida lipolytica IFO O717 6.42 6.70 1.05
Candida lipolytica NRRL y-6795 7.01 10.33 1.47
Candida tropicalis IFO 0589 4.28 2.59 0.61
Candida tropicalis pK-233 3.38 3.36 0.99
YH 10101 7.35 7.06 0.96
YL 102B1 4.96 8.42 1.70
YL 102B2 5.09 8.28 1.63
YL 10342 5.91 9.04 1.53
YL 201A1 5.00 9.04 1.81
YL, 20543 5.02 8.10 1.61
YM 1Q3A3 4.91 7.60 1.55
YM 105A2 5.39 9.54 1.77
YM 105C1 4.92 7.88 1.60
IM 105C3 4.79 8.75 1.8%
YM 105D1 4.775 1.38 1.55
IM 20141 4.78 7.67 1.60
YM 204A2 5.96 8.35 1.40

for 42 to 45 hrs with shaking.
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participation of d-aminolevulinic acid synthetase. Therefore,
we expected that the addition of glycine and succinate would
stimulate the cytochrome ¢ production by this yeast. But
this attempt was failed as seen in Table 3.
3.2.3. BEffects of vitamins

The synthesis of coproporphyrin and hemin by Saccharo-
ﬁyces anamengis is known to be affected seriously by some

3)

vitamins”’/. Herefrom we studied on the effect of some water-

soluble vitaming on the cytochrome ¢ production by this yeast.
As shown in Table 4, no effect was observed concerning td the

yeast growth and cytochrome ¢ productivity.
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Table 2. Effect of ferric ion on production of cytochrome

¢ by Candida lipolytica NRRL

FeC13.6H20 Cell yield Cytochrome ¢ produced
mg/l g cell/l mg/l ) mg/g cell

2 5.98 12.24 2.05

5 6.09 11.81 1.94

10 6.30 11.66 1.84

20 6.43 11.09 1.72

50 6.38 10.91 1.71

100 6.41 10.91 1.70

The yeast was cultured for 44 hrs.

Table 3. Effects of glycine and succinate on cytochrome

¢ production by Candida lipolytica NERL

Glycine WSuccinate Cell yield Cytochrome ¢ produced
mmole/l g cell/l mg/l mg/g cell
o] 0 6.45 11.66 1.81
0.1 0 | 6.12 9.79 1.60
1.0 0 6.07 11.09 1.83
0 0.1 6.15 10.87 1.77
0 1.0 6.40 10.48 1.63
0.1 0.1 6.61 11.09 1.68
1.0 1.0 6.43 10.71 1.67

The yeast was cultured for 44 hrs on a rotary shaker (220 rpm).
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Table 4. Effect of vitamins on cytochrome c production

by Candida lipolytica NRRL

Amount added Cell yield Cytochrome ¢ produced

Vitamin
' mg/l g cell/l mg/1 mg/g cell
None — 7.21 9.96 1.38
Vit. B1 1.0 7.08 10.51 1.48
Vit. B2 0.2 7.20 10.08 1.40
Vit. BG 1.0 7.20 9.94 1.38
Vit. B12 0.1 7.70 9.79 1.27
Biotin 0.1 7.20 10.13 1.41
Folic acid 0.2 7.09 9.79 1.38
p-Aminobenzoic 1.0 7.25 9.98 1.37
acid
Ca~pantothenate 1.0 7.18 5,50 1.3%2
Inosit 5.0 7.21 3g.7¢ 1.36
Nicotinic acid 1.0 ' 7.09 9.32 1.31
Nicotinamide 1.0 7.00 9.41 1.34

The yeast was cultured for 45 hrs.
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‘Part ITII. Production of carotenoids by Mycobacterium

smegmatis in hydrocarbon media
Chapter 1. Studies on the cultural conditions

1. Introduction
In the course of the studies on the ability of vitamin
Blz—producing bacteria to utilize hydrocarbons, we observed

that some bacterie including Mvcobacterium smegmatis, Nocardia

lutea and Nocardia corallina grown on n-hexadecane, made up

a clump of cells occluding n-hexadecane and produced crange

to orange-red pigments. These pigments were partly axtracted
into hydrocabon layer from cells during the cultivation and
were easily extractable with n-hexane or n-hexane-acetone from

cells. The pigments produced by Mycobacterium smegmatis mainly

investigated on their cclumn chromatographic behaviors and scme
chemical characteristics, werc identified as carotenoids
ccmposed of at least six components, some of which were
derivatives of 7 -carotene. The chemical .structures of

these carotenocids will be described in the following chapter.
Although these carotencids will not be useful as provitamin

A, they are appliable for food-coloring agents. In this

chapter, we dinvestigated the optimal cultural condition to
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produce a large amount of cerotenocids by hydrocarbon fermen-

tation.

2. Experimental procedure
2.1. Microorganism

The organism used in this study was Mycobacterium

smegmatis IFO 3080. This organism was maintained on con-

ventional natural nutrient-agar slant.

2.2. Cultivation method

For an inoculum, the bacterium was cultured on con-
ventional nutrient-agar slant for 48 hrs at BOOC. A loopful
of the cells was transferred into 100 ml of glucose medium
shown in Table 1 in a 500-ml shaking flask, which was incubated
at ZOOC on a rotary shaker (220 rpm) for 72 hrs. After washing
twice with sterilized saline, cells were suspended in 50 ml
of saline, and 3 ml of the cell suspension was added to 100 ml
of hydrocsrbon medium shown in Table 1, in a 500-ml shaking
flask; the culture was incubated at 30°C on a rotary shaker

(220 rpm).

2.3. Estimation of carotenoids produced

The crude mixture of carotenoids produced by Mycobacteriﬁﬁ”'"r"’”‘“
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smegmatis had an absorption maximum at 470 mg din petroleum
ether scolution as shown in Fig. 1. Although the accurate
absorption coefficient of each of the crude carotenoids was

L1 % )

not determined, = of f-carotene, 2580,l

was temporaril
1 cm PO Y

used as a standard for the estimation of their total contents.
Extraction of carctencids from cells was carried out as
follows; cells were separated by centrifugsation and (or)
filtration from culture medium, and extracted with acetone-
petroleumn ether (2:3) for 24 hrs in the dark at roon
temperature, and then resultant extract was washed with water
until no more acetone remained in the petroleum ether layer.
An optical density of this extract was measured at 470 n#
after diluted to an appropriate volume with petroleun ether,

then its carctenoid content was estimsated as menticned above.

2.4. Determination of cell yield
The carotencid-extracted cell residues were weighed after

being dried at 110°C for 6 hrs.

2.5. Hydrocarbons
Pure n-alkanes were cobtained commercially. "Hydrocarben
mixture 1 and 2" were obtained from Maruzen Petroleum Industries

Co. and "hydrocarbon mixture 3" was an equal volume mixture of
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Table 1.

Composition of basal medium used.

Carbon source¥
(NH, ) ,50
(NHz)ch
KHpPO,
NapHPOy - 12H20
MgS04 . TH0
CaClp-2H20
FeS0, - TH20
MnS04 -nH20
CoS04-TH20

4

Tap water

pH 7.0

1.5 ¢
0.5 g
2.0 g
3.0 g
0.2 g
0.01 g
0.005 g
0.005 g
0.001 g
1000 ml

*Carbon source: ngrocarbon medium, hydrocarbon 20 ml.

ucose medium, glucose 32.9 g

) H i

{ f ' f f

b
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Fig.1.

500
Wave Length (me)

450

Absorption spectrum of crude carotenoids extracted

from M., smegrmatis cells (in gfhexane).
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"hydrocarbon mixture 1 and 2". n-Alkane compositions of these

mixtures were shown in Table 2.
Table 2. n-Alkane compositions of the "hydrocarbon mixtures 1,

2, and 3".

"Mixture 1" "Mixture 2" "Mixture 3"

% vy weight

n-Decane (Cyg) - 22.2 11.1
n-Undecane (Cy7) 2.3 44.5 23.4
n-Dodecane (Cqp) 13.4 : 29.1 21.2
n-Tridecane (613) 51.3 4.2 27.8
ngetradecane(Cl4) %%.0 . 16.5

5. Results
3.1. BEffect of various carbon sources on carotenoid pPro-—
duction

As shown in Table 3, Myccbacterium smegmatis could

assimilate n-alkanes of Cll—19’ especially n-hexadecane, and
their mixtures as well. This bacterium did not grow on
n-eicosane till 6th day but a longer cultivation permitted
the bacterial growth by assimilation of the alksne. As for
the carotenocid production, n-hexadecsne and n-tetradecane
were superior, while hydrocarbon mixtures also enabled the
production of a relatively large amount of carotenoids. From
these results, we used n-hexadecane and "hydrocarbon mixture 2

and 3" (Table 2) as carbon sources in the subsequent experiments.
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Table 3. Effect of varicus hydrocarbons on the production of
carotenoids by M. smegmatis.

it

Cell yield Carotenoid produced
Carbon source (g-dry cells/1) (ug/1) (ng/g cells)

n-Hexane no growth - -
'p-Heptane no growth - -
n-Octane no growth - -
E;Nonane no growth - -
E;Decane no growth - -
p-Undecane 0.99 1118 119.1
n-Dodecane 2.00 80 40.0
n-Tridecane 3.21 200 62.4
n-Tetradecane z.21 305 95.0
n-Pentadecane 2.60 160 61.5
n-Hexadecane 374 340 91.7
n-Heptadecane 3,11 167 5%.8
n-Octadecane %.20 180 56.3
n-Nonadecane 3.65 121 2%.2
n-Eicosane no growth - -
"Wixture 1"(C11.14) 2.48 238 95.9
"Mixture 2 (C10-13%) 2.95 288 97.6
"Mixture 3"(C10-14) 2.95 284 96.3

Cultivation was carried out on a rotary shaoker (220 rpm) at 300C for
days in basal medium shown in Table L except carbon source.

3.2. Effect of natural nutrients

Since the composition of the medium used in these
studies was very simple, it was expected that certain
orgenic substance would have a gbod effect on the bacterial
growth and carotenoid production. As shown in Table 4, 0.05 %
of fish meat extract stimulated the carotenoid synthesis
slightly, but other natural nutrients, so far tested, did
not show any effect on the carotenocid production by Myco-

bacterium smegmatis, although these stimulated bacterial

growth.
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Table 4. Effect of natural nutrients on the carotenoid productigy,

Ldditio Amount added| Cell yield Carotenoid produces
Sodition (mg/1)  (e-drv cells/1) | (we/1Nue/e cells)
- 500 3.31 459 138
Fish meat extr.
100 5.30 290 88
o _ 1 500 3.55 324 9l .
orn steep liquox
B 100 3.13 252 77
500 .61 370 102
Yeast extr. )
100 3.29 248 106
500 5.55 320 90
Casamino acid
100 35,09 294 95
500 3.69 348 94
Pertone
F 100 3,17 304 96
500 2.17 262 83
Malt extr.
100 2.41 264 77
None - %.02 336 111

Cultivation was carried on a rotary shaker (220 rpm) for 6 days
using the "hydrocarbon mixture 2" as & carbon source.

3.3. Effect of amino acids

Fish meat extract showed some promoting effect on the
carotencid production as mentioned above, but it was rather
smaller than expected. Therefore, we investigated the effects
of some organic substances on the production of carotenoids

by Mycobacterium smegmatis. In this study, various amino acids

were added to the medium at a relatively low concentration
(1 mmole/l, as L-form). As seen in Table 5, some amino acidsg

including histidine, glutamic acid, and serine were effective
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for the carotenoid production by this bacterium grown on the
"hydrocarbon mixture 2". The effect of histidine was more
evident in the case of n-hexadecane-grown cells, as shown in
Table 6. In both cases, the carotenoid production was
approximately doubled by the addition of histidine. These
amino acids, which enhanced the carotenoid synthesis, did
not stimulate the cell growth.

Table 5. Effect of various amino acids on the production of
carotenocids.

Amino scid imount added Cell yield Caerotenoid produced
' (r mole/1) (g-dry cells/1) {(u2/1) (ue/c cells)
. None e 2.78 180 65
lL—GlyCine 1 2.16 270 125
D, L-Serine 2 1.86 360 194
L-Threonine 1 5.06 170 56
L-Leucine 1 2.51 300 130
L-Isoleucine 1 2.40 240 100
D, L-Cystein 2 2.85 190 67
L-Homocystein 1 2.12 200 94
L-Cyatine 1 2.80 170 61
L-Methionine 1 0.65 180 277
L-Tyrosine 1 2.07 320 155
L-Arginine 1 2.54 220 37
L-Histidine 1 2.38 320 135
L-Proline 1 2.01 260 129
D, L-Tryptophan 2 2.41 180 75
L-Phenylalanine 1 1.87 140 75
L-Glutamic acid 1 1.90 350 184
L-Glutamine 1 1.99 190 96
L-ispartic zcid 1 1.79 140 78
L-Asparsgine 1 2.26 140 62
L-Lysine 1 2.35 150 64

Cultivation was carried out for 6 days using the "hydrocarbon
~Blxture 2" as a carbon source.
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Pable 6. Effect of histidine on the carotencid production.

) ' Cell yield Carotenoid produced
Amount added
(m mole/1) (g-dry cells/1) (ng/1) (rg/s-cells)
0 3.18 323 102
0.3 3.16 647 205
3.0 3.28 739 225

Cultivation was carried out on a rotary shaker (220 rpm) for 6
days using n-hexadecane as a carbon source.
3.4. Effect of vitamins

Among nine water-soluble vitamins tested, thiemine and
biotin showed a good effect on the carotenoid production by

Mycobacterium smegmatis (Tablo 7). Riboflavin, folic acid,

cyanocobalamine, Ca-pantothenate, and n;cotinic acid were
slightly effective, but pyridoxine ané?iraminobenzoic acid
were not effective. All these vitamins did not affect the

bacterial growth on hydrocarbon.

