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Vitamin K,   4-amino-2-methyl- 1-naphthol hydrochloride,   a 
5 

water soluble analog of vitamin K has been shown to possess an anti- 

microbial activity toward many bacteria,  molds,  and yeast.    Much 

of the work reported in the literature is on its use as a food preserva- 

tive,   and it was the purpose of this study to investigate some of the 

factors which might affect the antimicrobial activity of vitamin K 

in order to add insight into its more effective use as a food preserva- 

tive. 

Pure cultures of Escherichia coli,   Bacillus subtilis,   Proteus 

vulgaris,  Staphlococcus aureus,  and Pseudomonas fluorescens were 

utilized.    The effect of the method of application of vitamin K    on 

Escherichia coli; the effect of purity of vitamin K    against 

Escherichia coli; the bactericidal concentrations required for 



Escherichia coli,  Bacillus subtilis,   Proteus vulgaris,   Staphlococcus 

aureus,  and Pseudomonas fluorescens; the effect of an absence of 

oxygen; the effect of contact time with Escherichia coli; the effect of 

initial count/ml of Escherichia coli; and the synergistic action in 

combination with propylene glycol were studied. 

The results demonstrated that air oxidation of vitamin K    was 
5 

necessary to obtain maximum inhibitory activity against Escherichia 

coli.     The use of white,   crystalline vitamin K    synthesized in the 

laboratory,  as compared to partially oxidized commercial prepara- 

tions,  gave better results against Escherichia coli. 

It was shown that some species variation,  with the five micro- 

organisms tested,  did exist with respect to the antimicrobial activity 

of vitamin K   .    The bactericidal concentrations ranged from 60 ppm 
5 

for Staphlococcus aureus to 220 ppm for Escherichia coli,  using an 

initial count of 160, 000 to 200, 000 cells/ml and a contact time of 12 

hours in Bacto-nutrient broth.    The gram-positive bacteria tested 

were more susceptible to the antimicrobial activity of vitamin K 
5 

than the gram-negative bacteria tested. 

In the studies conducted under nitrogen atmosphere the percent 

inhibition showed an inverse relation to the bactericidal concentra- 

tions required for complete inhibition in studies conducted under air 

atmosphere.    This finding suggested that there might be different 

factors responsible for inhibition depending on the species of bacteria 



being tested and also might help explain the difference in concentra- 

tions necessary for inhibition. 

Cells of Escherichia coli were not inhibited immediately on 

coming into contact with vitamin K   .    Fifty percent inhibition occur- 
5 

red after 25 minutes.    A rapid inhibition rate was maintained until 

approximately 90 percent inhibition occurred,  afterwhich,  a rapid 

decrease in the rate of inhibition was noted. 

An increase in the initial number of cells of Escherichia coli 

utilized. required  an  increase in the concentration of vitamin K    for 

complete inhibition,  although the concentration of vitamin K    was not 
5 

the limiting factor. 

A synergistic effect does exist between vitamin K    and 

propylene glycol,  and the bactericidal concentrations necessary for 

the different bacteria can be reduced depending on the species of 

bacteria and the concentration of propylene glycol utilized. 
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INTRODUCTION 

Vitamin K    seems to be a promising food preservative because 
5 

it has a high antimicrobial activity towards a number of microorgan- 

isms (79,  p.   862); it is relatively soluble in water compared with 

other vitamin K compounds  (80,  p.   128); it has a low order of toxicity 

(80,  p.   128); and it belongs to a class of compounds which occur in 

normal human metabolism  (17,  p.   2). 

There have,  however,  been several problems encountered in 

the use of vitamin K    as a food preservative.     Faggioli (37) and 
5 

Matsumoto and Komatsu (64) mentioned the darkening effect of 

vitamin K    as a serious disadvantage in its application as a preserva- 

tive.    Yang et al.   (115,  p.   504) likewise found a serious discoloration 

in crab meat.    Tengerdy and Francia (103) found vitamin K    to be 
5 

unsatisfactory as a beer preservative because of its poor  stability. 

Gomez  (40,  p.   63) found that dipping fresh meats,  fish,  fruits,  and 

vegetables in solutions of vitamin K    was an unsatisfactory method 
5 

of obtaining the contact with the microorganisms which is necessary 

for food preservation. 

It was the purpose of this study to investigate some of the 

factors which might affect the antimicrobial activity of vitamin K    in 

order to add insight into its more effective use as a food preservative. 

The following factors were investigated to determine their 



affect on the antimicrobial activity of vitamin K   : 
5 

Purity of vitamin Kr:    The study to determine the affect of purity of  5 

vitamin K    on the antimicrobial activity was undertaken because all 
5 

of the commercial preparations of crystalline vitamin K    exhibit a 
5 

definite pink to red-brown coloration,   indicating the presence of some 

oxidation products,  whereas Oneto and Sah (75) outlined a method for 

purifying it to  shiny white crystals. 

Type of microorganisms:    Pure cultures of Escherichia coli,   Bacillus 

sub tills,   Proteus vulgaris,   Staphlococcus aureus,  and Pseudomonas 

fluorescens were used for this study.    It was desired to find the 

bactericidal concentration of vitamin K    against these different 

species of microorganisms,  as well as to utilize them in studies of 

the other factors,   since they provide a spectrum of food spoilage 

bacteria. 

