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INTRODUCTION

Various kinds of microorganism were found to be susceptible to growth inhibition by
iodinin, 1,6-phenazinediol-5,10-di-N-oxide, at a concentration of 1 to 30 ug/ml, especial-
ly members of the genus Bacillus were sensitive to iodinin?. Phenazine-5-N-oxide
shows a strong bacteriostatic activity against Xanthomonas oryzae and as to the me-
chanism of bacteriostatic action by phenazine-5-N-oxide, it may be described that it
caused delay in reduction of the cytochrome system of X. oryzae*®. Reactions of iodinin
with Bacillus were investigated in respect of inhibition of bacterial growth and respira-
tion. This report describes an approach to the elucidation of the mode of growth in-
hibition of Bacillus by iodinin.

MATERIALS AND METHODS

Organisms. Some authentic strains were served for investigation on the mechanism
of antibacterial action by iodinin. Bacillus megaterium 1AM 1030 and Bac. megaterium
IFO 3003 were employed for iodinin-sensitive strains, and Bac. cereus IAM 1029 and
Escherichia coli IFO 3806 for iodinin-insensitive strains.

The cells were collected by means of centrifugation of a 24-hr culture in nutrient
broth at 3,000 or 5,500 r.p.m. for 15 minutes. Twice washed with M/10 phosphate
buffer solution (pH 7.4), the cells were re-suspended in the same solution. The optical
density of the intact cell suspension was adjusted to 1.0, corresponding to the dried cell
weight of approximately 4.0 mg in a milliliter of the suspension. In order to prepare
a sonicate of bacterium, a cell suspension was given a concentration of 0.5to 1.0 g wet
cell weight/ml.

Methods for measuring. Changes in the number of viable cells, amounts of protein
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leaking out of the cells after treatment with iodinin, and lactic acid, were determined
by the plating method, the method of LowRry et al.”, and the method of BARKER and
SUMMERSON®', respectively.

Amounts of iodinin were determined spectrophotometrically by the method of TANABE
and OBAYASHI® .

Lipids of bacterial cells were extracted by the method of Carp et al.”’, and that of
LANG and LUNDGREN?,

Reduction of the cytochrome system of bacteria was observed on the differential
spectrum, employing Hitachi recording spectrophotometer. Reaction mixture was pre-
pared according to the method described in Table 1.

Table 1. Reaction mixture

;  Ox.-form ’ Red.-form
~ cell suspension (1/50 0.D.=0.4-0.5) O Lom | 1om
~ 0.1M Phosphate buffer (pH 7.4 Lom | Loml a
0.01 M Ec?ltlftsif)illqlm Ferricyanide 0. 03ml ’ _
Deionized water a N 7(;—07”;277 —“I" 770‘1;7'11‘ o
Na,S,0, | — ! 0. 1-1. Omg

Oxygen uptake by intact cells was determined by the oxygen consumption recorder
at 30° C in the same way as described by WoNG et al.” The reaction mixture in the
vessel consisted of 2.4 ml/ of the cell suspension, in M/10 phosphate buffer solution, at
pH 7.0 and in 0.1 ml/ of 0.1 9% glucose solution.

RESULTS AND DISCUSSION

Effect of iodinin on intact cells

Inhibitory effect of iodinin was investigated with intact cells of iodinin-sensitive st-
rain, Bac. megaterium 1AM 1030. Changes in the number of viable cells and the amount
of protein leaking out of cells after the addition of iodinin were determined by the
plating method and the method of Lowry et al.”, respectively. Decrease in viable cell
counts was very small and the amount of leaking protein was negligible, compared with
the total protein content of the cells, as shown in Table 2. These results suggest that
intact cells were hardly affected by iodinin.