Table 7. Effect of water=scluble vitamins on the carotenoid

production.

Am adde i Ca enoid prod d

et D ny etien) T Caleeins
None ca 3.04 246 81
Thiamine 1.0 2.89 475 164
Riboflavin 1.0 2.96 292 99
Biotin 0.01 3.15 408 . 129
Polic acid 0.01 3.07 200 98

Cultivation was carried out for 5 days using "hydrocarbon

mixture 2" as a carbon source.
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%2.5. Bffect of surface-detergents

In the hydrocarbon fermentation, it has been generally
accepted that emulsification of water-insoluble substrate
pecomes a limiting factor for bacterial growth. Then the
effect of non-ionic detergents on the carotenoid production
as well as bacterial growth were investigated. As shown in
Table 8, Tween 20, 40, 80, and Span 20 were effective at the
concentration of 0.005 and (or)0.0005 %. From these results,
we used Tween 80 at the concentration of 0.00S % in the
subsequent experiments. These detergents had no influsnces

on the final cell yield as other organic substances.

3.6. Effect of varicus nitrogen sources

As shown in Table 9, a mixture of urea and (NH )2504 was

4
most suitable for the bacterial growth, while (NH4)2CO5 or

(NH,) HPG, favored the carotenoid production. A mixture of

4)2' 4
(NH and (NH4)2HPO

or that of (NH and (NH4) HPO

4 274

wag also suitable. Thus, the ammonium salts of week acids were

C
425 402505
found to be appropriate for the carotenoid production. The
reason would be ascribed to slight decrease of pH of culture
broth during the cultivation in the case of these nitrogen

sources.
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Table 8. Effect of various non-ionic detergents on the carotenciy

production.

Dot ¢ Amount added  Cell yield Carotenoid produced

etergen (us/1)  (g-dry cells/1) (/1) (,&/g cells)
Tween 20 50 %.15 354 112.3
5 2.94 620 210.9
Tween 40 50 2.75 580 210.9
5 3.03 514 169.6
Tween 60 50 2.93 %09 105.5
5 3.04 530 174.3
Tween 80 50 2.95 644 218.3
Tween 85 50 2.76 252 91.3
5 2.93% 290 99.0
opan 20 59 2.77 519 187.4
Span 40 50 2.97 324 109.1
Span 60 50 2.66 276 103.8
5 3.10 270 7.1
Span 80 50 3,17 %25 162.5
5 3.18 332 104.4
None %.06 204 99.%
5.19 352 110.3

: . . A - 3 pNe
Cultivation was carried cut on a rotary shaker (220 rpm) at 30°C

for 5 days using the "hydrocarbon mixture 3" as a carbon source.

3.7. Effect of seration
In the hydrocarbon fermentation, aeration is an important
factor for the nmicrobial growth ss well as emulsification of

the substrate. Growth and carotencid synthesis of Mycobacterium

smegmatis were also afiected by acration, as seen in Table 10.

The data indicated the existence of the optimal azeration rate
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for the carotenoid production. The maximum carotenoid produc-—
tion, 770 ug per liter, was obtained in a 500-ml shaking

flask containing 100 ml of the medium shown in Table 1 and

4

10 M of L-higtidine.

Table 9. Effect of variocus nitrogen sources on the productien of
carctencids.

Cell yield Carotenoid

(g-celle/1) pfﬁéyifd

Nitrcgen scurce

(NHy ) 230 4+(1Hp ) 2CO% 3.04 245
(NH4)( S04 0.82 250
(NH4)2CO3 2.96 360
(NHg4 ) oHPO4 1.34 430
NH/QOB 1.31 89
WH, 1.25 112
(Néa)?CO 1.91 72
(NH:)QSO4+(NH4)2H£O *% 1.71 %29
(NHQ)szUf\lﬂn)gCQ”‘* 1.86 276
(wHA)?c03+(mH ) SIIPO 4% 2.62 361
Casamino acid 1.22 55

Cultivation was carried out for 5 days using "hydrocarbon mixturs
2" as a carbon sgurce.

* (N, 250, 0. 15% and (Jdg)oxo 0.05%, ss showr in Table 1.

*% Dhere were odded at the concentration of 0.1%, respectively.
Other nitrogen scurces were added at the ccncentration of 0.2%,
respectively.

Table 10. Effect of aeration on the production of carctencids.

Volume of mediunm kya Cell yield  Carctenoid produced
in 500-ml flask (hr=1) (g-cells/1) (ug/1) (ug/g-cclls)
25 ml 237 2.09 379 180
50 149 2.53 645 255
100 66 2.48 770 310
200 36 2.16 400 185

Cultivation wae carried cut on a rotary shaker (220 rpm) for 6
days at 30°C.

n-Hexodecane was used as a carbon scurce and 10~2 mole per
litter of histidine was added.
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3.8. Effect of metal ions

Some metal ions are known to be essential in the variocus
enzymic activity and others to be inhibitory. Therefore, we
examined the effect of some metal ions in order to obtain
larger amount of carotenoids in the hydrocarbon fermentation.
As shown in Table 11, omission of ferric ion had serious
influences on the bacterial growth, and then on the carotencid

. ++ ++ .
synthesie. Mg = and Ca  were slso essential for the growth
++ +

end carotenogenesis (date were not shown), but Mn and Co’

. . ++ R
showed little effect. On the cother hand, Zn and Cu were
inhibitory to the growth and carotencid production. This
tendency was more obvious in the case that distilled or

deionized water was substituted for tap water.

4. Discussion

2, 3)

Ciegler et al reported that f-carotene biogenesis

uo]

in Blakeslesa trispora was markedly enhanced by addition of

0ily substsnces, such as kerosene. From this result, they
suggested that oily substunces would extract F-carotene
from growing cells and then would stimulate carotenogenesis
of this organism. In hydrocarbon fermentation, it may be
supposed that hydrocarbon will meke up & complex with

carotencids at the cell membrane and this phenomenon would
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Table 11. Effect of metal ions on carotenoid production

Addition or Cell yield Carotenoid produced
Omission Water used g cell/l ug/l
None ax 2.26 1089
tr¥ 2.66 258
- FeSO4.7H20 d no growth ——
t 1.79 84
- HnS0, . 2.21 770
unuO4 nHQO d 2.2 [
t 2.66 316
- Co30,.7TH_ O d 2.72 993
472
t 2.88 713
+ ZnSO4.7H20 d 2.26 320
t 0.54 trace
Yo .0 . 5
+ (LMZL)2 0,0,,-44,0 d 2.20 576
t. 2.%4 180
- Ciq»‘ . H . £ . ¢
+ ASO4 BHZO d 2.73 590
t 1.09 trace

d¥ : deionized water
t¥*: tap water

Cultivation was carried out for 6 days using "hydrocarbon

mixture 2" as a carbon source.

Zn30 .TH O, CuSO . and (NH
n 4 7}2 s Luo 4 SHZO nd (1

the concentration of 1.0 mg/l.
were shown in Table 1.

2

W .
2ho7024

Other medium constituents

-11i~
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favor not only the extraction of carctenoid from cells as

2, 3)

supposed by Ciegler et al. , but also the ihcorporatibn"of

the hydrocarbeor into the bacterizl cells. Our findings that
some bacteria producing carotenocids during hydrocarbon assi-
milation made up a clump of cells including the substrate,
and that carotenoids preoduced were readily extracted from

4, 5)

this clump by n-hexane only, may support the view that

carctenoids will play some role in hydrocarbon agsimilation
by certain bacteria.

6 7)

Haas et ale ™’ reported that Mycobacterium lacticola

produced three carotencids including @ -carotene in & medium
containing hydrocsarbons =8 a sole carbon source, while

Mycobacterium phlei, Mycobacterium leprae, and MNycobacterium

smegnatis did not produce carotenoid in hydrocarbon fermentstion.

On the contrary, our strain of Mycobacterium smegmatis produced

at le=sst six carcotenoids using n-alkanes as well as glucose as
carbon sources, and these carotencids did not include g
detectable amount of 4 -carctene.

In this gtudy, thé raximun yield of carotenoids by

Mycobacterium smegmatis, estimated os F-carotene, was aboutb

I mg per liter, and this figure was very small as compared

2, %)

with the dats giver by Ciegler et al. . But it has been

sald that xanthephylls are superior to g -carotene as

C =112~



colering agents for foods.‘ Therefore, it is interesting to
produce & large amount of xanthophylls by fermentation process,
especially using hydrocarbon substrates. We could increase the
yield of carctenocids by two- to three-fold by addition. of

histidine and Tween 80. In carotenogenesis, it has been said

8,9)

+ s

++ + . s o
that Mg and (or) Mn are essential and Cu are inhi-

‘ . e bt ++
bitory. In the case of Myccbacterium, Mg , Fe , and Ca

was essential for the growth and the carotenoid synthesis.
o : +t e e s N
Presumably, Fe would participate initial oxidation of
i+

hydrocarbons (Oxygenase system) and Mg would have a role
. s . o+t
in the condenszation of C5 units. On the contrary, “Zn and

++ s s s . . .
Cu  were inhibitery. BElimination of these heavy metal ions
frem culture medium by deionization enhanced the cell growth
and the carotencid synthesis. The effects of amino acids on
the casrctenoid production would be partly due to the ability
to form complex with these heavy metals a2s suggested by

Sarker et al.lo)

5. Summary
In this chapter, we dealt with the effects of medium
constituents, aerstion, and addition of some organic compounds

on the carotenoid production by Mycobacterium smegmatis. This

bacterium could grow on n-alkenes of a medium chain-length
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(¢ but not on those with shorter chains under the

ll~l9)’
culturasl condition used. Among pure n-alkanes, n-hexadecane
was most suitable for bacterial growth and the carotenocid
production, but "hydrocarbon mixture 2" (rich in gfundecane)
was a2lso suiteble for carotenoid production. Addition of
surface detergent, Tween 80, and amino acids, such as histidine,

glutamic acid, znd =serine stimulated the carotencid production

by Mycobacterium smegmatis. E£limination of heavy metal ions

from the medium wag effective for carotenocid synthesis. Under
the cultural condition tested, the maximel carotencid produc-

tion was about 1 mg per liter of medium.
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Chapter 2. Isolation and characterization of several

carotenoids produced by lMycobacterium smegmatis

1. Intreduction
Haas et al.l) reported on the growth and the carotenoid

prdduction of Corynebacterium and Mycobacterium in media

containing various hydrocarbons as sole carbon source. They

isolated three carotencids from Myccbacterium lacticola and

four carotencids from Corynebacterium. In either case the

formation of 4 -carotene was demonstrated. Furthermore, it

has been reported that Nocardia lutea and liocardia corallina

2)

srown on n-hexadecane” and Pseudomonas methanica grown on
g — 7 je=}

3)

methane vroduced carctenoids or carotenoid-like substances.

4,5)

observed s enhancing efiect of fatty

(@]

iegler et al.
substances or hydrocarbons on WF-carctene production by Blake-

slea trispora in carbohydrate media and speculated that these

substances served as a storage- and extracting-sol~
vent of 4 -carotene during the cultivation of tiis mold. On

the other hand, Haas et 31.6) reported that lMycobacterium

vhlei, Mycobacterium leprae, and Mycobacterium smegmatis which

could grow on hydrocerbons, did not produce carotenoid when
hydrocarbons were used as sole carbon source. But our strain

of Mycobacterium smegmatis could produce relatively large
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amount of carotenoids when cultured on various hydrocarbon

7)

substrates, as reported in the preceding chapter . A

8)

preliminary experiment has indiceted that the carotenoids
produced by this bacterium were mainly composed of 4-keto-7 -

carctene and its derivatives exhibiting a contrast to the

carotenoids produced by Mycobacterium lacticola which included

1)

g -carotene. 4-Keto-ry -carctene and its derivatives hsve been

-
reported by Hertzberg and Jensen)’lo> as minor components of

the carotenoids produced by Mycobacterium phlei grown on non-

hydrocarbon substrate. In the precéding chapter, we described
about the cultural conditions for carotenoid production by

Mycobacteriun smegmetis. This chapter deals with the

structure of these carotenoids.

2. Bxperimental procedure

2.1, HMicroorganism

The organism used in this study was Mycobacterium smegmatis

IFO 3080.

2.2. Cultivation method
The cells preincubated in 500-ml shaking flasks were

transferred into 10-1 jar fermentor containing 6 1 of a
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medium shown in Table 1, and cultured at 3OOC with continuous
agitation (400 rpm) and seration (10 1 of air per min). After
4 days'® cultivation, the cultured filtrate alone was removed
from fermentor and 6 1 of the fresh medium containing 3.0 % of
"hydrocarbon mixture l"ll) was added aseptically and the secongd
cultivation was cerried out under the same cultqral condition
mentioned above, for 2 days. The third and fourth cultiva-
tions were successively carried out for 2 days, respectively,
under the same cultural condition except that 4.0 % of the
substrate wag added -instead of 3.0 %. After total 10 days
cultivation from the initisl inoculaticn, cells were harvested.
By this procedure, we obtained 52 g of cells and 13 mg of
carotenoids.

Table 1. Compositicn of hydrocsrbon medium used.