Action in combination with propylene glycol:    Pratt e_t aj..   (80,  p.   133- 

134) found propylene glycol to be an excellent solvent for pharma- 

ceutical applications of vitamin K    and suggested its use as a solvent 
5 

for vitamin K    in food preservation work.    Since it is also known that 
5 

propylene glycol has a low toxicity (41; 42),   is an allowable chemical 

additive in foods  (45,  p.   Ill),  has some antimicrobial proper ties 

itself (86; 87; 88; 89; and 90),  and has recently been demonstrated to 

exert a synergistic effect with certain antibiotics against Escherichia 



coli and Staphlococcus aureus (70),   its study in combination with 

vitamin K    was undertaken. 
5 

Method of application:    Different methods of application of vitamin K 

to Escherichia coli in a model system were carried out in order that 

a more efficient method to apply it as a food preservative might be 

found. 

Absence of oxygen:    Since various workers (10;  95) found air oxida- 

tion to be desireable when using vitamin K    as an antimicrobial 

agent and the groups (72; 73; 94; 96; and 97) studying the sensitizing 

action of vitamin K    in conjunction with y-radiation found it to be 

more active in the absence of oxygen,  an investigation of its anti- 

microbial activity in a model system with nitrogen atmosphere was 

carried out. 

Time of contact and number of microorganisms:    Studies concerning 

the time of contact of vitamin K    with cells of Escherichia coli and 
5  

the affect of varying initial counts of Escherichia coli were also con- 

ducted during the course of this work. 



REVIEW OF LITERATURE 

The existence of a vitamin deficiency was recognized by Dam 

(23) in 1929 when he observed a fatal hemorrhagic disease in chicks. 

In 1935 (24) Dam found the deficient dietary factor to be a fat-soluble 

vitamin occurring in hog liver,  hempseed,   and certain cereals and 

vegetables.    He proposed the factor be termed vitamin K after the 

German expression "Koagulations-vitamin. " 

In 1939 McKee (65) and his associates isolated vitamin K    from 

alfalfa and vitamin K    from putrefied fish meal.     These workers also 

presented evidence to indicate the existence of a quinoid structure for 

these vitamins.    A few months later Binkley e^al.   (15,  p.   232) and, 

independently,   Fieser et al.   (38,  p.   2561) demonstrated conclusively 

that vitamin K     is 2-methyl-3-phytyl- 1, 4-naphthoquinone and McKee 

(17,  p.   6) demonstrated that vitamin K    is 2-methyl-3-difarnesyl- 

1, 4-naphthoquinone. 

The findings demonstrating vitamin K is of the quinoid group 

led several workers  (60,  p.   1928-1929; 7,  p.   1610; 9,  p.   303) to test 

various existing quinones and compounds easily oxidizable to 

quinones for vitamin K activity.    It is now recognized that any com- 

pound which contains or may yield upon oxidation 2-methyl-1, 4- 

naphthoquinone possesses vitamin K activity. 

Comparative activities of some of the derivatives of 



2-methyl- 1, 4-naphthoquinone,   studied by the early worker s ,  are 

shown in Table  1  (17,  p.   11). 

It is also recognized that many microorganisms produce 

vitamin K.    Comparative activities of various pure strains of 

bacteria grown on vitamin K-free media,   killed by heat,   dried,  and 

assayed with the chick are shown in Table 2 (6,  p.   416). 

Many plants and other materials also contain varying amounts 

of vitamin K.     The values for some of these materials are given in 

Table 3 (14,  p.   691). 

The antihemorrhagic activity of synthetic 2-methyl-4-amino- 1 

naphthol was first mentioned by Doisey et al.   (33,  p.   407) in 1939» 

In 1940 Sah (91,  p.   458) published the first detailed account of a 

chemical synthesis of 2-methyl-4-amino-1-naphthol hydrochloride, 

or vitamin K   ,   starting with 2-methyl-naphthalene.    Sah was inter- 
5 

ested in using vitamin K    as a reagent for dehydrogenating choles- 

teryl acetate to provitamin D.    This compound was of special 

interest to the pharmaceutical industry and the medical scientists 

since they were interested in obtaining a water-soluble compound, 

which should also exhibit high vitamin K activity,   to be used for 

parenteral therapy.    Vitamin K    is soluble in water (14,  p.   703;  17, 
5 

p.  45; 36; 66; 80; and 109),  has high vitamin K activity (17,  p.   11; 

5,  p.   410),  and has the following structural formula: 



Table  1.    Antihemorrhagic activities of certain derivatives of 
2-methyl-1, 4-naphthquinone * 

Compound 

Reference 
standard, 
per gram, 

cc. ** 

Source 

2-methyl- 1, 4-naphthoquinone 
(menadione,  vitamin K-j) 

2-methyl- 1, 4-naphthoquinone, 
dimerized 

2-methyl- 1, 4-naphthohydroquinone     1 
2-methyl- 1, 4-naphthohydroquinone 

diacetate 
2-methyl-3-hydroxy- 1, 4-naphtho- 

quinone (phthiocol) 
2-methyl-3-acetoxy- 1, 4-naphtho- 

quinone 
2-methyl-3-amino- 1, 4-naphtho- 

quinone 
2-methyl-3-nitro- 1, 4-naphthoquinone 
2-methyl-3-palmityl- 1, 4-naphtho- 

quinone 
2, 3-dimethyl- 1, 4-naphthoquinone 
2-methyl-4-amino- 1-naphthol 

hydrochloride (vitamin K5) 
2-methyl- 1, 4-naphthohydroquinone 

diphosphoric acid ester (tetra- 
sodium salt + 6 molecules water)   1 

2-methyl-3-phytyl- 1, 4-naphtho- 
quinone  (vitamin Ki) 
natural 
natural,   diacetate 
synthetic 