Reaction with intact cells and sonicate

Reduction of iodinin was carried out with intact cells and sonicate of iodinin-sensitive
strain, Bac. megaterium 1AM 1030 and iodinin-insensitive strains, Bac. cereus IFO 3001
and E. coli IFO 3806, as shown in Fig. 1. Intact cells of two strains of Bacillus reduced
iodinin to 1,6-phenazinediol, and E. coli hardly reduced iodinin. Iodinin was reduced
neither by the sonicates of two strains of Bacillus nor by those of E. coli, whether
glucose as substrate was in presence or not.
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Table 2. Viable cell counts and protein content.
hours after addition | viable cell counts Protein content
of iodinin (No./ml) (Supernatant) (Cells)
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Reactions of intact cells and sonicates with iodinin.
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Effect on lactic acid fermentation

Effect of iodinin on lactic acid fermentation was investigated by using the intact cells
of lactic acid bacteria. The cells of Lac. acidophilus IFO 3831, iodinin-sensitive, fer-
mented a great amount of added glucose into lactic acid both in the absence of iodinin
and in the presence of it, as shown in Table 3. As inhibition of lactic acid fermenta-
tion was not observed, both permeation of glucose into the cell and glycolysis in the
cell were considered to be unaffected by iodinin.

Table 3. Effect of iodinin on lactic actic acid fermentation.

lactic acid produced

control : 960 ng/ml
IOd'(%lin?ml) ‘ 970 ug/ml
Used strain : Lac. acidophilus IFQ 3831
* Reaction mixture :
cell suspension (dr. wt. 4.9 m8) ..o 0.35 mi
M/20 phosphate buffer (pH 6.8) .oooooirioeii, 0. 49 ml
6 uM glucose solution...............ccoviiiiii 0.25 ml
TOdININ L, 10ug/ml
Total 1 ml

** at 30°C. 1 hr,

Effect of iodinin on the bacterial growth

Ten pg/ml of iodinin was added to the growing cultures at an optical density of approx-
imately 0.1, 0.2, and 0.4, respectively. The time courses of multiplication of various
strains after the addition of iodinin to the culture were shown in Fig. 2. A rapid fall
in the optical density of the cultures of Bac. megaterium 1AM 1030 and Bac. megaterium
IFO 3003, showing lysis of bacterial cell, appeared at the time when iodinin was added
to the growing culture, as shown in Fig. 2-1 and 2-2. Growth inhibition of Bac. cereus
IAM 1029 by iodinin at concentrations of 10 ug/ml and 30 ug/ml was observed for se-
veral hours after the addition of iodinin to the culture, as shown in Fig. 2-3. E. coli
IFO 3806 was not susceptible to growth inhibition by iodinin, as shown in Fig. 2-4. A
great decrease in the viable cell counts of Lac. acidophilus IFO 3831 and Lac. sake 012,
both sensitive to iodinin, appeared after the addition of iodinin to the culture, although
an increase in the optical density of the culture was observed as shown in Fig. 3-1 and
3-2. This fact indicates that the increase of dead cells exceeds that of viable cells.
Growth of Lac. plantarum 11, insensitive to iodinin, was not affected by iodinin. An
increase in the optical density and the viable cell counts were shown in Fig. 3-3.

Effect of iodinin on the cells at various growth phases

As shown in Fig. 4, lysis of cells occurred only when iodinin was added to the cul-
ture of Bac. megaterium 1AM 1030 at the early logarithmic growth phase, at which
the optical density of the culture was 0.25 to 0.5. Therefore, it is elucidated that iodinin
acts only on actively growing cells at the early stage in the time course of growth.
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Fig. 2. Effect of iodinin on growth of bacteria in nutrient broth,
*  An arrow shows the addition of iodinin.
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Fig. 3. Effect of iodinin on growth of lactic acid bacteria.

* A number in a parenthesis shows viable cell counts.
** An arrow shows the addition of iodinin,

When iodinin was added to the culture at an optical density of 1.0 at 660 nm, the tur-
bidity of the culture increased continuously for 1 hr after the addition of iodinin to a
concentration of 25 ug/ml, and then it stopped increasing and remained unchanged.
Distortion of the cells of Bac. megaterium IAM 1030, exposed to iodinin, was observed
under a microscope by means of Gram staining. Protoplasmic protrusions appeared 1
hr after exposure to iodinin. Further incubation led to increase in size of protrusions,
and appearance of vacuolated protoplasts. The whole process goes probably quite rapid-
ly, judging from a quick decrease in the optical density.