(WHg) pHPO4 2.6 g
Mg30, - TH20 0.2 g
FeS04-TH20 0.005¢
#n804 .nH20 0.005g
Cos30y 0.001g
CalClp.2H20 0.01 g
KH2PO, 2.0 g
NapHPC, - 12H20 3.0 g
L-Histidine. HC1 0.192¢
Hydrccarbon 20 ml
Tap water 1000 mi
pH 7.0

2.%. Extraction of carotenoids and removal of residual substrate
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The cells harvested were washed with water and a small
amount of acetone, succegsively, and then were extracted with
about three volumes of petroleum ether for 10 hrs. This and
following procedures were carried out in the dark and in N2
atomosphare. In this petroleum layer, about eighty per cent
of the total carotenoids produced were extracted. After
centrifugsation, the resulted petrocleum ether layer was passed
through a column packed with silica-gel (100 mesh) (purchased
from Mallinckrodt Chemical Works, St. Louis), and pigments
adsorbed were extruded from this column and eluted with
acetone.‘ With this treatment residual substrate and most of
waxy substances produced were removed. On the other hand,
cells sedimented by the centrifugstion were further extracted
twice with about three volumes of acetone-petroleum ether
(1 : l) for 15 hrs. To this extracts, a small volume of
water was added without shaking in order to separate the
petroleum ether layer from acetone-water layer. The petroleum
ether layer thus obtained was combined with the above-mentioned
pigmente purified partially by silica-gel chromatography,
evaporated to dryness in vacuc and then dissolved in acetone.
The resulted acetone sclution of carotenoids was allowed to
stand at -20°C for 5 hrs to remove waxy substances which

precipitated as white crystals. These treatments to remove
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the residuzl hydrocarbon substrate and waxy substances produceq

were necessary for the further purification of carotenocids.

2.4. Saponification

The carotenoid mixture cbtained above was dissclved in
benzene and saponified using two volumes of 10 % KOH in
methanol for 30 min at 4OOC with cortinuous stirring in N2
atowosphare. The unsaponifiable fraction containing
carotenoid pigments was extracted with petroleum ether, and
washed five times with water, and evaporated to dryness in

On -
vacue, then storsd et -207°C in N2 atomosphare.

2.5. TFractionation of caroctenoids

The carotenbid mixture was adsorbed on the top of a
silica~gel coluwn and was fractionated into two zones when
developed with petroleum ether. The yellow zone migrated
slowly and the red zone was retaingd on the top of the cclumn.
kach of these two pigmented zones was extruded from the column
and eluted with acetone.

The yellow pigment (Fr. 0) was further separated by
aluminium oxide paper chromatography as follows. That is,
using petroleum ether containing & trace amount of benzene as

developing solvent, a fluorescent substance having the Rf
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vaive of 0.859-0.95 and yellow substance staying at the corigin
were detected. This fluorescent substance was named as Fr.
O-a. The yellow pigments were further separated by aluminium
oxide paper, using benzene-petroleum ether(15 : 85) as solvent,

into two yellow zcnes which had the R_ values of 0.50 (Fr. O—b)

£
and 0.10 (Fr. O-c), respectively.
The red zone obtained in the first silica—gel colunmn
chromatography (Fr. 1) was rechromatographed on silica-gel
with acetone~petroleum gther (5 : 95) as solvent. Two zones
were obtained, that is, an orange pigment eluted with this
solvent from the column (Fr. I—a) and a red pigment retained
on the top of the column (Fr. I-b). This pigment was extracted
with acetone from the adsorbent.
Fr. I-a was further chromatograghed on a column of
silica—gel~€a(OH)2 (l : 2) with acetone-petrcleum ether
(2 : ¢8) and two pure carocotenoids were obtained (Fr. 1 and 2).
On the other hand, when Fr. I-b was chromatographed on

a column of silica—gel—Ca(OH) (1 : 2) with acetone-petroleum

2
ether (7 : 93), one purc carotcenoid (Fr. 3) and a carotencid

mixture were obtained. This mixture was separsated on a column
of silica—gel—Ca(OH)2 (1 : 1) using an increasing concentration

of acetcne in petrcoleum ether as developer into Fr. 4, Fr. 5,

and Fr. 6, and with benzene-acetone (99 : 1) into Fr. 7 and
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The isclated carctencids were further purified by
aluminiun oxide paper chromatography. These separation
procedures werc summarized in Table 2.

Table 2. Chrcmatographic separation of the carotenoids produced
by Myccocbacterium smegmatis.

ra Column chromatography Aluminium
Irac- . . — - oxide
tion élléﬁangl’ Sl&lca«gel— paper chro-
No. |Silico-gel|Silica-gel |[Z8\VE2 CalOH)2 etography
: (1:2) {1:1
O-a | mMigrated
H 3 17
N=b iﬂlthAigl . Developed
[ oxbtruces with B-PI
O-c |l and eluted
I with Ac
L \Bluted wit?gﬂluted with
5 | 4c-PE(5:95) jac-PE(2:98)
£ o
3 et migrated Lﬁlute% Wit
. with Pi. ‘ VAc-PE(7:93
al Extruded ] 1
5 and eluted Txtruded | ;Eluted with
with ac jand eluted| | Bxtruded Ac-Ps
& with Ac snd eluted|”
- fwith Ac
! | }Eluted with
8 . A Ac-B{1:99)

cetone, B: benzene, PE: petroleum ether.

2.6.1. Absorption spectrum
Shimadzu MPS-50 Type FMulti-purpose Spectrophotometer was
used to obtain visible and ultravioclet absorption spectra.

2.6.2. Aluminiuz oxide paper chromatogrsphy
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Aluminium oxide paperlz) (Schleicher and Sehull, No.288)
was used in order to separate, identify, and judge the purity
of carotenoids. Several ccmbinations of acetone, benzene and
petroleum ether were used as developing solvents.

2.6.%. Reduction of carbonyl group

This treatment was performed in order to study the
presence of carbonyl group(s) in the carotencids obtained.

It is well known that carotenoids contailning carbonyl groups
are converted to the corresponding hydroxy-carotenoids when
reduced with small amcunts of Na.BH4 in their 95 % ethanol
sclution. The formation of hydrcxy-carctencids results in

a change in the relative polarity and, in the case of allylic
éarbonyl groups, results in increased fine structurcs and a
hypsochromic shift.in the visible absorption spectrun.

2.6.4. Acetylation cof hydroxy-carotenoids

This procedure are used to distinguish primary and
secondary hydroxy groups from tertiary hydroxy groupslB>.

The carotenocids dissolved in dry pyridine are treated with
acetic anhydride snd reacted at room temperature cvernight,
then extracted with diethyl ether. Only the primary and
secondary hydroxy groups are acetylated under these conditions.

2.6.5. Acid chloroform test

Carotenoids containing allylic hydroxy eroups are
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dehydrated when their chloroform solutions are treated with

small amounts of dry HCl-containing chloroforml4). This

~
treatment yields a carotenoid having one more conjugated
double bond and bathochromic shift in the visible absorption

spectrum and also a,decreased relative polarity. Allylic

alkoxy groups give the same results.

3. Results and discussion

The carotenoids extracted from the cells of Mycobacterium

smegmatis were separated into eleven components by silica-gel
and silica—gel-—Ca(OH)2 column chromatography and purified by
aluminium oxide paper chromatography. These separation
procedures werc summarized in Table 2. The carcotencids thus
separated were classified into four categeries, that is, (1)
precursors of carotene biosynthesis, including phytofiuene,

¢ —carotene, and neurosporene, (2) 4-keto-7 -carotene and its
derivatives, (3) derivatives of 3', 4'-dehydro-4~keto~-r -
carotene, and (4) pligments having unidentified chromophores.
soeme of these csrotenoids were identified by their visible
absorption spectra ss well as their behavicr on aluminium

oxide paper chromatography, before and after the chemical

treatments mentioned above.
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3.1. fraction O-a

This fluorescent substance had the absorption maxims
at 330, 347, and 367 mg in petroleum ether, which were in
good agreement with those of phytofluene reported by Treharne

15) (

et al. Table 3). The absorption spectrum of Fr. O-a was

shown in Fig. 1.

@’:\A/\MWQ

Phytofluene

»
O
=
I
o
~
<
o
O
o
ol 1 A g, £
300 350 400

Wave Length (ma)
Pig. 1. Abscorption spectrum of Fr.0-2

in petroleum ether.
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%.2. Fraction O-b

This fraction was not obtained in the pure state, but
the absorption maxima at 358, 378, 400, and 425 mg in petroleyy
' 16,17)

ether were fairly agreed with those of ¢ -carotene

shown in Table 3.

¢ ~Carotene

3.3. DPraction O-c
This fraction showed an absorption maximum at 445 mu

15)

in petroleum ether and was identified as neurosporene

ﬁliwwkwﬁ%ﬁﬁ/%/\r%vﬁyﬂwzgg

Neurcsporene

The absorption maxima of these three carctenoids were
summarized in Table 3 together with those of the authentic

ones.

>

Table 3. Comparison of absorption maxima of Fr. O-a, O-b and
O~-c with those of authentic ones.

Absorption maximg i

Carotenocid petroleum ether (mgz

Fr. C-a 330, 347, 367

Fr. O-b 358, 378, 400, 425
Fr. O-c 445
Phytofluenel) 330, 347, 367

¢ —Carotenel6,17) 362, 379, 400, 425
Weurcgporeneld 445
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3,4. Fraction 1 anmd 2

These two carotenoids showed very similar behaviors on
the column chromatography and in chemical treatments. F;: 2
pad a broad spectrum ( s nax 467 my in petroleum ether) ~
which changed into a fine structure (4 nex 4735, 460, and
489 m# in petroleum ether) and showed about 7 mg of hy-
psochromic shift (Fig. 2) when the sample was reduced with
NaBH4. This chenge indicated that Fr. 2 would have a con-
jugated carbonyl group on its ionone ring. Furthermore,
reduced Fr. 2 showed about 23 mu of bathochromic shift
when treated with acid chloroform, and this suggested the

formation of a dehydrated product and the existence of an

allylic hydroxy sgroup as shown below. On the other hand,

0 + Hp j, " NaBHy ; | | . ;
JUSNUORUVN I
on ~H50 l #Y-CHCL,] B

; /:: ‘



the absorption spectrum of reduced Fr. 2 was the same as that

17)

of y-carotene” ', and that of dehydrated Fr. 2 was very
similar to that of retro~dehydro—;f-carotenelp) (Fig. 2 and
Table 4). Thus, it was concluded that Fr. 2 had the sanme
chromophore as that of 4-keto-r -carotene. The presence of
other substituent was not precluded, but the IR-spectrum of
this fraction showea the =zbsence of any substituent (Fig. 3).
The IR-spectrum also indicated that Fr, 2 would be all-trans
isomer; that is, the absence of the absorption at 780 cm_l
and the non-branching of the absorption at 960 cm™t (Fig. 3)

would deny the cis-configulation., From these results, we

concluded that Fr. 2 was 4-keto~ 7 -carotene.

Fig.2. Absorption séectra of Fr.2
and its derivatives in petrocleun
ether.

(——) & Fr. 2
(—m~0 : reduced Fr., 2
(———) : dehydrated Fr. 2

e

Absorbance

350 450 T
Wave Length impi)
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Fr. 1 showed the same behavior as that of Fr. 2, but its
abscrption spectrum differed somewhat. Fr. 1 had the absorp-
tion maximum at 460 mu in petroleum ether, and the reduced
one 350, 435, 455.5, and 484 m¢ in petroleum ether (Table 4).
The absorption at 350 m# suggested that this carcotenocid would
have a cis-configuration. The cis isomer of y-carotene is
known to show the same absorption spectrum as that of reduced
Fr. 1. Prom these results, we confirmed the identification
of Fr. 2 as all-trans 4-keto- r-carotene and Fr. 1 as cis
isomer of 4-keto- 7-carotene. 4-Keto- r~carotene might have
been converted into its cis iscmer during the cultivation of

bacteriunm.

A-Keto-7T ~carctene

~
/

Table 4. Properties of#Fr. 1, 2 and their derivatives.

. Absorption mexima (mee )
Carctencid |33 petroleum | .. . i Re value*
in acetcne {in chicroform i
— ether
Fr.1 450 4635
Reduced Fr.l 350 44 35,455,434 350 ,437.459.487
Fr.2 467 470 482 4.7
Reduced Fr.2 435,460,489 140,465,495 450,473,501 03
Dehydrated Fr.2 379:4562483.514 38224655489 ,520 1390.473,499,532 1.6
4-Keto~¥y~carotens 471, (49D
§-Carotene 440,465,455
J-Carotene{cis) 4555:486 35124 37,458,487
Retro-dehydro- 3804462,487,518
§-carctene

*

Aluminium oxide paper chromatography (solvent: benzene )
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3.5. Fraction 3

The abscrptioh spectrum of this fraction was very similsr
to thet of Fr. 2. Then, this carotenoid would have the same
chromophore as that of 4-keto-7r —-carotene. The polarity of
this carotenoid was larger than that of 4-keto-r -carotene,
but was the same as that of 4-hydroxy- y-corotene. Fr. 3 had
a conjugated carbonyl group since the broad absorption
spectrum of this fraction changed into the fine structure
when treated with NaBH4 (Fig.4 and Table 5). These results
suggested that this carotencid would have one more substituent
such as methoxy or epoxy group on the structure of 4-keto-y -
carotens. But this fraction showed the negative result on
the test for epoxide detection. Although we could not determine
the position of methoxy group, we gave the structure of

monomethoxy-4-keto- y —carotene for this fraction.

\M/R/W*\/Y‘\“/\EEL GCH 3

Menomethoxy—-d-keto-y —carctene

3.6. Fraction 6

The sbsorption spectrum of this fraction was similar to
that of 4~keto=-7 —-carotene (Table 5). From the polarity data,
this carotenoid seemed to have one conjugated carbonyl group

and one hydroxy group. Although we could not identify this
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Absorbance

i )
350 450 550
Wave Length (mu)

Fig.4. Absorption spectra of Fr.3 and
reduced Fr. 3 in petroleum ether.
(=) : Fr. 3

(=~—) : reduced Fr. 3

carotenoid exzctly, the compound was likely to be nonohydroxy-

4~keto- ) —carotene.