2-methyl-3-difarnesyl- 1, 4-naphtho- 
quinone  (vitamin K2) 

205,000 Almquist and Klose 

14, 000 F.  Giral 
90, 000 Almquist and Klose 

92, 000 Almquist and Klose 

500 R.   J.  Anderson 

900 Almquist and Klose 

3, 000 Almquist and Klose 
800 Almquist and Klose 

25, 000 Almquist and Klose 
5, 400 Merck & Co. 

97, 000 E.  A.  Doisy 

01,000 Hoffman-LaRoche 

61, 600 E. A. Doisy 
20, 000 E. A.  Doisy 
57, 000 E. A.   Doisy 

50, 000 E. A.  Doisy 

*   After Butt and Snell (17) 

**   The reference standard is a hexane extract of dried alfalfa 
equivalent in potency to  1 gram of dried alfalfa per cubic centi- 
meter.    One cubic centimeter of reference standard is equivalent 
to 5 micrograms of 2-methyl-1, 4-naphthoquinone. 



Table 2.     Vitamin K activities of preparations of certain micro- 
organisms,   expressed in 2-methyl-l, 4:-naphthoquinone 
units per gram * 

Microorganisms Units per gram 

Bacillus cereus 115 

Bacillus mycoides 155 

Bacillus subtilis 190 

Bacterium aerogenes 20 

Bacterium flexneri 30 

Bacterium proteus 75 

Bacterium typhosum 15 

Erythrobacillus prodigiosus 20 

Escherichia coli 15 

Mycobacterium tuberculosis 55 

Sarcina lutea 100 

Staphylococcus au'reus 60 

*After Almquist (6) 



Table 3.    Vitamin K content of some materials * 

Name of Material 
Dam** units 

per  100 gram 

Alfalfa 
Algae 
Cabbage leaves 
Cauliflower 
Chestnut leaves 
Faeces 
Liver,  pork 

poultry 
Maize leaves 
Nettle leaves 
Pine needles 
Putrified fish meal 
Spinach leaves 
Tomato,   green 

ripe 
Carrots 
Cereals 
Eggs from chickens fed on diets rich 

in alfalfa 
Fish meal 
Milk,   cow 

human 
Parsley 
Peas,   fresh 
Potatoes 
Rose hips 
Strawberries 

20,000 to 40, ,000 
13,000 to 17, 000 
40,000 
40,000 
80,000 
30,000 
5,000 to 10, ,000 

300 
1,400 to 1. ,800 

40,000 
20,000 
90,000 
55,000 
10,000 
5,000 
1,000 

500 to 4, 000 

1,000 
500 

very little 
0 to 200 

200 
3,500 
1,000 
2,800 
2, 250 

After Bicknell and Prescott (14) 

Dam unit is defined as  "that quantity calculated per gram body 
weight of the chick which given in three days renders the clotting 
power normal" (27,  p.   295-296) 



OH 

NH2- HC1 

In 1941 Sah (92) published a method for the synthesis of vita- 

min K    using a-naphthol as a starting material.    In 1943 Veldstra 
5 

and Wiardi (109) reported simplified procedures for the synthesis of 

vitamin K    using 2-methyl-1, 4-naphthoquinone (menadione or vitamin 
5 

K  ) as the starting material.     The 2-methyl-1 , 4-naphthoquinone was 

obtained by the direct oxidation of 2-methyl-naphthalene. 

In 1949 Oneto and Sah (75) reinvestigated Sah's original method 

of preparation and arrived at the following conclusions: 

1. Vitamin K    may be readily prepared directly from vitamin 
K    via the monoxime without isolation of the intermediate 

3 A     * product. 

2. The yield of crude vitamin K    is almost quantitative. 

3. The crude product is efficiently purified by the use of de- 
colorizing charcoal (Norite),   sodium bisulfite,  hydro- 
chloric acid,  and water.    From  100 grams of vitamin K,, 
it is possible to obtain,  after decolorization and recrystal- 
lization,   80 grams of highly purified crystalline vitamin K 
in the form of white needles,  melting with decomposition 
between 280° and 282° C. 

4. The isomerization of the monoxime with dilute sodium 
hydroxide to the sodium salt of 2-methyl-4-nitroso-1- 
naphthol prior to reduction is not necessary. 
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5. Washing of the final product with ether is to be avoided 
since ether readily forms a peroxide in the presence of 
air and thus may catalyze the oxidation of vitamin K    to a 
colored substance. 

6. If carefully protected from sunlight,  vitamin Kg is very 
stable.     The slightly pinkish color which sometimes 
develops on standing does not alter the biological proper- 
ties of the vi tamin. 

Chang,  Oneto,  and Sah (19) in 1950,   described the preparation 

of vitamin K    by the conversion of semicarbazone and 2,4-dinitro- 
5 

phenylhydrazone of vitamin K   . 