Bacterial lysis in hypertonic nutrient broth

In order to ascertain whether lysis of bacterial cells by iodinin is to be observed in
hypertonic solution or not, iodinin was added to the growing culture of Bac. megaterium
IAM 1030 in the nutrient broth containing sucrose at a concentration of 0.3 M. Lysis of
bacterial cells by iodinin also appeared under the experimental conditions, as shown in

Fig. 5. It seemed that both cell wall and cytoplasmic membrane of the growing cells
were damaged by iodinin.
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Fig. 4. Effect of iodinin on growth of B.
megaterium IAM 1030 at various growth
phases.
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* An arrow shows the addition of iod-
inin.

Composition of phospholipid of the cells

It was researched whether or not a chan-
ge in the lipid composition of cytoplasmic
membrane of bacteria is to be caused in
a rapid lysis of the cells of Bac. megate-
rium IAM 1030, by iodinin. The cells
were collected before, and after the addi-
tion of iodinin to the culture at the
incubation time, as shown in Fig. 6 and
subjected immediately to extraction of
lipid by the method of Carp et al.”, and
that of LANG AND LUNDGREN®. Thin layer
chromatogram of the extracted lipids was
shown in Fig. 7. As shown in Fig. 7,
there was no appreciable difference in
lipid composition between the normal cells
and the cells treated by iodinin. This
result suggests that a lysis of bacterial cell

by iodinin is not to be explained by dis-

integration of the membraneous lipids.
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Fig. 5. Lytic action in nutrient broth con-
taining sucrose at a concentration of
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Fig. 7. Thin layer chromatogram of lipids extracted from Bac. megaterium IAM 1030.

* The cells employed for extraction were obtained from the culture before

and after the addition of iodinin at the incubation times shown in Fig. 6

(A, B, C, and D). Spots were demonstrated with I, vapors, Dittmer’s re-
agent and ninhydrin. Ninhydrin-positive components are shaded.

Lysis of bacterial cells by iodinin in the medium supplemented with yeast extract or poly-
pepton

Lysis of the cells of Bac. megaterium 1AM 1030 by iodinin apeared in the medium
supplemented more rapidly than in the medium not supplemented, as shown in Fig. 8
and 9. In this case, iodinin was added to the culture at a very early stage of the
logarithmic growth phase, at which the culture reached an optical density of 1.0 at 660
nm. Lysis of the cells of the other two strains, Bac. megaterium IFO 3003 and Bac.
cereus IFO 3001 by iodinin was investigated in the same way, as shown in Fig. 10.
Elongation of the cells was observed in both the strains in the presence of iodinin.
Two hours after the addition of iodinin, a rapid lysis appeared in the culture of Bac.
megaterium IFO 3003 as well as in that of Bac. megaterium 1AM 1030, whereas no lysis
appeared in the culture of Bac. cereus IFO 3003. Probably a long time is needful for
iodinin to penetrate through cell membrane because of the insolubility of iodinin in
water. Amounts of the pigment recovered with chloroform from the growing culture
of Bac. megaterium IAM 1030 decreased with the time of incubation, as shown in Fig.
8-2. The spectrum of the pigment recovered indicates the presence of iodinin and 1,6-
phenazinediol.

Effect of the addition of riboflavin

Growth inhibition of Streptococcus haemolyticus by iodinin, and natural antagonists to
iodinin, naphthoquinones and anthraquinones, were presented by McILwaIN!®. It was
found that riboflavin deficiency was caused by the addition of phenazine analogues in
the culture of Lac. casei, and the inhibitory effects were eliminated by the addition of
sufficient amounts of riboflavin to the culture'®. Varying amounts of riboflavin were
supplemented to the nutrient broth, since iodinin was considered to be a structural ana-
logue to riboflavin. As shown in Fig. 11, the growth of Bac. megaterium 1AM 1030
in the nutrient broth was inhibited by iodinin at a concentration of 20 ug/ml. In the
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nutrient broth containing riboflavin, however, an increase in the optical density was also
observed after the addition of iodinin and the growth inhibition by iodinin seemed to

be removed by the addition of riboflavin.
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Fig. 11.