@WAMW\&‘ OH
0

Monohydroxy-4-keto- y ~carotene

3.7. Fraction 4

The absorption maximum a2t 450 mz in petroleun ether of
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this fraction indicated that the number of the conjugated
double bonds of the compound was one lesg than that of 4-keto--
carotene. The fine structure of reduced Fr. 4 also showed

the presence of cne conjugated carbonyl group (Table 5). From
the behavior on column chromatography, this carotenoid would
have one morc substituent, such as alkoxy or epoxy group.

This fraction showed the positive epoxide test when treated
with acid ether, but further_identification was not carried
out. The possible structure of Fr. 4 is supposed to be one

of the following two structures.

Possible structures for Fr.d

Table 5 Abeorpticn moxima of Fr. 3,4, and 6, and Ry value of
Fr. 3.
. Abscrption maxima (my) Re value*
Fraction - X -
in petrcleum ether in acetcne (solvent)
3 466 470 0.5(with PE-B*¥
Reduced Fr.3 433,458,488 427,462,492 0.8{with Ac—B¥¥*x)
4 450,465

Reduced Fr.4 425,442,471
) b ¥

6 462.5 467

* Aluminium oxide peper chromatography
** Petroleum ether-benzene (15:85)

**% Acetonc-benzene (3:35)
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3.8, Fraction 7 and 8

The absorption meximum of Fr. 8 in chloroform was at
494 my , end this indicated that this carotenoid would have
one more elongated chromophore compared to that of 4-keto-r -
carotene. The change of the broad absorption spectrum of Fr.&
into the fine structure also showed the presence of one
conjugated carbonyl group on its ionone ring (Fig. 5 and Table
6). On acetylation, this fraction gave only one acetylated
derivative, that is this carotenoid had only one secondary
hydroxy group. This hydroxy group was removed when treated
with acid chloroform, and so was confirmed as allylic hydroxy
group. These results were ascertained by the aluminium oxide
paper chromatography with acetone-benzene (1 : 9) as solvent.
Furthermore, phleixanthophyll, reported by Jensenlo) as a
component of mycobacterial carotencids, showed the very
similar absorption spectrum as that of reduced Fr. 8. From
these results, we gave the structure of 1', 2'-dihydro-2'-

hydroxy-3', 4'-dehydro-d-keto- r-carotene for Fr. 8.

ifzﬁyﬂnfmf\/*v&vﬂwkax;{:}::‘OH
. Q

Glucose
Phleixanthephyll
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Pr. 7 showed very similar behavior to Fr. 8 in the
absorption gpectrum and in the chemical treatment such as
reduction, acid chloroform treatment and acetylation. The
absorption maximum of Fr. 7 at about 350 mau indicated %hat
this fraction would be & cis isomer of Fr., 8. Fr. 8 might
have been converted into Fr. 7 during the cultivation as the

case of Fr. 1 and 2.

1 s /*yfxgﬁjszH

Pr 21 Dihydro-2'~hydroxy-3"',4 "' ~dehydro-d-keto~ T -
carctene

Thus we could characterize several carotenocids produced

by Mycobacterium smegmatis in hydrocarbon fermentation, that

ig, Fr. O-a as phytofluene, Fr. O-b as ¢ -carotene, Fr. O-c
as neurosporene, Fr. 1 as 4-keto- y-carotene (g;§ isomer),
Fr. 2 as 4-keto=7r -carotene, ¥r. 3 as monomethoxy—@—keto—r -
carotene, Fr. 6 as monohydroxy-4-keto- r -carotene, Fr. 7 as
i', 2'-dihydro-2'~hydroxy-3', 4'-dehydro~4-ketc—- ¢y -carctene
(cis isomef), and Fr. 8§ as 1', 2'-dihydro-2‘~hydroxy-3', 4'-
dehydro-4~keto-7 -carotene.

The cis isomer (Fr. 1 and Fr. 7) would be the secondary

products of this bacterium which might be caused by the
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Absorbance

. ; ; . N,
350 450 550
Wave Length (m/Q

Fig. 5. J4bscrpticn spectra of Fr.8 and
. 8 in chloreform.

reduced I'r
(——) ¢ Fr. 8
_@”v-) : reduced Fr. 8

Table 6. Abscrption maxima of Fr. 7 and 8
and their dervatives.

absorpticn maxima (mu>

Fracticn - - ~

in scetone in chlorofornm
Fr. 7 481 (350),493
Reduced Fr. 7 477,505

Fr. 8 479 494
Reduced Fr. 8 . (463),487,520
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aeration and agitation during the cultivation. In addition,
about eighty per cent of the carotenoids produced were extracted
into the hydrocarbon substrate layer during cultivation as
mentioned above, The carotenoids extracted into the hydrocarbon
layer would be more susceptible to the effect of oxygen or
light than the carotenoids existed in the bacterisl cells,
and might be converted to their cis isomers.

From the results menticned above, the author proposgd

the metabolic pathway shown in Fig. 6 for the Mycobacterial

carotenoids produced in a hydrocarbon medium.

It is very interesting that Mycobacterium smegmatis

grown on hydrocarbons produced 4-keto-7r ~carctene and its

derivatives 28 the main components contrary to Mycobacterium
P

1)

lacticola grown on hydrocarbons which produced fg-carotene

and to Mycobacterium phlei grown on nonhydrccurbon substrate

which produced 4~ketc-r -carotene and its derivstives us only

. 10
minor componentsg’ >.

4, Summary

This chapter dealt with the isclation and characterization

of several carcotencids produced by Mycobacterium smegmatis in
hydrocurbon fermentation. These carotenoids were classified

into four categories; (1) intermediates in the carotenoid
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biosynthetic route; such as phytofluene, ¢=-carotene, and
neurosporene, (2) 4-keto~ y~carotene and its derivatives
(containing eleven conjugated carbon-carbon double bonds and
one conjugated carbonyl group), (3) derivatives of 3', 4'-
dehydro-4-keto- y —carotene (containing twelve conjugated
carbon-carbon double bonds and one conjugated carbonyl group),
and (4) pigments having unknown chromophore. When carotencids
were extracted at the stationary phase, the major part consisted
of 4-keto- r-carotene and its derivatives, presumably monohy-
droxy- and monomethoxy-4-keto~ ,-carotene. Thus we could
isolate the precursors of 4-keto-7 -carotene, 4—keto~f -
carotene itself and its derivatives, but could not detect
7 —carotene or 4-hydroxy- 7 -carotene, the presumable precursors
of 4-keto~ 7 —carotene biosynthesis.
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Chapter 3. Electromicroscopical study on hydrocarbon-grown

and glucose-grown Mycobacterial cells

1. Intrcduction

The carotencid pigments of hydrocarbon-grown cells of

Hycobacterium smegmatis were more readily extracted with
organic solvents than those of glucose-grown cells; as
mentioned in the preceding chapter. This phenomencn suggested
that the carotenoid pigment would have some role in the
incorporation of hydrocarbon substrate into bacterisl cells,
and that the morphology, especially the construction of cell
membrane, of hydrocarbon-grown cells would differ frcem that

of glucose-grown cells, since it is well known that the
carotencid pigments are distributed over the cell envelope

. 1,2
rather than in the cytoplesm. 2)

3,4) 4

Purthermore, Cicgler et al.
emonstrated the cxtraction of £ -carotene by fatty_
substances from a glucose-grown mold cells. Thus, it is
intercsting to study on the interaction between intracellular
carotenoids and extraccllular hydrocarbons in regard to the
preduction of carotenoids on a hydrocarbon medium and to

the incorporation of hydrocarbon substrates into bacterial
cells. .This chépter deals with the electromicroscopical

study using hydrocarbon-grown and glucose-grown cells of
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Mvcobacterium smegmatis.

2. Dxperimental procedure

2.1. Microorgznism

The organism used in this study was Mycobacterium

smegmatis IFO 3080.

2.2. Cultivation method and estimation of carotenocid
content
Cultivation of the bacterium and estimation of caro-
tenoid content were same as those shown in Chapter 1 of

this part.

2.35. Preparation of specimens for electron microscopy

Cells harvested from the cultured broth were sonicated
at 10 ke for 15 sec with & detergent in order to remove a
residual hydrocarbon substrate, and then were washed twice with
saline to remove a detergent. The washed cells were fixed for
15 hrs with 5 % glutaraldehyde in 50 mM phosphate buffer, pH
7.4,5> washed thoroughly with water, fixed for 2 hrs with 1 %
osmium tetraoxide»in 50 mM phosphate buffer, pH 7.4,6) dehydrated

successively with 70, 80, 90, 99 and 100 % ethyl alcohol
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(tree times) for 15 min,respectively, treated three times with
propylene oxide for each 15 min, propylene oxide-Epon 812

(1 : 1) for 30 min, and twice with propylene oxide~Epon

812 (1 : 2) for esch 1 hr, and then embedded in Epon 812

7,8)

according to Luft's schedule. In some cases, ultra-thin-

section thus obtained were stained with uranyl acetate.

%. Results and discussion

3.1. Bxtractability of carotenoids produced by Mycobacterium

smegmatis

dc observed that some bacteria producing carotecncids
inrtheir cells made up a clump of cells occluding hydro-
carbons when grown on hydrocarbons as a sole carbon source.
The carotenoid pigments thus formsd were easily extracted
with a non-polar solvent, such as n-hexane, from the clump
(Fig. 14 and 1C), although amount of total carotenoids produced
by hydrocarbon~grown and glucosegrown cells were nearly the
same when beling extracted with n-hexane-methyl alcohol after
both celis were sonicated at 10 kc¢ for 10 min (Fig. 1B).
This suggested that the carotenoid pigments locating near the
cell membrane of hydrocarbon-grown cells would mediate the

incorporation of hydrocarbons into bacterial cells and that
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hydrocarbons would act as solvents for carotenoid extraction

from bacterial cells, vice versa. The latter situation was

~ demonstrated by Ciegler et al.3’4) when a mold, Blakeslea

trigpora, was cultured on glucose as =z sole carbon source

with addition of fatiy substances. Although the role of

carotenoids in non-photosynthitic bacteria has not been made

clesr yet, they may participate in coffering the lipophylic

field to the wmetabolism of fatty substances.

1.0 2.0

0.5 1.0

B470/g~dry cell

E G H G
extracted by Hexane extracted by Hexane-FeOH
after sonication {10 min.)

1 N -
H .

0 0.4

2 0.0 )

T "% .

w0 o_—~--.~c>.._--,._e__w___,vo: ‘

\\ - - u-.

= 0 T 10 100 1000 3000
5. extraction time (miﬂutes)

H: Hexadecane medium

G: Glucose medium

Pig. 1. Extraction of csrotenoid pigment produced by

Mycobacterium smegmatis under various conditions.




%.2. EBElectromicroscopical study on hydrocarbon-grown

and glucose-grown Mycobacterial cells

In order to obtain some informastions about the interaction
between the hydrocarbon substrate and cellular carotencids,
the electromicroscopical study was carried out using hydrocarbon-

9)

grown and glucose-grown cells of Mycobacterium smegmatis~™’.

As shown in PFig. 2, 3 and 4, the size of cells and the
thickness of cell wall were nearly the same in both cells.
However, some differences were observed between hydrocarbon-
grown and glucose-grown cells; that is, the former was
round-shaped and its cell membrane was somewhat obscure
compared with the latter. Although we could not demonstrate
the participation of carotencids in hydrocarbon uptake of
bacterial cells, slime-like substance was observed at the
contact face of two hydrocarbon grown cells, as shown in
Fig. 4. This substance was not seen on glucose-grown cells
(Fig. 5) and may be resronsible for the lipophylic nature of
hydrocarbon-grown cells. In some cases, amorphous cell wall
was observed on hydrocarbon—-grown cells and these cells were
rather coagulated compared with glucose-grown cells which
existed separately. The nucleus, riboscme and mesoscme were
observed distinctly in glucose-grown cells, but not clearly

in hydrocarbon-grown cells. Poly-# -hydroxybutylate-like
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substance was seen only in the electromicrograph of hydrocarbon-
grown cells as the low density area. Poly-/ -hydroxybutylate
has been known as the storage substance of carbon and was
demonstrated its occurrence in hydrocarbon-grown Nocardia

10’11) Deposits were also observed in hydrocarbon-grown

cells.
cells and on their cell membrane. These deposits were con-
gidered to be hydrocarbon substrate incorporated into cells
and attached to cell membrane.

Thus, we could observe the several interesting characters

istics of hydrocarbon-grown Mycobacterial cells, although the

participation of carotenoids in hydrocarbon uptake could not

be demonstrated at al.
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Fig., 2.

Hydrocarbon  Medium

Blectromicrograph of Mycobacterium smegmatis.

Glucose-grown cells (upper) and hydrocarbon-
grown cells (lower).

Stained with uranyl zcetate.
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Part IV. Accumulation of porphyrin in culture filtrate

of Mycobacterium smegmatis during hydrocarbon

assimilation

1. Introduction
The accumulation of porphyrins in the culture has been

reported on many microorganisms such as Rhodopseudomonas

1) 2)

spheroides™, Micrococcus lyscdeikticus™, Staphylococcus
ermiais?) | Seocharomvocs cererisinct) B )
epidermidis”’, Saccharomyces cerevisiae'’, Buglena gracilis”’,

7)

6 . .
), Streptomyces sriseus ', and Streptomyces

Bacillus cercus

3)

olivaceus™, and so on.

But, there is no report concerning the accumulation of

porphyrins by hydrocarbon oxidizers, especi:

vl

211y Mycobacterium

4

species. wWe found out that Mycobacterium smegmatis and

Corynebacterium simplex, which produced vitamin B

\
hydrccarbon fsrmentation9/, accumulated a large amount of

12 in

porphyrins in the culture filtrsate during hydrocarbon
asgimilation. Since the biosynthetic route of porphyrins

is closely related to that of vitamin B then it will be

1z’
interesting to investigate the type of porphyrins accumulsated
during hydrocarbon utilization and the relation between the

porphyrin accumulation and the vitamin Bl2 production of these

bacteria.
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In this part, the author will deal with the identification

of porphyrin prcduced by Mycobacterium smegmatis in hydrocarbon

fermentation and the cultural conditions affecting its

accumulation.