A simplified synthesis of vitamin K    is illustrated here: 

CH, 
Cr03 

(Oxidation) 

2-methyl-naphthalene menadione 

CH3   NHoOH-HCl 
 > 

(Condensation) 

^^N/^v- 

^SS^/^^/^ (Reduction) 

N-OH 

Vitamin Kr 

OH 

CH, 

tiH- HC1 
2 

The fact that certain quinones (hydroquinone,  pyrogallol, 

phenol-quinone,  and benzoquinone) are bactericidal was mentioned 

by Browne (16,  p.   455-456) in 1906,   Thalhimer and Palmer  (104; 



11 

105) in 1911,   Cooper (22) in 1912,  and Morgan and Cooper  (66) in 

1921.    In 1924 Morgan and Cooper  (69) found the high concentrations 

of quinones necessary for disinfection in the presence of organic 

matter precluded their use as internal germicides in man.    Interest 

in quinones as antibacterial agents was again revived in 1942 when 

Oxford and Raistrick (76) found that fumigatin (3-hydroxy-4-methoxy- 

2, 5-toluquinone),  an antibiotic produced by Aspergillus fumigatis, 

contains a quinone group; and Waksman and Woodruff (113) found a 

quinone group in actinomycin.    These findings led Armstrong,  Spink, 

and Kahnke  (10),  in 1943,   to demonstrate and report that vitamin K 
5 

also possessed antimicrobial activity.    They explained its activity by 

its ready oxidation to the corresponding 1, 4-naphthoquinone which 

they had demonstrated as being highly bactericidal.    From the re- 

sults of experiments conducted by Shwartzman (95,  p.   376-378) it 

was concluded that the activity of vitamin K    was due to an inter- 
5 

mediate state of oxidation by air,  which possibly takes place immedi- 

ately upon dissolving the substance.    The presence of an amino group 

and a hydroxyl group as a prerequisite for its antibacterial property 

was suggested by Shwartzman.    He also demonstrated that addition 

of a reducing substance inhibited vitamin K_ in its antimicrobial 
5 

powers and the addition of a strong oxidizing agent also inhibited 

these powers.    Neppi-Levi (71) revealed the inhibition of vitamin 

K   's antibacterial activity by reducing substances.    Kimler  (48, 
5 
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p.  469-470) in his study of the tuberculostatic activity of vitamin K 
5 

and other analogs of vitamin K also believed the activity of the former 

to be caused by the presence of an amino group in the four-position. 

He also suggested that the analogs of vitamin K were functioning as 

inhibitory competitive analogs of the metabolite,  phthiocol,  produced 

by Mycobacterium tuberculosis var hominis. 

The report by Bernheim  (13),  in 1940,  demonstrating vitamin 

K   's ability to oxidize the -SH groups of certain proteins and the 
5 

studies of Colwell and McCall (20;  21) suggesting the mechanism of 

antibacterial and antifungal action of vitamin K    was due to blocking 

of -SH enzymes,   led other workers to study the mechanism of action 

of vitamin K   .    Hoffman-Ostenhof (44) suggested higher concentra- 
5 

tions of quinones exert their antibacterial effects due to their tanning 

properties and in lower concentrations the effect is due to enzyme 

inhibition,  most probably of the oxidative-reductive enzymes. 

Kitamikado (50) in 1958 demonstrated inhibition of -SH enzymes 

with vitamin K   .    In 1959 (51) he concluded that the phosphate cycle 
5 

is the primary site of inhibition by vitamin K compounds,   and in 

microorganisms undergoing active aerobic metabolism the antimi- 

crobial action is due to inhibition of oxidative phosphorylation. 

Recently Rasulpuri (81,  p.   73) studied the mode of action of vitamin 

K    on Saccharomyces cerevisiae and concluded the inhibition was due 
5  

to an alteration of cell permeability as well as by combining with the 
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-SH groups of the yeast cells.    Recently Heisler  (cited in 82) has 

shown vitamin K    inhibits alcohol dehydrogenase which suggests the 

possibility that the -SH compounds inhibited may be the dehydrogen- 

ase enzymes. 

Since vitamin K    had been established as an effective antibac- 
5 

terial agent workers were led to investigate the antimicrobial 

spectrum of the vitamin with respect to bacteria,  yeasts,   and molds, 

Shwartzman (95,  p.   378) found vitamin K_  to be effective 
5 

against gram-positive and gram-negative bacteria,  although the 

effect against gram-negative microorganisms was antagonized in 

broth,    Kitamikado (52) showed the antimicrobial activity of vitamin 

K    to be more powerful against gram-positive bacteria than against 

gram-negative bacteria.    Some of the inhibitory levels of vitamin 

K   ,  against various species of bacteria,   reported in the literature 
5 

are presented in Table 4, 

Pratt and his workers (80,  p.   130) found 100 ppm of vitamin 

K    completely inhibited aerobic development of Penicillium notatum 
5   

and Aspergillus niger at the surface of nutrient solutions.    They 

found that for Rhizopus nigricans 250 ppm of vitamin K    was 
 5 

required,   demonstrating a species variation in sensitivity to the 

vitamin,    A sinnilar effect with Penicillium notatum and Aspergillus 

niger was reported by Masuo and Okabayashi (62), 

Pratt et al.   (80) also did work on the inhibition of yeasts using 
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Table 4.    Bactericidal concentrations of vitamin K    against certain 
microorganisms 