Effect of iodinin on the growth of B. magaterium 1AM 1030 in nutrient

broth supplemented with various concentrations of riboflavin.

@ : ribofiavin 50xg/ml (control).

A\ : riboflavin 20ug/ml, iod. 20ng/ml.

o : nutrient broth, iod. 20xg/ml.
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Fig. 12. Effect of chloramphenicol on lytic
action by iodinin.
Used strain : B. megaterium 1AM 1030.
O : control. @: iod. 25 xg/ml.
A : chloramphenicol 50 xg/ml.

A : chloramphenicol 50 xg/ml, iod. 25
ng/ml.

< : riboflavin 10uxg/mli, iod. 20ug/ml.
D : riboflavin 50ug/ml, iod. 20ug/ml.

Effect of chloramphenicol on the lysis of the
cells by iodinin

Iodinin acts only on the actively grow-
ing cells at the early stage of logarithmic
growth phase. It was researched whe-
ther chloramphenicol is to have influence
on the lysis of bacterial cells by iodinin,
or not. When both iodinin and chloram-
phenicol were added at the same time to
the growing culture of Bac. megaterium at
an optical density of 0.5, an antilytic
action by chloramphenicol was observed,
as shown in Fig. 12. The fact indicates
that lysis of bacterial cells by iodinin is
not to be brought forth, when growth of
the bacterial cells at the early stage of
logarithmic growth phase was inhibited
previously by chloramphenicol.
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Effect of iodinin upon the bacterial respiration

The differential absorption spectrum of cytochromes of Bac. cereus IFO 3001 was shown
in Fig. 13. Non-enzymatic reduction of cytochromes was performed by sodium hydrosulfite.
The absorption-bands of the reduced form of cytochrome b are 7y band at 430nm, B
band at 524 nm and « band at 560 nm, that of cytochrome a being a band at 605 nm.
The results obtained with the other strains were shown in Table 4. There was no signi-
ficant difference between the spectra of cytochromes of iodinin-sensitive strains and
those of iodinin-insensitive strains. As high absorption-peaks of the reduced cytochrome
b were observed with iodinin-insensitive strains, Bac. cereus IAM 1029, Bac. cereus IFO
3001, and Microbacterium flavum 1AM 1642, these strains were assumed to have a large
amount of cytochrome b and consequently the ability to reduce iodinin strongly.

Effiects of iodinin on enzymatic reduction of cytochromes with the intact cells and the
sonicate of Bac. firmus IFO 3330, employing succinate or NADH as a substrate, were
shown in Figs. 14 and 15, respectively. The absorption spectrum of the reduced form of
cytochrome b and that of cytochrome ¢ showed a peak at 523 nm and apeak at 552 nm,

Table 4, Absorption bands in the differential spectrum of cytochromes
of bactaria