2. Bxperimental procedure

2.1, Microorganism

The organism used in this study was Mycobacterium

smegnatis IFO 3080.
2.2. Cultivation method

Cultivation method of this bacterium was same asg thet
mentioned in Part III. The bacterium was cultured using a
10-1 glas» fermentor under continucus agitation by vibro-
mixer, & 500~ml flask with shaking on a rotary shaker (220 rpm),
or a. 10-1 jar fermentor under continucus agitation (400 rpm)
and with adequate eeration, for 6 to 7 days at 300010).
2.%. Hydrccarbon

Hydrocarbens used in this study for the growth substrate
of the bacterium were the "hydrocarbon mixture 1" (mixture of
.

n-C ) and the "mixture 2" (mixture of n-C

11-14 10-13
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2.4. Extraction of porphyrin

Harvested cells and the culture filtrate were extracted
with acetic acid-ethylacetate mixture (l : 3) several times,
respectively, and the combined extracts were washed with
deionized water until no acetic acid remained, and then evaporateq

to dryness in vacuo after being dried on sodium sulfate.

2.5. HEsterification of porphyrin

The crude porphyrin obtained was esterified with_HzSO4
methanol (0.5 : 9.5) for 24 hrs at 5-10°C and the resulting
methyl ester was extracted with chloroform from ice-chilled
reaction mixture, and the extract was Washed with deionized
water to remove remaining H2$O4, and was evaporated to dyness
in vacuo after being dried on sodium sulfate, according to the
method reported by Falklz).

This porphyrin methyl ester was purified by alumina
column chromatography using chloroform-petroleum ether (1 : %)
and chloroform-methanol (100 : 0.5) as developers. Porphyrin
methyl ester did not migrate from the top of the column when
being developed with chloroform-petroleum ether, but migrated
in one red zone in the case of the extract from the culture
filtrate and in two red zones in the case of that from cells,

when being developed with chloroform-methanol. These red
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zones were further purified on the alumina column, The eluates
were evaporated to dryness in vacuo and crystallized from_
chloroform-methanol.

All the solvents used were freshly distilled before-use,
and alumina was purchased from F. Merck A. G., Darmstadt,

Germany.

2.6. Measurement of visible absorption~-, infrared- and
nuclear magnetic resonance spectra
Visible absorption spectra were measured with Shimadzu
MPS—gb Type Multi-purpose Spectrophotometer, and infrared
spectra were measured with Hitachi Grating Infrared Spectro-
photometer D3-402 G. NMR spectra of the porphyrin methyl
ester dissolved in CDCl3 were obtained using Varian NMR

Spectrophotometer Modei A 60.

2.7. Paper chromatography

Toyo Roshi No. 50 and No.53 were used for paper chroma-
tography of porphyrin methyl ester and porphyrin carboxylic
acid. The solvent system composed of 2,6-lutidine-water-
ammonium hydroxide (lO HY trace) was used for the paper
chromatography of porphyrin carboxylic acid. The paper

chromatography of porphyrin methyl ester was carried out as
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follows; methyl ester on a filter paper was developed with
kerosene~chloroform (4.0 : 2.6) (firﬁt run), being dried in

the dark at room temperature, and then developed with kerosene-
n-propanol (5 : 1)(second run) in the same directicm. Porphvring
on the filter paper were detected by red fluorescence under

ultra—violet light.

2.8. sstimation of porphyrin content

The culture filtrate was coxtracted with a mixture of
acetic acid and ethylacetate (1 : 3). fesuvlting precipitates
were filtered off and thoroughly washed with the same solvent
wixture. The filtrate and washings were combined, then washed
with deionized water to remove acetic acid. The porphyrin
contained in the ethylacetate layer was completely cxtracted
with 5 % ECL. The amount of the porphyrin in the HCl extract,
which was identified to be coproporphyrin IIT as shown later,.
was assayed by measuring the opiical density of Soret band with

Shimadzu QB 50 Spectrovhotcmeter.

For estimation of coproporphyrin content, the extinction

13)

coefficient given by Falk and the following formula were

used.

{2 x 0D + 0

D
380 mu

401 mp (OD450 m i )} x 837 x v/V

= Coproporphyrin (ug/l)
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Where,

volume of HCl-extract (ml)

<
It

V = volume of crude solution (ml).

3. Results

%.1. Characterization of porphyrin produced by Mycobacte-

rium smegmatis

The porphyrins produced by Mycobacterium smegmatig in

the culture filtrate and in the cells were extracted with
acetic acid-cthylacetate, and characterized by paper chromato-
’graphy and absorption spectroscopy according to the methods
reviewed by Falklz’ 13).

The red pigment extracted from the culture filtrate
contained only one component, but the pigment from the
bacterial cells consisted of two components, the major
component of which was concluded to be the same as that from
the cultufe filtrate in their chromatographic and spectroscopic
behaviors. The crude extracts had the Soret band about 400 s
in their ethylacetate solution, and showed the Rf values of
0.55 (major one) and 0.64 (minor one) on the paper chromatogran

developed with 2,6-lutidine-water-ammonium hydroxide syster

and detected by red fluorescence under ultra-violet light.

~157-



These results suggested that the major pigment was a porphyrin
having four carboxyl groups and not having any metal, and
that the minor cne would be a metal-free porphyrin having

12).

three or four carboxyl groups Most common porphyrin
having four carboxyl groups is coproporphyrin.

The methyl ester of the major pigment showed the
absorption maxima in its chloroform sclution &t 400.5 (Soret
band), 498 (bund IV), 532 (band III), 565 (band II), 593
(vand Ia), and 620 mg (band I), as shown in Fig. 1. These
absorption maxima were in good agreement with those of
COPTOPOTPthiHl3), 400, 498, 532, 566, 594, and 621 my .

The rolative absorption intensity at the maxima was £lso in
nearly equal to that of coproporphyrin, as shown in Table 1.

On the paper chromatography Mycobacterium porphyrin methyl

ester showed ths same behavior as authentic coproporphyrin
IIT and did not separate from the authentic one on the co-
chromatography as seen in Fig. 2. From these results, we

confirmed that the major pigment produced by Mycobacterium

smegmatig was coproporphyrin. In order to determine the
bexact structure of this porphyrin, the IR-spectrum of this
pigment was measured in KBr tasblet (Fig. 3). The spectrum of
this pigment also susteined the above-mentioned structure,

but no information was obtained concerning the positions of
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Table 1. Absorption maxima and relative sbsorption intensity of porphyrins isolated

13)

and those of suthentic cnes (in CHC1,)
3

Porphyrin Band
methyl ester Soret Iv 111 I Ila I
Major pigment 400.5 m u 498 532 565 593 620
(39.2) (3.04) (2.09) (1.43) (0.25) (1.00)
Minor pigment 403 mu 50{ 534\ 569 —— 622
(=) (4) (12) (15) (1)
Uroporphyrin I and III 406 g 502 536 572 - 627
(51.4) (3.78) (2.24) (1.64) (1.00)
Coproporphyrin I and III 400 mau 498 532 566 593 621
(%6.0) (2.87) (1.98) (1.43) (0.29) (1.00)
Protoporphyrin IX 407 mu 505 541 575 603 630
(31.8) (2.6%) (2.16) (1.38) (0.38) (1.00)

The relative absorption intensity was shown in parentheses, where the intensity of band I

was used as the standard.



1.0 1.0

Oe5 " 0-5 3
0 0]
1 2 3 4 5 6

Fig. 2. Paper chromstography of porphyrins

A. Porrhyrin cuarboxylic acid; solvent : 2,6-lutidine-
water-ammonium hydroxide (10:7:trace)
1: pigment from culture filtrate
2: pigments from bacterial cells

B. Porphyrin methyl ester; solvent : kerosene-chlorofornm
(4.0:2.6) (first run) and kerosene-n-propanocl (5:1)
(second run)
3: major pigment, 4: autherntic coproporphyrin IIT,

5: major pigment + coproporphyrin III, 6: minor pigment.
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- methyl- and £ -carboxyethyl groups. The result of NMR
spectrophotometry finally demonstrated the identity of the
porphyrin methyl ester isclated with coproporphyrin IIIvgethyl
ester. Its charscteristic peaks (Fig. 4) were guite the same
as those of authentic coproporphyrin III methyl ester and of

14). Namely, the methine pesk (6 =10 ppm) and

the literature
methyl pesk ( & = about 3.6 ppm) split in the spectrum of
coproporphyrin III methyl ester but not in that of coproporphyrin
I.

From these results, we concluded that all porphyrin
excreted into the culture filtrate and most of porphyrin
accumulated in the bacteriel cells were metal-free copro-
phyrin IITI.

The minor porphyrin extracted from cells showed the
absorption naxima at 403, 500, 569, and 622 me in its
chloroform scolution (éig. 5). The relative intensity of the
absorption maxims differed from that of the known metal-free
porphyrins (Table 1), that is, the absorption intensity of
band 11 was largest. This pigment seemed to be metal-free
porphyrin, since it had the Soret band at about 400 mge in
its visible absorption spectrum, and showed a red fluorescence

under ultra-violet light. We could not determine the structure

of this porphyrin, since i1t was accumulated in only small amounts.
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3.2. Excretion of porphyrin by Mycobacterium smegmatisg

The porphyrin excretion was about three times larger in
the hydrocarbon medium than that in the glucose medium, as
shown in Fig. 6. The porphyrin was accurulated at the expo-
nential growth phase in both media. In the hydrocarbon
medium, the excretion of porphyrin was only observed under a
relatively small gerstion, but the cell growth snd porphyrin
accumulation were not scen under static conditions. The
bacterial growth was greatly reduced under the condition which

was favorable to the porphyrin excretion (Table 2).

&~
o}
T

Ny
O
1

& 1 1 t ! !
0 1 2 3 4 5 6
Cultivation time (days)

Fig. 6. Porphyrin excretion by Mycobacterium smegmatis.

Porphyrin excreted (ng/1)

(@]

o---0 : hydrocarbon medium
9-——4 : glucose mediunm
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Table 2. Porphyrin eccumulaticn in culfure filtrate by Mycobacterium smegmatis

during hydrocarbon sssimilation

—991-

Fermentor Volume of medium Aeration Agitation KLa(hrnl) Growth Porphyrin
in fermentor accumulation

500-ml shaking - 50 ml None Rotary 149 ++ -

flask 100 shaker 66 ++ -
150 (220 rpm) 49 -+ -
200 ‘ 36 e -
250 28 + -

Hom mees 6 1 Nene V?bro« 5 + + |

fermentor mlxer

10-1 jar 51 10 1/min 400 rpw _— o+ -

fermentor 51 2 1/min 400 rpw - + -

Porphyrin accumuleted was extracted cnd estimeted as mentioned in the text.

The bacterium was cultured for 6 tc 8 days at 30°C.



4. Discussion
The results obtained showed that coproporphyrin IIT was

accumulated in the culture filtrate by Mycobacterium smegmatis

IFO 3080 under & low ceration in the hydrocarbon medium used.
Both porphyrin and corrinoid are known to be formed via
the same biosynthetic route at the early stage, and furthermore,
the structure of corrin nucleus 1s analogous tc that of por-

phyrin, as seen in Fig. 7 and 8.
The relation between the vitsmin BlZ production and the

8)

coproporphyrin accumulation was discussed by Fukui et al.

when Streptomyces olivaceus was cultured in the various media.

That is, they described that the porphyrin accumulation was
reduced under the cultural conditions which were favorable to

the corrincid formation. On the other hand, the vitamin B12

production by Mycobacterium smegmatis was larger in the

9)

hydrocarbon medium than in glucose medium as the case of
porphyrin excreticn.
Although the precise branching point has not been clarified

yet, attentions of many worker315’16’l7)

are objected to the
relationship between the biocsyhthetic pathways of these
compounds. The accumulation of coproporphyrin III cbserved in

this study may be explained if ¢ -aminolevulinic acid synthetase

activity is seriocusly activated and coprogenase activity is
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Porphobilinogen
Poly-pyrryl methane ————— - -o-ne- :;%-Corriﬁ
¢ -7
Uroporphyrinogen IIT <Z- >  Uroporphyrin IIT
Coproporphyrinogen I1I > Coproporphyrin III
Protoporphyrinogen IX > Protoporphyrin IX
Heme

Fig. 7. Biosynthetic pathways of corrinoids and

porphyrins
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markedly decreased, in the hydrocarbon medium under the low

oxygen tension.