Microorganism Bactericidal 
cone,   (ppm) 

Source 

Staphlococcus aureus 

Staphlococcus aureus 

Staphlococcus aureus 

Bacillus subtilis 

Bacillus subtilis 

Bacillus subtilis 

Proteus vulgaris 

Pseudomonas fluorescens 

Clostridium botulinum 

Escherichia coli 

Escherichia coli 

Escherichia coli 

20 

60 

60 

30 

100 

150 

90 

250 

300 

300 

300 

500 

Kowalski 

Pratt 

Verona 

Kowalski 

Verona 

Pratt 

Pratt 

Pratt 

Pratt 

Pratt 

Verona 

Kowalski 

Kowalski (56) 
Pratt etal.   (80) 
Verona (111) 

vitamin K   .    The growth of Saccharomyces cerevisiae and Saccharo- 

myces oviformis was completely blocked by concentrations of 75 ppm 

and 100 ppm respectively.    Studies by Hinz and Harris (43) showed 

that the respiration of Saccharomyces cerevisiae,  in the presence of 

10 percent glucose,   is inhibited by vitamin K   .    The vitamin K    ex- 
5 5 

hibited greater inhibition of carbon dioxide production under aerobic 

as vs.   anaerobic conditions.    The effect upon carbon dioxide release 
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was greater than the effect upon oxygen utilization.    Similar work was 

reported independently by Verona (110) and Masuo and Okabayashi 

(63). 

The effect of vitamin K    on the spores of molds and bacteria 

has also been investigated.    Reynolds and Lichtenstein (83) reported 

the spores of Cameron's putrefactive anaerobe (P. A.   3679) had re- 

duced thermal death times,  from a normal 24 minutes,  to  16,   12,   and 

6 minutes with respective concentrations of 25,   100,  and 200 ppm 

vitamin K   .    Verona (112) found 50 ppm vitamin K    caused a statis- 
5 5 

tically significant reduction of the lethal temperature and time re- 

quired to kill the spores of Bacillus subtilis.    Trivellato (108) found 

100 y/ml of vitamin K    inhibited the germination of spores of Asper- 
5   

gillus niger on surface culture and 50 y/ml in submerged culture. 

Pratt et al.   (80) were among the earliest workers to study the 

use of vitamin K    as a preservative for foods.    They considered it a 
5 

possible food preservative because of its high antimicrobial activity 

in low concentrations,  compared with other vitamin K compounds it 

is relatively soluble in water,   and it has a low order of toxicity.     The 

acute  LD      for rats and mice is more than 600 mg/kg when adminis- 

tered orally and more than 750 mg/kg when administered intra- 

peritoneally.    Young rats receiving daily oral dosage in excess of 

350 mg/kg exhibited no symptoms of toxicity after several weeks. 

Pratt and his workers  (80,  p.   130) dipped dried prunes in aqueous 
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solutions of vitamin K    and obtained good protection of the product 

from spoilage by yeasts and molds. 

Tanaka and Kawakita (100) prevented the putrefaction of sake 

due to the growth of Bacillus saprogenes by the addition of 0. 0007 

percent (7 ppm) of vitamin K   .    They also found (101) the same con- 
5 

centration delayed the putrefaction of fish-meat paste at 30oC for one 

day.     These same workers also reported 20 ppm of vitamin K 

effectively delayed the spoilage of soy sauce due to Zygosaccharo- 

myces salsus and Zygosaccharomyces japonicus (102). 

Ribereau-Gayon and Peynaud (85) found 5-300 mg/1 of vitamin 

K   delayed the onset of fermentation in grape must,   stored at 25 0C, 

from one to 28 days.    Five milligrams per liter of vitamin K 
5 

suppressed acetification of sweet alcoholic meads, and 10 mg/1 pre- 

vented secondary fermentation. Laufarcade (57) also reported inde- 

pendently that 5-7 mg/1 vitamin K    stopped fermentation of grape 
5 

musts.    In a similar study on the secondary fermentation of Tokay 

grape wine Athanassiadis,  Casper,  and Yang (11,  p.   11) found 10 

ppm of the vitamin to be more effective than 100 ppm sulfur dioxide 

in controlling the development of volatile acids. 

Yang and his associates  (115,  p.   501-504) reported vitamin K 
5 

is effective in prolonging the storage life of a variety of food products, 

such as cottage cheese,  crab meat,   low-sugar jam,   and mushroom 

sauce.    They (116,  p.   109-111) also reported that 15 to 30 ppm of 
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vitamin K    would inhibit gas production in loganberry,   grape,  and 
5 

apple juice. 

Gomez  (40,  p.   26-33) reported that microorganisms isolated 

from meats,   seafoods,  fruits,   and vegetables require different con- 

centrations of vitamin K    for effective inhibition,   depending upon the 
5 

type of food and the types and number of microorganisms present. 