Iphibi- Microorganism (eytochrome ) evtochrome &
tion r-band B-band a-band
= AT o 40 4 430 + 528 (4 540D # 556 (+ 575
+  [Bac bl (+ 420)| + 428 +£ 530 — |4 563 —
+ Bac.I%gagbrlnsycoides (+4430)| +4430 + 530 - + 560 — + 606
n Bac.I }Sg°§‘31§38 (+ 415)| + 434 w530 |(+ 540D 4 560 [(4 575)| + 605
S S R e G T S
PR ] — | [he] — [4se0| — [ s
+ OIS Je v v e [ess| — Jwss| — | -
+ PR Gk 426)] 4 430 | I Bl ot M
- Bacjpbacrieus oy 413 x 432 | — (536 — |(+u573) —
1 [Bac subtiis G 422 - 430 | + 530 | 540)| H# 560 | 5903 + 606
n Bac.I gov'?fésniger (+ 417)| 4+ 431 + 530 | — | # 562 |(+ 585)| + 610
. (Corcqul -+ 425 -+ 434 |+ 458)] £ 530 [( 544)] +4565 (£ 590
+- MicrI%h(;Ic.l(}g;teus . — + -+ 560 |(* 588) —
+ Sar.[gxﬁalogg 4 545 |(+ 545)| +w590 (4 590)| —
e gStapIhA Gureus — w534 (4 548)| + 560 |(+ 570)| 4 600
1, [Br ?xﬁo?gﬁ;enes + 415 — +w534 |(+w5403] + 560 |(+4590) | + 600
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R T T CH- 430)] 41t 430 (4 s26 | — |4 S60 | — | 605

— Bacy g Ik 40 i 430 4 — | 560 [ 5900 604
—  [Microbac. flavum |, 408)| #r 435 |4 523 |G+ 5400 562 i 5715 T S0%0,
~ B 1016 C+ 4159 + 428 | | £ 535 |k san| 4 563 | (1578 —
. - 418)) i+ 434 A‘ w535 | 4 565 ] |+ 600
—  |Ps. acruginosa |(+ 410)] W 430 | ‘ + 532 lc4 540)] 4 560 ‘(+ 579 —
—  [Ps. iodinum, | |+ 435 - 530 565 | —

H# : Relative absorption, above 20%. -+w ¢ weak absorption.

+ : Relative absorption, 10-20%. + : very weak absorption,

+ : Relative absorption, below 10%.
* A number in a parenthesis shows differential spectrum of cytochrome CO compounds.

respectively, at the time when succinate or NADH was added to the intact cells or the
sonicate. Inhibition of cytochrome reduction by iodinin was not observed either with
the intact cells or with the sonicate. Iodinin did not affect oxygen consumption of the
intact cells of Bac. firmus, as shown in Fig. 16. These results suggest that growth in-
hibition by iodinin is not caused by inhibition of the respiration of the cells.
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Fig. 14. Differential spectrum of cytochro-
mes of B, firmus IFO 3330.
Substrate : succinate, and glucose,

Fig. 13. Differential spectrum of cyto-
chromes of B. cereus IFO 3001
(non-enzymatic reduction).
Reducing reagent : Na,S,0,.

SUMMARY

Various kinds of gram-positive bacteria, especially members of the genus Bacillus, are
susceptible to growth inhibition by iodinin, 1,6-phenazinediol-5,10-di-N-oxide, there-
fore the reactions of bacterial cells with iodinin were investigated. No rapid lysis of
the resting cells of the bacteria was caused by iodinin, but a lysis was caused by it in
case of the cells of Bac. megaterium IAM 1030 and Bac. megaterium IFO 3003, at the
early stage of the logarithmic growth phase. Iodinin was reduced by the intact cells of
bacteria into the reduced form of iodinin, 1,6-phenazinediol, but not by the sonicate.
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Fig. 16. Polarograph of oxygen consumption by the resting cells of Bac.
megaterium IAM 1030 on glucose as substrate.

* Mesurement of oxygen consumption was taken with the oxygen consumption re-
corder at 30°C. Cells of Bac. megaterium TAM 1030 were suspended in M/10 phosphate
buffer (adjusted to O. D. 1.0). One tenth percent of glucose solution (0.1ml) and
iodinin were added into 2.4 ml of cell suspension.
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Lactic acid fermentation of the intact cells of the lactic acid bacteria was not inhibited
by iodinin. Therefore, it was considered that iodinin was not inhibitory to the permea-
tion of glucose and to the glycolysis in the bacterial cells.

There was no significant difference in the differential absorption spectrum of the
cytochromes between the iodinin-sensitive strains of bacteria employed and the iodinin-
insensitive strains of bacteria employed. Iodinin was not inhibitory to the respiration
of the resting cells of Bac. megaterium 1AM 1030.
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