5. Summary
During the course of the studies on the production of

vitamin B12 and carotenoids by Mycobacterium smegmatis, we

observed that this bacterium accumulated a large amount of

red pigment in the culture filtrate under the reduced seration
rather unfavorable to the cell growth and the carotenocid
production in hydrocarbon fermentation. The pigment extracted
from the culture filtrate and from the bacterial ceils with
acetic acid-ethylacetate (1 : 3) were characterized as metal-
free porphyrins from their visible absorption spectra. Identi-
fication of methyl esters of these porphyrins was carried out
by paper chromatography, and visible asbsorption-, infrared-,

and nuclear magnetic resonance spectroscopy. The red pigment
extracted from the culture filtrate contained coproporphyrin

ITI only, but the red pigment from the bacterial cells contained
a small amount of unidentified porphyrin-like substance other
than coproporphyrin III. The accumulation of porphyrin was

Y

observed under the reduced aeration (KLa =5 hr ), but not

under the larger aeration (KLa = above 28 hr—l).
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Part V. Substrate specificity of yeast in hydrocarbon

fermentation

1. Introduction

It is well known that yeast can assimilate n-alkanes,
n-alkenes, and hydrocarbon mixtures. Although relative utili-
zability of n-alkanes by yeast differed among investigators,
it is likely that p-alkanes of medium carbon-chain length

2,3)

(¢ ) were most appropriate for yeastl’ . In the course

12-18
of our investigation fc¢ produce the yeast cell mass and useful

cell materials in a hydrccarbon fermentation, we found out

that Candida albicsns assimilated more readily a hydrocarbon

mixture rich in n-undecane than a mixture rich in p-tridecane.
Based on this fact, we investigated the substrate specificity
of several kinds of yeast in the hydrocarbon fermentation, and

found out that Candida albicans and Candids tropicalis showed

a difference between the utilizability of the two hydrocarbon
mixtures. The strain YH 101-Cl, newly isclated by us from
garden soil, utilized both of them in a similar degree, though
the assimilating rate at the initial growth stage were different.
Candida albicans, which could assimilate n-hexadecane and n-

octadecane but not kerosene or light oil4’5), could utilize

n~decane, n-undecane, and n-dodecane more readily than longer
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carbon-chain n-alkanes. But the organism could not utilize
shorter carbon-chain n-alkanes, such as n-hexane and p-octane.
In this part, we will describe the substrate specificity of
yeast and the relative utilizability of n-alkanes in the

hydrocarbon fermentation.
2. Bxperimental procedure
2.1. Microorganism

The organisms used in this study were as follows;

Candida albicans Berkhout IFQ 0583

Candidsa intermedia NRRL Y-6%28-1

Candids tropicalis (Cestellani) Berkhout PXK-233

Candida tropicalis IFO 0589

YH 101-C-1 (isolated from soil)
These organisms were maintained on malt extract-agar

slants.

2.2. Cultivation method
The cultivation method was the same as that shown in

Part II. The hydrocarbon medium used was shown in Table 1.

2.%. Determination of cell yield
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Determination of the cell yield was carried out as follows;
1 ml of the cultured broth was centrifuged, the cells sedimented
were washed with n-hexane and water successively, suspended into
25 ml of water, and then measured by optical density at 570 mau.
The amount of dry cells was determined as follows; 50 ml of
broth was centrifuged at 1000 X g for 10 min, the cells
sedimented were washed with n-hexane and water successively,
and then dried at 105-110°C for 2 hrs. The relation between

optical density and dry cell yield were as follows;

optical density at

C. albicans; 1 g dry cells/1=1.55 of at 570 mu
C. intermedias 1 " =3.49 "
C. tropicalis Pk~233; 1 " =%3,14 "
C. tropicalis IFO 0589; 1 " =2.46 "
YH 101-C-1; 1 y =%.%1 !

Table 1. Composition of hydrocarbon-medium tested.

NH4NO3 5.0 g
KHpPOy 2.5 g
MgS0, - THHO 1.0 g
Feél3-6H20 0.02¢g
Corn stesp liquor 1.0 g
Tween 85 . 0.2 ml
Hydrocarben 5.0—40.0 nl
Tap water 1000 mi
pH 5.2—5.4
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2.4. Hydrocarbons

Pure n-alkanes were obtained commercially. "Hydrocarbon
mixtures 1 and 2" were the gifts from Dr. M. Shigeyasu,
Maruzen Petroleum Industries Co., and "hydrocarbon mixture 3"
was a equal volume mixture of "hydrocarbon mixtures 1 and 2",

n-Alkane compositions of these three amixtures were as follows;

mixture 1:  n-undecane (n-C171) 2.%5% by wt.
n-dodecane (£~012) 13.4%
Q—tridecane(g—013) 51.%%
gftetradecane(g—cl4) 33.0%

mixture 2: n-decane (n-Cip) 22.2% by wt.
n-undecane ‘ 44.,5%
n-dodecane 246.1%
n-tridecane 4. 2%

mixture 3:  n-decane 11.1% by wt.
n-undecane 23.4%
n-dodecane 21.2%
n-tridecane 27.8%
n-tetradecane 16.5%

2.5. Analysis of n-alkanes

Analysis of n-ulkanes was carried out by gas chro-
matography on a column of 5% SE-30 on Celite 545, 80 to 100-
mesh, packed in « 1.0-meter stainless-steel column with an
internal diameter of 0.3 cm. The apparastus used was Yanagimoto
Gas Chromatography GCG 500-T. The amounts of D-alksnes were
calculated from the area of the peaks on the charts.

n-Alkanes were extracted with n-hexane from a cultured

-176-



proth. The n~-hexane layer was dried on sodium sulfate over-
night and concentrated to an appropriate volume under a reduced
pressure at room temperature (15—3000) and analyzed by gas
chromatography as described above. The recovery test of each

n-alkane using this treatment showed 95-101 % of recovery.
3. Results
3.1. Growth of yeast on the "hydrocarbon mixtures 1, 2,

and 3"

3.1.1. Candidae albicans IFO 0583

As shown in Fig. 1, at the substrate concentration of

0.5 %, Candids albicens showed nearly equasl cell yields on

the three mixtures, but a highest growth rate was obtained on
"mixture 2". Using a2 higher substrate concentration, the cell

yield and the growth rate of Candida albicans on "mixture 1Y

were smaller than those on the "mixtures 2 and 3", respectively.
The "mixture 3" was assimilated in the same degree as the
"mixture 2" until at the concentration of 2.0 %, but at 4.0 %,
the cell yield on the "mixture 3" wes inferior to that on the
"mixture 2", although the growth rate of this yesst on both
mixtures were almost equal during the initial phase of the

growth (Fig. 2). These results suggested that Cendida albicans
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could assimilate n-undecane more readily than n-tridecane.

%.1.2. Candida intermedia NRRL Y-6328-1

This yeast did not grow well on the hydrocarbon mixtures
and n-hexadecane compared with cther yeast used in this study.
The cell yield of this yeust on the "mixture 1" was lower

than those on the "mixtures 2 and 3" (Table 2 and Fig. 3).
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Fig. 3. Typical growth curves of C. intermedia on the hydrocarbon
mixtures.
"mixture 1" (0w-o) "mixture 2" (@—=)
Substrate concentration was 1.0 v/v%.

Cultivation was carried out on a rotary shaker (220 rpm)
at 30°CC.
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3.1.3. Candida tropicalis IFO 0589

This yeast grew well on the "mixtures 1 and 2" as well
as on n-hexadecane. The cell yield and the growth rate of
this yeast on the "mixture 1" were similar to those on the
"mixture 2" (Fig; 44).

3.1.4. Candida tropicalis PK-23%

No significant differences were observed among the initial
growth rates of this yeast on the three mixtures mentioned
above, but the final cell yield on the "mixture 1" was releatively
small. This tendency wes more obvious at the substrate

concentrations of 2.0 % (Table 2 and Fig. 4B).
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Fig. 4. Typical growth curves of C. tropicalis on the three kinds

of hydrocarbon mixtures.
"mixture 1" (?f*“o "mixture 2" (9“—-*) "mixture 3" (x—v~x)
A G, trgplca¢1s IC 0589 B: C. tropicalis Pk-233
Cultivetion was carried out on a rotary shaker (220 rpm) at
300C using 1.0 v/v% of substrate.
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3,1.5. YH 101~C~1

"The final cell yields on the "mixtures 1 and 2" were
nearly same (Table 2), although the initial growth rates
on these two mixtures were fairly different. At the early
cultivation period after inoculafion, this yeast grew well
on the "mixture 2" but scarcely cn the "mixture 1" (Fig. 5).
After this induction period, this yeast grew well on the
"mixture 1" with the erowth rate comparable to that on the
"mixture 2". But the fermentation period when the cell yield
reached to the maximum was postponed on the "mixture 1" about
25 hrs comﬁared with that on the "mixture 2". The final cell
yvields were 4.7 g dry cells per liter on the "mixture 1" and
4.55 g on the "mixture 2", respectively, and little difference’
was seen between the cell yields on the two hydrocarbon

mixtures.

3.2. Growth of yezst on pure n-alkanes

As described asbove, Candida albicans as well as the other

yeast showed the substrate specificity for the n-alkane
mixtures. Then, we investigated the substrate specificity

for pure n-alkanes using Candida albicens. Candida albicans

could grow on n-alksnes of C but ceould not on n-hexane

10-20°

and n-octane. Among these oxidizable n-alkanes, n-alkanes
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Cultivation Time (hrs.)
Fig.5. Typical growth curves of YH101-C1l on the hydrccarbon
mixtures. -
"mixture 1" (0—o) "mixture 2" (8-—e ) '
Cultivation method was same as that shown in Fig. 4.

Table.2. Yeast cell yield on three hydrocarbon-mixtures and
n-hexadecane.

H.C. Concn. Maximum cell yield (g dry cells/1)
mixture (v/v%) c. c. C.tropicalis C.tropicalis YHI1OL
albicans intermedia 0589 PK~2373 =C1
0.5 %5.08 - - - -
1 11.0 4.04 1.17 3.%5 2.47 4.47
}2.0 3.38 ~ - 2.30 -
4.0 4.10 - - - -
0.5 3.351 - - - -
5 1.0 5.10 1.60 3.53 3.15 4.55
2.0 6.06 - - 3455 -
4.0 7.40 - ' - - -
0.5 3.31 - - - -
3 1.0 4.95 1.73 - 2.99 -
2.0 5.15% - - 3.02 -
. 4.0 5.31 - - - -
n-Hexade-
“cane 1.0 4.40 - 2.63 3,04 4.40

gg%t%v§§§g? wag carried out on a rotary shaker (220 rpm) at 3000



with relative ghorter carbon chains ( ) were the best

C10—12
substrates for this yeast and n-hexadecane was next to these.
On the contrary, n-tridecane, n~-tetradecane and n-pentadecane

were the poor substrotes for this yeast. This result was in

accord with the facts that Candida albicans could grow better

on the "hydrocarbon mixture 2" rich in n-undecane than the
"mixture 1" rich in n-tridecone as mentioned sbove. Therefore,

we concluded that the difference among the utilizability of

Table 3. Growth of C. albicans on various n-alkanes.

Cell yield(eg dry cells/1)
2 day culture 4 day culture

None 0.28 0.24
n-flexane 0.27 0.24
n-Octane 0.31 0.32
n-Decane 5.65 5.68
n-Undecane 5.13 5.12
n-Dodecana 5.48 5.45
n-Tridecsne 2.78 3.67
n-Tetradecane 3.00 3.42
n-Pentadecane 2.07 2.82
n-Hexadecane 4.17 4.40
n-Heptadecane 3.83 .88
n-Octadecane 3.24 3.89
n-Nonadecane 3.78 5.94
n-kicosane 3.51 3.31

Cultivation was carried out on a rotary shaker
(220 rpm) at 30°C.

fach n-alkane was added at the concentration
of 1.0 v/v%.
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the three hydrocarbon mixturecs by the yeast resulted from its
different utilizability of pure n-alkanes. We could not detect
the difference between the oxidizability of the even carbon
number alksnes snd the odd carbon number alksnes (Table 3).

Candida tropicalis IFO 0589, Candida tropicalis PK-2733

and YH 101-C-1 grew well using n-hexadecane, but Candids

intermedia could not grow well on this alkane (Table 2).

3.3. Relative utilizability of n-alkanes

As described above, the growth rate and the maximal cell

yield of Candida albicans were excellent when used n-alkanes
of carbon number 10 to 12 as carbon sources, while np-slkanes

o were not good substrates. This result was in

C
SRR
accord with the fact that the "hydrocarbon mixture 2" including
n-decane (22.2 % by weight), n-undecsne (44.5 %), n-dodecane

(29.1 %) =na n~-tridecsane (4.2 %) was the better substrate for

Candida albicans than the "mixture 1" including n-undecane

(2.3 %), n-dodecene (13.4 %), n-tridecane (51.3 %) and n-
tetradecane (33%.0 %). In relstion to these rcsults, we
investigated the relative utilizaebility of n-alkanes in the
hydrocarbon mixture using gas chromatogrsphic technigue.

Candide albicans growing on the "mixture 1" revealed a relative-

ly small consumption rate of substrate (Table 4). After 4
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days' cgltibation, only thirty per cent of substrate was con-
sumed, and even p-undecune and n-dodecane remained in
thirty—-seven and fifty-seven per cent of the initial amounts,
respectively. Consequently,the growth rate ond cell yield

of this yeast were small on this substrate. On the contrary,

Candida albicans readily assimilated the "mixture 2" (Table 5).

In this case, the consumption rates of n-decsne and n-undecane
were especially 1arge,'but that of n-tridecane was relatively
small. After 4 deys' cultivation, nearly all of substrate was
utilized. The typical gaos chromatographic patterns given in
Fig. 6 shows the utilization of this substrote by Candida
albicans until 4 days' cultivetion. On the other hand,

Candida albicans growing on the "mixture 3" (equal volume

mixture of the "mixzturcs 1 and 2") exhibited relatively small
growth rate and small consumption rate comparsd with those on
the "mixture 2", although this yezst gave the same cell yields
on both the substrstes. In this case, n-decane and p-undecene
were also assimilated more readily thaﬁ n~-tridecane or n-
tetradecane. After 4 days' cultivation when about ninety
per cent of the substrate was utilized, nearly all of n-decane
and n-undecane were assimilated, whereas about twenty per
cent of n-tridecane and n-tetradecane remained (Table 6).

From these results, we concluded thst Candida albicans
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Table 4. Consumption of "hydrocarbon mixture 1"

by C

. albicans.

Cultiva- Celld Residual n-alkanes
t%gn {éeéry' n-Cyq n-Ci2 chlS Q?Cl4 Total
fhr cells/1)
mg/ } . m Rl
100m1 % {ééml % ?géml % lgéml % I%éml %
0 0.10 {35 100} 202 100|771 100} 496 100 |1504 100
22 1.02 {26 74(155 77646 84427 86 {1254 83
48 2.35 |21 60| 136 67 (588 761390 79 |1135 76
70 3.03 |14 40} 119 591541 70374 75 11048 70
94 2.98 |13 371116 57532 69]370 75 11031 69
Cultivation was carried out on a rotary shaker (220 rpm) at 300C.