Vitamin K    has been demonstrated to provide a synergistic 
5 

effect in association with various antibiotics (61; 77).    The anti- 

microbial action of certain antibiotics was increased using 31.2 

Y/ml of vitamin K    in vitro against Micrococcus pyogenes (Table 5). 
5  

Table 5.    Synergistic effect of vitamin K    with some antibiotic 
compounds * 

Antibiotic 
Minimum inhibitory level, y/ml 

With vitamin K Without vitamin K, 

Streptomycin 

Oxytetracycline 

Subtilin 

Polymixin 

6.2 

0.8 

7.8 

15.6 

37.5 

6.2 

15.6 

62.5 

* After Masoni and Neppi-Levi (61) 
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Vitamin K    is also being studied as a sensitizing agent in 
5 

radiation preservation of foods.    Shehata (94) showed that vitamin 

K    increased the radiosensitivity of Escherichia coli,   Micrococcus 
5  

radiodurans,   Pseudomonas fragi,   and Torulopsis rosae.    The sensi- 

tizing action was demonstrated on the bacteria only in the presence 

of nitrogen and only under aerobic conditions for the yeast.    Silver- 

man,   Shehata,  and Goldblith (96) reported that vitamin K    in conjunc- 
5 

tion with -y-radiation was effective against Escherichia coli only in 

the absence of oxygen,  whereas it inhibited the growth of Streptococ- 

cus faecalis both in the presence and in the absence of oxygen. 

4-Amino-1-naphthol and 1-amino-2-naphthol increased the lethal 

effects of ionizing energy to a greater extent than vitamin K        They 
5 

theorized that the presence of the methyl group in the 2-position in 

vitamin K    was responsible for its being less effective.    Noaman, 
5 

Silverman,  and Goldblith (72) proposed that all of the sensitizing 

activity of vitamin K    was associated with hydroxyl and amino groups 
5 

in a para-position and the methyl group made no contribution. 

Noaman et al.   (73) working with Escherichia coli and Streptococcus 

faecalis found the bacteria and vitamin K    must be irradiated 
  5 

together for maximal radiosensitization. 

Knobloch (54; 55) has made the only study on the chemistry of 

vitamin K    in solution to date.    In 1949 (54) he made a study to find 
5 

a suitable chemical control method for determination of vitamin K   . 
5 
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He found polarography has considerable advantages in comparison 

with other methods because it enables one to determine,   simultane- 

ously,   the concentration of vitamin K    and its oxidation products.    He 

(54,  p.   519) found the primary oxidation product with oxygen as the 

oxidizing agent is the corresponding quinoneimine (see below).    The 

secondary oxidation product,   obtained upon the hydrolysis of 

CHq 

NHn 

Vitamin K,. 

CH, 

+ H20 
2    2 

2-methyl-l, 4-naphthoquinoneimine 

2-methyl- 1, 4-naphthoquinoneimine,  was identified polarographically 

and spectographically as 2-methyl-1, 4-naphthoquinone  (menadione). 

Knobloch (54,  p.   522) also found evidence to indicate the hydro- 

gen peroxide formed during the primary oxidation reacted with the 

2-methyl-1, 4-naphthoquinone,   liberated by hydrolysis of the 

quinoneimine,   to form 2-methyl-1, 4-naphthoquinone oxide. 

CH, 

2-methyl-l, 4-naphthoquinone oxide 
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In the course of his work Knobloch (54,  p.   524) noticed the 

formation of a violet coloration in vitamin K    solutions coming in 
5 

contact with air.    He found the region of pH 4-5 was optimum for 

this compound's formation and in older solutions it was sometimes in 

the form of dark violet crystals.    He isolated this compound by 

chroma to graphic adsorption and proposed its formula as (4-oxy-3- 

methylnaphthylimine)-2-methyl-1, 4-naphthoquinone.    He assumed 

this violet substance was formed by condensation of 4-amino-2- 

methy 1- 1 -naphthol with 2-methyl-1, 4-naphthoquinone according to 

the following equation: 

Vitamin K 

CH, 

N +H
2
0 

CH, 

OH 

(4-oxy-3 -methylnaphthylimine) 
2-methyl-1, 4-naphthoquinone 
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METHODS AND MATERIALS 

Microorganisms 

Five cultures of bacteria (Table 6) were obtained through the 

courtesy of Dr.  A.   W.  Anderson,  Department of Microbiology, 

Oregon State University,   and Dr.  H.   Y.   Yang,  Department of Food 

Science and Technology,  Oregon State University.    They were chosen 

to give a spectrunn of food spoilage bacteria as well as to compare 

with bacteria previously used in conjunction with vitamin K   . 
5 

Table 6.    Bacteria used for study 

Escherichia coli ATCC 11303 

Bacillus subtilis ATCC 9945 

Proteus vulgaris 

Staphlococcus aureus 

Pseudomonas fluorescens 

Vitamin K 
  5 

Vitamin K    used in this study -was obtained by synthesis accord- 
5 

ing to the procedure of Oneto and Sah (75).    The starting material 

was 2-methyl- 1, 4-naphthoquinone obtained from Nutritional Bio- 

chemicals Corporation without specification.    The procedure used 
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for the synthesis of vitamin K    is as follows: 
5 

In a two liter round bottom flask 100 grams of vitamin K 

(2-methyl-l, 4-naphthoquinone),   in the form of yellow prismatic 

needles (m.p.) 105-106oC))   is mixed with a liter of 95 percent 

ethanol and 50 ml of glacial acetic acid.    The mixture is heated in a 

steam bath until a clear solution is obtained.    To the solution 52 

grams of hydroxylamine hydrochloride in 100 ml of distilled water is 

added.    Next 100 grams of sodium acetate dissolved in 150 ml of 

warm,   distilled water is added in order to liberate the unbound 

hydroxylamine and thus lead to the formation of the monoxime.    The 

mixture is heated for one hour on a steam bath with a reflux con- 

denser.    During this time the monoxime formed remains in solution. 

In the meantime,   in a four liter beaker,   400 grams of stannous 

chloride is added to two liters of 35 percent hydrochloric acid and 

magnetically stirred until thoroughly mixed.    The stannous chloride 

crystals slowly go into solution.    When the solution becomes clear 

the dark,   red,  hot monoxime solution is poured,  under constant 

stirring,   into the stannous chloride solution in the course of about 

30 minutes. 

After all the monoxime is added the practically colorless mix- 

ture, which contains a considerable amount of vitamin K , is stirred 

again for one hour and then allowed to stand overnight.    By the 
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following morning a voluminous precipitation of crystalline vitamin 

K    will appear. 
5 

The crystalline precipitate is filtered off using suction,   and 

washed twice with 100 ml of cold hydrochloric acid,  and once with 

the same amount of cold absolute ethanol saturated with HC1 gas. 

The crystals are suction filtered to dryness and then further dried 

over melted calcium chloride and sodium hydroxide pellets in a 

vacuum dessicator. 

The weight of the dry crude product amounts to approximately 

126 grams. The crude product appears as rose white needles which 

sinter at 260oC and melt with decomposition at 2720C  (uncorrected). 

In order to obtain a very pure vitamin K    the following purifi- 

cation process is carried out:    The crude vitamin K    is mixed with 

2500 ml of distilled water and heated to boiling in a four liter round 

bottom flask.    Fifty grams of sodium bisulfite is added to it slowly 

in small amounts (CAUTION - foaming due to sulfur dioxide pro- 

duction).    Next 100 ml of concentrated hydrochloric acid is added in 

small amounts with stirring.    Then 20 grams of adsorbant charcoal 

(Norite) is added and the mixture is boiled moderately for  10 minutes. 

The hot solution is then suction filtered through a Buchner funnel. 

In the filtrate the shiny,  white needles of vitamin K    crystallize with 
5 

cooling.    These crystals are suction filtered to dryness and then 

dried completely,  over melted calcium chloride and sodium 
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hydroxide pellets,  in the vacuum dessicator. 

The norite on the filter can be combined with the filtrate and 

10 grams of fresh norite,  boiled for  10 minutes,   and filtered to ob- 

tain a second fraction. 

In this manner of preparation pure vitamin K   ,  appearing as 
5 

shiny,  white needles which melt with decomposition between 280 and 

2820C  (uncorrected),  can be obtained.    The vitamin K    is stored in 
5 

brown glass to protect it from light,   and in the vacuum dessicator to 

protect it from oxygen.    In this way no physical or chemical change 

should occur for at least one year. 

Commercial preparations of crystalline vitamin K    used in 
5 

this study for comparison to the synthesized vitamin K    were ob- 
5 

tained from Mann Research Laboratories,  Eastman Organic 

Chemicals,  Nutritional Biochemicals Corporation,   and Hetero- 

chemical Corporation.    Mann Research Laboratories vitamin K 
5 

was of C.P.   grade.    The other vitamin K    preparations had no 

specifications.    The four different commercial vitamin K    prepara- 

tions ranged from pink to red-brown in coloration indicating the 

presence of some oxidation products. 

Since vitamin K    begins to oxidize as soon as it goes into 
5 

solution,   it was weighed out prior to all experiments and added in the 

crystalline state.    All of the vitamin K    was weighed on a Mettler 
5 

analytical balance no sooner than 30 minutes prior to its use.    In 
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order  to get greater accuracy,   since vitamin K    was added in the 
5 

crystalline state,  in the final concentration of vitamin K    only 20 
5 

ppm graduations were used in the studies conducted.    Since all solu- 

tions had a final volume of 25 ml a 20 ppm graduation insured that 

the weight of dry vitamin K    would be in even milligrams or in five- 
5 

tenths of a milligram. 

Microbiological Media 

The cultures of bacteria were grown and maintained on Bacto- 

nutrient agar.     The composition of the agar was as follows: 

Bacto-Nutrient Agar 

Bacto-Beef Extract 3 g 
Bac to-Peptone 5 g 
Bacto-Agar 15 g 
Distilled Water 1000 ml 

The sterilized agar medium had a final pH of 6.8. 

The cultures were grown and maintained prior to inoculation, 

treated with vitamin K   ,   and subcultured in Bac to-nutrient broth. 
5 

It had the following composition: 

Bac to-Nutrient Broth 

Bacto-Beef Extract 3 g 
Bac to-Peptone 5 g 
Distilled Water 1000 ml 
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The sterilized broth medium had a final pH of 6.8. 

All the plates for total counts were poured using Bacto-plate 

count agar as a medium.    The composition of the agar was as follows: 

Bacto-Plate Count Agar 

Bacto-Tryptone 5 g 
Bacto-Yeast Extract 2.5 g 
Bacto-Dextrose 1 g 
Bacto-Agar 15 g 
Distilled Water 1000 ml 

The sterilized agar medium had a final pH of 7.0. 

All microbiological media utilized were products of Difco 

Laboratories. 