Hydrocarbon mixture was added at the concentration c¢f 2.0 V/v%,
and estimsted gas-chromatograpnically.

Table 5. Consumption of "hydrocarbon mixture 2" by C. albicans.

Cultiva~ Cell Residual n-alkanes
fon tyield C G C G Total
ime g dry, n-Ci10 n- n- n- Tota
(hr) | co1ls/1) 1l 1 13
m e/ im - im | mg/ .
1%Om1 % 150m1 %o l%éml % 1§éml % 180m1 %
o} 0.13 330 100} 661 100| 432 100| 62 100 | 1468 100
24 2.98 201 61 465 70| 336 78] 49 79 {1051 71
48 5.20 158 18] 172 26| 168 39| 26 42| 424 29
72 5.85 115 5 477 7 68 16 14 23 144 10
96 - 5.85 0 0 5 1) 11 3 2 3 18 1

Cultivation and

Table 4,

estimation

methods were same ss those shown in

Table 6. Consumption of "hydrocarbon mixture 3" by C. albicans.

Culpiva— Cell Residual n-alkanes
tion Y iel -
ime dr n-C n-Cq+. -C : - -

?hr cgllsvl) 10 =i 212 213 2614 fote]
mg/ ng/ mg,/ mg/ L mg/ mg/
100ml  %|100ml % {100ml %|100ml %|100m1 % |100m1

0 0.11 [165 100{348 100 {317 1001417 100|248 10011495 1
46 4.47 |4 251111 321|137 431205 491|124 50| 618
79 5.15 4 21 17 5138 1218 19153 211193
94 5.91 2 1} 10 3130 10) 78 19 44 18| 164

Cultivation and

Table 4.
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Fig.6. Typicsl gas chromatographic patterns of
residual substrates.

C. albicans was cultivated on "hydrocarbon mixture
2" (2.0 v/v %), using a rotary shaker (220 rpm).
Residual substrates were determined at 0O (before
inoculaticn), 24, 48 and 96 hrs of cultivation.



could more readily utilize n-decane and n-undecane than n-
tridecane and n-tetradecane, and that a larger amount of the
latter alkanes presented in a hydrocarbon mixture would
inhibit the assimilation of the former alkanes by this yeast
competitively. Consequently it would be concluded that,
among n-alkanes of carbon number 10 tc 14, the shorter the
carbon chain of the alkane was, the larger the relative

utilizability by Candide albicans was.

The similar results were obtasined using Candida tropicalis

PK-2%% (Table 7, 8 and 9). In this case, n-decene =nd n-
undecane were better substrate than n-tridecane and n-tetra-
decane for this yesst, too. But, the inhibitory effect of the
latter two alkanes was not seen so obviously as in the case

of Candida slbicans (Table 7 and 9).
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:Table 7. Consumption of "hydrocarbon mixture 1" by C. tropicalis Pk-233.

Cultiva-[Cell Residual n-alkanes
Eigg {é?é%y n-C11 n-Cyo n-Cy3 n-Cyy Total
(hr cells/1)
- g mg/ mg/ mg/ mg,
100m1 % | 100ml %| 100ml % | 100ml % |100ml %
0 0.06 35 100 | 202 100} 771 100 | 496 100 | 1504 100
20 1.09 22 631160 79| 623 81| 420 85 |1225 81
44 2.15 Z 3741113 56| 438 571301 61| 865 58
70 2.30 720 74 371 312 401200 401 .593 39
92 2.19 6 17] 63 31| 284 371178 36| 531 35
The wethods of cultivation of the yeast and of estimation of hydro-

carbons were same as those shown in Table 4.

Table 8. Consumption of "hydrocarbon mixture 2" by C. tropicalis Pk-233.

Cultiva-|Cell Residual n-elkanes
Eion Xieéd
ime g dry - _ _n ]
hr cells/1 n-C10 n-Cqy 2-Cqyp n 013 Total
/7
mg/ | mg/ wg/ | me/ ng/
10oml %{ 100ml f 100ml % | 100ml % !100ml %
0 0.06 333 100| 661 100} 4%2 100 62 100 | 1486 100
20 1.38 127 38| 366 551 291 67 37 60 821 55
44 2.89 44 131 197 301 181 42 23 37 445 30
70 5.55 4 1 87 131 120 28 14 23 225 15
92 3.3 trace O 26 4 A4 10} trace O 70 5
The methods of cultivation and estimation were same as those shown
in Table 4.

Table 9. Consumpticn of "hydrocarbon mixture 3" by C. tropicalis Pk-233.

Cultiva- |Cell Regidual n-~alkanes
tion ield
- - 4 » _ ~
fi? cgllgyl n-C1c n-Cyq n-Cip n-Cy3 n-Cyy Total
g/~ _fme/ — Tme/ T Tme/ mg/ [ me/
100ml % {100ml % |100ml %|100ml %|100m1 %|100ml %
0] 0.06  [165 1001348 100|317 100{417 100|248 100{1495 100
20 1.37 77 47 1238 68247 178|351  84(213 851126 75
§4 2.78 33 204132 38|173  55|255 61|154 62| 747 50
0 3.02 2L 13110 32146 46230 55(140 56| 647. 4
92 2.98 iz 7 .07 1941314  36(181  43[109 44| 48% 32
The methods of cultivetion and estiustion were same as those shown
in Table 3.
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4. Discussion
Although a number of investigetion have been mede about
the utilization of hydrocarbons by yeast, especially Candida

7
uS]’—y2’5’69 { ’8>

gen most of these were concerned with pure

alkanes. The rcsults from several laboratories carried out
under variocus cultural conditions suggested that most kinds
of yeast would exhibit the substrate specificity even if conly

n-alkanes were used as a sole carbon source, and that p-alkanes

would be the best carbon

1)

iedium ca wmin- sth
of medium carbon chain-leng (010_20)

gources for yezst in hydrocarbon fermentation. Johnson

reported that Cundids intermedia or a closely related species

i

C and C and

. ’ imila e n-& 1 LI ~
could assimilate n-alkanes of C C C 17 18°

127 7147 16’
that the generation time of this yeast was shortest on n-

octadecane. On the other hand, Candida reukaufii could

utilize n-decsne, n-dodecane and n-tetradecane, but could not
n~hexadecane and p-octadecane, as compared with Candida

lipolytica and Candida pulcherrima which could assimilate

2)

21l these n-slkanes™ . Takeda et al.a) investigated on the

utilizability of pure n-slksnes using several kinds of yeast,
and reported that n-alkanes from Cll to 018 were assimilated

well. Our resulis revealed that Candida albicans could

assimilate n-decane, n-undecane and n~dodecane most readily,

but n-tridecane, n-tetradecane and n-pent:decane relatively
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slowly, and could not utilize n-hexene and n-octane. We have
not any experimental datae to explain why there exist this
specificity among a homologous series of n-slkanes. From the
results of the physiological and metabolic studies on a
Micrococcus capable of oxidizing hydrocarbons, Harrisg)
explained this substrate specificity on the basis of the
molecular configuration. That is, he suggested that n-

oétane and n-dodecsne which had the exposed terminal methyl
groups on Hirschfelder molecular models, were readily oxidized
by this Mierccogccus, but that n-decane whose terminal methyl
groups were tightly retained in folded form of this molecular,
wos oxidized scomewhat slowly. But these rasults were not
consistent with our results that n-decune was one of the

best substrate for Candida zlbicans. We supposed that the

2
i

turn over numbers of hydrocarbon-oxidizing enzyme systen
would vary with various n-alksnes from which the difference
in the utilizability of n-alkanes would arise, since the
higher concentration of n-tridecane or n-tetradecane was nore
inhibitory to the utilization of n-decane or n-undecane by

Candida albicans (Table 4, 5 &and 6). The similar result was

obtained using Candida, tropicalis PK-233.

From these facts, it will be recommended that, when the

"hydrocarbon mixture 1" (rich in gftridecane) will be used
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for cell mass production of Candida, n-decane, n-undecane, or

n—dodecane should be added as a supplement.

5. Summary
In the course of the studies on the utilization of
hydrocarbons by several kinds of yeast, we found out that

Candida albicens, Candide intermedis, Candida tropicalis and

YH 101-C-1 (isolated from soil) could grow better on "hydrocarbon
mixture 2" (rich in.g—undecane) than on "hydrocarbon mixture 1"
(rich in Q;tridecane). Based on this foct, we investigated

the substraote specificity of Candida albicens using pure n-

alkanes. Among the n-alkanes tested, n-decane, n-undecane,

and n-dodecane were the best substrates, n-hexadecane was next
to them, but n-tridecane, n-tetradecane, and n-pentadecane

were inferior under the experimental conditions. np-Hexane

and n-octane were not utilized by this yeast. In order to
examine the relative utilizability of n-alkanes in the hydrocar-
bon medium containing a mixture of various hydrocarbons, we
determined the residual substrates in the cultured broth

using gas chromatographic technique. The results obtained
showed that the relative utilizability of n-alkanes in the

hydrocarbon mixtures by Candide albicans was as follows;

n-decane > n-undecane > n-dodecane > n-tridecane > y-tetradecane.
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A higher concentration of n~tridecane or n-tetradecane was

rather inhibitory for the assimilation of n-decane or n-

undecane by Candida albicans. In the case of Candida tropicalis

PK~2%3%, similar results were obtained.
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Part VI.. Growth ability of yeasts and molds on hydrocarbons

and their derivatives

Chapter 1. Growth of yeasts on hydrocarbons and their

derivatives

1. Introduction

Yeast, especially belonging to the génus of Candida, is
believed to be one of the most useful organism to produce
"single cell protein”. The production of yeast cell mass
has been attempted using crude oil as carbon source in Burope,
while n-alkane fractions derived from crude oil have been
used as growth substrates for yeast in Japan. Although

n-alkanes of medium cheain-liength (c ) are surely better

C
10-20
substrates for various microorganisms than crude oil, it
will be disadvantszgeous to use these alkanes in their pure
forms as a starting materials in fermentation process at

present because of their high costs. Various yeasts are known

to utilize n-alkanes and/or n-alkenes of medium chain-length

(010_20) and these include Candidal_B), Pichiag)

9) 9) 7,9)

myces”’, Torulopsis

, Debaryo-

7)

, Hansenula 7,

, Rhodotorula

—

. 8 _—
Mycotorula ), and Trlcosgoron' , and so on. On the other

hand, a relatively few yeasts could grow on crude hydrocarbon
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. 10,11
mixtures, that is some strains of Cand1da3’4’ ? ),
)

10) 3)

Rhodotorula®’ , Hansenula

12)

y Mycotorula8 and Brettanomyces

on kerosene, and Candida tropicalis on iight oil, liquid

4)

paraffin and heavy oil "/,

Therefore, it is important problem to search a certain
carbon source being available essily and to screen some useful
yeasts which can assimilate crude hydrocarbon mixtures. Hence
we investigated the growth of several yeast on n-alkanes,
their derivatives and crude hydrocarbon mixtures in this

chapter.

2. Bxperimentel procedure

2.1. Microorganism

The organisms used in this study were gifted from the
Department of Fermentation Technology, Osaka University and
the Instituts for Fermentation, Osaka, and maintained on

malt extract-agar slants.

2.2. Cultivation method
Cultivation method for yeast was the same as that shown
in Part I. Carbon sources were added at the concentrations

of 1.0 v/v % or 1.0 w/v %,
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3. Resultes and discussion

As shown in Table 1, Candida slbicans, Candida lipolytica,

Candida tropicalis and YH 101-C-1 (isolated from soil) could

assimilate well n-hexadecane and n-octadecane. However, cetyl
alcohol, stearyl alcohol, palmitiec acid and stearic acid, which
were the oxidative intermediates of n-hexadecane and n-octade-
cane degradation, were not necessarily good substrates for
these yessts except YH 101-C-1. We expected that palmitic

acid and stearic ascid would be superior substrates even for

the yeasts which could not assimilate hydrocarbons, since

these acids were the most common fatty acids occurred in these

1%,14)

organisms The results showed that these acids could
not support the zrowth of most yeasts tested including
hydrocarbon-utilizers. This fzct would be ascribed to the

permeability of these acids, since the intracellular fatty

acids are known to be utilized as carbon scurces. Aida et

1.15)

&a

demonstrated the inhibitory effect of higher fatty acids

on the growth of Mycotoruls Jjaponica, a hydrocarbon-utilizing

cane. Similar results were also
obtained on some bacterial6). This suggested that fétty

yeast cultured on n-~hexade

acids would interact with permease or with hydrocarbon-
cxidizing enzymes at the cell wall and competitively irhibit

the incorporation or the oxidation of hydrocarbons as the
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results. The possibility would not be ruled out that some
yeasts, such as YH 101-C+1, assimilates the fatty acids via
the di-terminal oxidation system demonstrated in Candida

17)

rdgosa In conclusion, the derivatives of hydrocarbons
so far tested were found cut not to be good substrates for
yeast growth. The crude hydrocarbon mixtures, such as wax,

paraffin (m.p. 42—440), light o0il and kerosene were not also

aseimilated by the yeasts used in this study.

4. References
1). M.J. Johnson: Chen. Ind., 1964, 1532
2). J. Takahashi, Y. Kawabatsa snd K. Yamada: Amino scid.
Nucleic acid, 10, 91 (1964)
3). K. Komagata, T. Nakase and N. Katsuya: J. Gen. Appl.
Microbiol., 10, 313 (1964)
4). S. Otsuka, R. Ishii and N. Katsuya: J. Gen. Appl.
Microbiol., 12, 1 (1966)
5). 1. Takeda: Hakko Kyokai-Shi, 24, 443 (1966)
6). M.J. Klug and A.J. Markovetz: Appl. Microbiol., 15,
690 (1967)
7). A.J. Markovetz and R.E. Kallio: J. Bacteriol., &7,
968 (1964)

8). T. Aida and K. Yamaguchi: Nogei-Kagsku Zasshi, 40,

-197-



86T~

(0] D .
o < 0 .
; o} 9] . 'c—J fav} .
Carbon source S 6 3 & o gl o - ©
~—— - re] s} 4 o © Bl o <
S~ a3 s} =N 4+ ] Gy o
Yeast s & % ¥ E 5 o = &
eas \\\\\\\\\\\\\ e S b o = ) b £ 0 =
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Candida albicans I1FO 0583 e ++ T + + T + - -
Candida lipolytica IFO 0717 bt + + + + - I - -
.
Candida rugosa IF0 0591 4 + + + + + = + - -
. . . v ~ +
Candida tropicalig IFO 0589 ++ e + + + - - - -
: s 4 ‘ ,
Candida utilis IFO 0619 z o+ + + z B x - -
- + + +
Debarvomyces kloeckeri IFO 0034 - - - - + - - - - -
. . +
Endomyces fibuliger IFO 0103 - - - - - - - - - -
Hangenula anomals IFO 0127 - - B - * ¥ - - - -
Pichia membranacfaciens IFO 0188 * - + - - iy - + - -
‘ S +
Rhodotorula rubra IFO 0382 - - + - + - - - - -
Schizogaccharomyces pombe IFO 0346 - - - - - * - - - -
Zyzosaccharomyces sova 1FO 0495 - - - - + + - - - -
YH 101-C-1 (isolated from soil) bt A A A ¥

Table 1. Growth of yeasts on hydrocszrbons and their derivatives.
Yeasts were culturzd on a rotary shaker (220 rpm) for 7 to 9 days.
+++ 1 abundant growth, ++ : moderaste ~rowth, + & slight, visible growth,

- t questionable growth, and - : no growth.
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Chapter 2. Growth of molds on hydrocarbons

1. Introduction
It is well known that a number of molds including

Aspergillusg, Penicillium and Fusarium cen assimilate

N

) 2)

various hydrocarbons as reviewed by ZoBell1 and Davis™’.

4
Recently Markovetz et al.)) reported the utiligability of
n-alkenes and l-alkenes by various molds and recognized that

Cunninghamella was the most active organism among the molds

tested. In this study, they detected a monocarboxylic acid,
a prim;ry alcchol, and & secondsry alcchol as oxidation
products of these hydrocarbons used.

It will be interesting to produce some useful materials,
such as fatty substances, crgenic acide, antibiotics and
extracellular enzymes, from hydrocarbons using some strsins
of molds. In this chapter we dezlt with the capabilitics of
molds to grow on a n-alkane mixture in three different culture
conditions: shaking culturc, surface culture and interface
culturz (cultivation at the interface of agueous layer asnd
hydrocarbon layer). Some molds could grow on a hydrocarbon-
mineral salts wedium under relatively anaerobic conditions
as well as aerobic conditions. The fact seems to offer an

interesting problem concerning the power input for agitation
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and aeration in hydrocarbon fermentation.
2. Experimental procedure

2.1. Microorganism

The organisms used in this study were obtained from the
Department of Permentation Technology, Osaka University and
the Institute for Fermentation, Osaka, and maintained on malt

extract-agar slants.

2.2. Cultivation method

For preparing an inoculum, the mold was grown on malt
extract-agar slunt for 3 to 4 days at BOOC, and a loopful of
the cells was transferred into a test tube ceontaining 20 ml of
Bushnell-Haas medium (Table 1) and 0.4 ml or 15 mi of a hydro-
carbon. In the case of shaking culture, a test tube containing
20 ml of medium and 0.4 ml of a hydrocarbon was sghaken by
reciprocation (120 strokes per min) at 25—2700, or a 500-ml
flask containing 100 ml of medium and 2.0 ml of a hydrocarbon
was shaker by rotation (220 rpm) st BOOC. In the case of
surface and interface cultures, test tubes containing 20 ml
of medium and 0.4 or 15 ml of hydrocarbon, respectively, were

cultured statically at 30°C.
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Table 1. Composition of hydrocarbon medium used.

NH4NO3 1.0 g
KH2PO4 1.0 g
KZHPO4 1.0 g
Mg804.7H2O 0.2 g
CaC12.2H20 0.02 g
FeClB.6HZO 0.05 g
Hydrocarbon 20 ml
Tap water 1000 ml
pH 6.2

2.%. Hydrocarbon

The "hydrocerbon mixture 1" was mainly used as a scle
carbon source. This ﬁixture contained n-undecans 2.3 %, n-
dodecane 13%.4 %ﬂ n-tridecane 51.3 % and n-tetradecane 3%.0 %
by weight.

Other chemicals were obtained commercially.

3. Results and discussion

As shown in Table 2, some strains belonging to the genus

of Aspergillus, Fusarium, Penicillium and Cladogporium could

grow on the "hydrocarbon mixture 1". As compared with
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bacteria and yeast which could grow only under aerobic condi-
tion, these molds were able to grow under relatively anaerobic
condition (interface culture) as well as aerobic condition
(shaking culture). Most of molds, which could assimilate
hydrocarbons, showed the maximal growth between 10 to 20 days,
but a few showed longer lag times. Molds grown on hydrocarbons
under shaking formed submerged hyphae in flasks or aerial hyphae
and submerged hyphse in test tubes. On the cther hand, molds
showed mat-like growth at the interface of air and medium in
surface cultures and at interface of agueous and liguid
hydrcecarbon layers in interface cultures. Molds grown in
interface cultu;ééﬂshowed mycelia elongated intce the hydro-
carbon layer Without elongating into the aquecus layer. In
this case, somc molds excreted colored substances into the

hydrocarbon layer, that is, Aspergillus terreug produced red

pigment and Monascus purpureus produced yellow pigment.

It is very interesting whether molds growing under relative-
ly ansercbic conditions assimilate hydrocarbons via oxygenation
pathway4) 5>.

cr via dehydrogensation pathway In general,

bacteria and yeast growing aerobically were believed to oxidize
F
hydrocarbons by oxygenation systemJ’7>. However, no report

has been published about the assimilation mechanism of hydro-

carbons by molds, espeéially concerning the mechanism of the
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Table 2. Growth of molds on the "hydrocarbon mixture 1" under

the three cultural conditions.

Cultural condition
shakinglsurface interface

Urganien Cultivation time(days)

10 30) 10 304 10 30
Aspergillus flavus OUT 5176 R B I S S
A. fumigatus OUT 5008 ++ ] | A
A. kawachii OUT 5017 S S o SRR S
A, niger OUT 5250 S o S T s s o S S
A. orygae OUT 5039 i B i el RS o
A.oryzae var magnasporus OUT 5045 + + -+ + +
A. terrsus IFO 6123 e ]+ ] o+ +
A. usamii IFO 4388 + + + 4+ - +
A*_ﬁﬁami mut. Shirg-ugamii IFO 6082 -~ +| -  +| = -
Penicillium chrysogenum OUT 2028 + + - - - -
P. eitrinum OUT 2125 . FE RIS Ry
P. expansum OUT 2038 Gt At | e
P. notatum OUT 2050 b A bt A D+
Fusarium moniliforme IFO 6349 WUV FPIITERS U K
F. oxysporium IFO 5942 FE ) FEFINESUNIIT (S

F. golani IFO 5890 - - - N -

Cladosporium reginae OUT 4077 b A [ A R
C. resinae QUT 4295 NRNNSVINES NI QI
Honascus purpureus OUT 2013 - - - + - +
Mucor javanicus OUT 1054 ‘ + + - - +
Neurospora crasssg + + - - - -

Rhizopus tonkinensis - - - S -

MH 201 (isolated from soil) Gt At EE b R et

Cultivation mwethodg were shown in the text.
Symbols: +++=abundant growth, ++=moderate growth, +=slight,
visible growth, and-=no visible growth.
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anaerobic utilization of hydrocarbons. In this chapter we
did not deal with the problem, but observed the e&oluticn of
a certain gas at the interface of aqueous layer and mold mat.
We alsc studied on the ability of some molds to grow on
various hydrocarbons including aliphatic and aromatic ones.

As seen in Table 3, Aspergillus flavusg, Aspergillus niger,

Penicillium notatum, and Cladosporium resinse 4077 were able

to assimilate aliphatic hydrcoccarbons with carbon atoms more
than 10, but could not utilize aromatic ones and n-alkanes of

shorter chain-length. These organisms could alsoc utilize

St

vigher aliphatic azlcohels and acids, such as cetyl alcohol and
palmitic and stearic acids. There are many reports regarding

the mold growth on some hydrocsrbon mixtures, such as Fusarium

. .
on diesel fu618> and Cladosporium on jet fuel’). In our study,

several molds could grow on kercsene and light oil. These

included Aspergillus flavus, Aspergillus niger, Aspergillus

oryzae, Penicillium notatum and Clasdosporium resinae. These

. o i 420
were also able to assimilate wax and paraffin (m.p. 42-447C),
as shown in Table 3, but utilized pure n-alkanes or n-alkane
mixture morec readily than crude hydrocarbon mixtures mentioned

above.
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Table 3. Growth of molds on verious carbon sources.
Carbcon source Aspergillus . FPenicillium Cladosporium
flavus . nigor notatum resinae
n~-Hexane - - - -
n-Heptane - - - -
n-Hexadecane 4+ 4+ 4+ +++
n-Octadecane +4+ i+ +++ et
Cyclohexane - - - -
Benzene - - - -
Toluene - - - -
Lylene - - - -
Ethylbenzene - - - -
Nephthaiene - - - -
Phenanthlene - - - -
Paraffin (m.p. 42—4400) ++ + NI o+
Wax ++ + + ++
Light oil ot - ++ ++
Kerosene + + + +
Hydrocarbon mixture 1 +++ +++ +e +A+
Cetyl alcohol ++ + + +
Palmitic acid ++ + + ++
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Stearic acid ++ 4 . et

Bach carbon source was added at the concentration of 2.0 v/v or w/v %.
Molds were cultivated statically (surface culture) for 2 weeks at BOOC.
Symbols; +++=abundant growth, ++=moderste growth, +=glight, visible growth, and -=no

visible growth.



4. Summary

The capability of several kinds of meoclds to grow on
hydrocarbons was investigated under three different cultural
conditiong; sheaking culture, surface culture and interface

culture. OSome strains of Aspergillus, Penicillium, Fusarium

and Cladosporium could grow under these three conditions using

a hydrocarbon mixture (a mixture of n-undecane, n-dodecane,
n-tridecane and n-tetradecane) as sole carbon source. Among
these conditions, surface culture was considered to be most
suitable for the growth of molds. All these organisms could

assimilate n-hexadecane and n-cctadecane, but relatively few

e . . . . 0
could utilize light oil, kercsene, and/or paraffin (m.p. 42-447C).

Aspergillus flavus, Aspergillus niger, Penicilliwn notatum,

and Cladosporium resinase, which could utilize n-alkenes of

medium chain-length as carbon scurces, could nct assimilate
n-alkanes of shorter chain-length (gfhexane and gfhoptane)

and aromatic hydrocarbons so far tested.
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General conclusion

The present study has been carried out to produce useful
materials, such as some important vitamins and yeast cell mass,
from petroleum hydrocarbons by fermentation technigue.

At firest, the suthor investigated the vitamin BG
production by various microorgsnisms and screened a yeast,

Candida albicans, as a potential vitamin B6~producerg This

yeuast produced about 1 mg per liter of medium of Vitamih.B6
on a hydrocarbon-salt medium supplemented with corn steep
liquor and az noun-icnic detergent.

The production of cytochrome ¢ was next investigated

uging several kinds of yeasts. Candida lipolytica produced

about 10 mg per liter of medium of cytcchrome ¢ on "hydro—
carbon mixture 2" (rich in gfundecane). The relaticnship
arong the cell growth, the cytochrome ¢ content and the

respiratory activity of Candids albiecens was also studied

using n-hexadeczne as a sole carbon source. The results
showed that the close interrelationship existed between® the
growth rate and the cytochrome ¢ productivity of this yeast.

The growth rate of Candida albicans was enhanced by the addition

of a detergent, Tween 85, and the results obtained guggested

that the emulsification of hydrocarbon was one of the limiting
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factor in the hydrocarbon fermentation. Another important
factor was found out to be the maintenance of plH of the
culture broth.

Third, the studies on the production snd characterization

of carctencids produced by Myccbacterium smegmatis were carried

out using several hydrocarbon substrates. The carctenocid
production of this bacterium was largest on n-hexsdecane and
stimulated by addition of a non-ionic detergent and some amino
acids, such as serine, histidine and glutamic acid. The
carotencids produced mainly consisted of 4-keto-y —caroctene
and its derivatives. A water-scluble pigment produced by this

bacterium on & hydrccarben medium was slsc investigeted. This
pigment was found out to be copreporphyrin IITI from its
spectral charscteristics.

Fourth, we investigated the substrate specific;ty of
several kinds of yeasts in hydrocarben fermentation. Hany
yeasts grew well on n-alksnes of medium chain-length(clo_ZO),

but they cculd not almost assimilate higher fatty acids or

alcohols. When Candida albicans was cultured on pure n-alkanes,

n-decane, n-undecane and n-dodecane were the best substrates,
n-tridecane, n-tetradecare and n-pentadecane were inferior,
and n-hexane and n-octane were nct utilized. This substrate

specificity of Candida albicans was also observed when several
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hydrocarbon mixtures (mixtures of n~C ) were used ss a

10-14

sole carbon source.
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