Propylene Glycol 

The propylene glycol (1, 2-propanediol) used in this study was 
o 

obtained from Eastman Organic Chemicals.    The desired concen- 

tration was added to the Bac to-nutrient broth and 20 x 150 mm 

screw-cap test tubes containing 24 ml of the solution were prepared 

and sterilized in the autoclave for  15 minutes at 15 pounds pressure 

(121 0C) for use in the studies. 
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Microbiological Methods 

Growth of the bacterial cultures:   All of the bacterial cultures 

used were maintained on Bacto-nutrient agar slants in 20 x 150 mm 

test tubes.    The different species of bacteria were incubated through- 

out the investigation at the respective temperatures listed in Table 7. 

Table 7.    Incubation temperatures for bacteria studied 

Pseudomonas fluorescens 290C 

Escherichia coli 320C 

Proteus vulgaris 340C 

Bacillus subtilis 370C 

Staphlococcus aureus 370C 

These incubation temperatures were chosen since they support- 

ed luxuriant growth of the specific cultures used. 

All of the tubes containing vitamin K    and bacteria were main- 
5 

tained at the respective temperatures listed in Table 7 during con- 

tact time.    The plates for total plate counts were incubated at the 

same temperatures,  as those used to maintain the cultures,  for 48 

hours prior to counting.    Also,  all of the Bacto-nutrient broth used 

for testing and subcultures was pre-warmed in the incubator accord- 

ing to the respective species temperature. 
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Preparation for inoculation:    The bacteria used during these 

studies were prepared for inoculation according to the following 

procedures: 

1. A loopful of culture was transferred from one of the stock 

cultures to a Bacto-nutrient agar slant in a 20 x 150 mm test tube 

and incubated for 24 hours at the species respective temperature. 

2. A loopful of culture from the 24 hour slant was transferred 

into 20 ml of sterilized Bacto-nutrient broth in a sterilized 50 ml 

erlenmeyer flask, with an aluminum foil top.    The Bacto-nutrient 

broth was maintained in the incubator for 12 hours,  at the respective 

incubation temperature,   after the inoculum had been thoroughly 

dispersed in the broth. 

3. After  12 hours the viable cells in the 20 ml of Bacto- 

nutrient broth were transferred to tubes and read in a Lumetron 

Photoelectric Colorimeter,  Model 400-A,  with orange filter  (580 mjj.), 

and standardized to 100 percent transmission with Bacto-nutrient 

broth.    Results  (turbidity) were obtained as follows: 

Turbidity = 100 percent Transmission - Transmission of sample 

Some typical turbidity readings and the inoculation required to give 

an initial count of 160, 000 to 200, 000 cells/ml with the species of 

bacteria studied are listed in Table 8. 
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Table 8.    Typical turbidity readings and inoculations used to give an 
initial count of 160, 000 to 200, 000 cells/ml with the 
bacteria studied. 

Microorganism Turbidity Reading Inoculation (ml) 

Escherichia coli 24 1 

Proteus vulgaris 24 1 

Staphlococcus aureus 14 3 

Bacillus subtilis 18 4 

Pseudomonas fluorescens 19 5 

4.    After the turbidity had been determined the broth mixture 

was transferred from the colorimeter tube to a sterile 20 x 150 mm 

screw-cap test tube and shaken 200 times to insure uniform disper- 

sion of the bacterial cells.    An inoculation of the broth mixture 

(Table 8),  depending on the particular species and the turbidity 

reading,  was then introduced into a 99 ml distilled water blank and 

shaken for three minutes.    One milliliter of this mixture was then 

used as the standard inoculum for the studies conducted. 

This procedure was followed for all of the species of bacteria 

utilized,  with only the amount of inoculum introduced into the 99 ml 

distilled water blank varying.     The amount of this inoculum was 

adjusted so that an initial inoculation of 160,000 to 200,000 cells/ml 

would be obtained in the one milliliter standard inoculum. 

In the study concerning the effect of initial count on the 
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antimicrobial activity of vitamin K   ,   the amount of inoculum into the 
5 

99 rnl distilled water blank was adjusted to obtain the desired initial 

count,   except with the 16, 000, 000 cell inoculation where a direct 

inoculation from the broth mixture was utilized. 

Inoculation:    20 x 150 mm screw-cap test tubes,   containing 24 

ml of Bacto-nutrient broth,  were prepared and sterilized in the auto- 

clave for  15 minutes at 15 pounds pressure  (121° C).    These tubes 

were used,  except when the studies with nitrogen atmosphere were 

carried out,   to introduce the standard one milliliter inoculum and 

the desired concentration of vitamin K    together. 

After the standard inoculum was added,   the tubes were shaken 

50 times to ensure its distribution throughout the solution.    The 

amount of crystalline vitamin K    to give the desired final concentra- 
5 

tion was  then added,  and the tubes were shaken 100 times.    This 

method was chosen because of the work conducted on several 

methods of application.    The results of these studies are presented 

in the next section.    The tubes were then incubated for  12 hours at 

the respective species temperature.    At the end of the  12 hour incu- 

bation period the tubes were plated in duplicate and duplicate sub- 

cultures  (one ml into 20 ml fresh broth) were prepared and incubated 

at respective temperatures for observation after four days. 
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Method of Application Study 

A  study on the affect of some different methods of application 

against Escherichia coli was carried out to determine the best method 

for applying vitamin K    to a broth suspension of microorganisms in 
5 

a test tube, 

With the first method the Escherichia coli inoculum was added 

to a screw-cap test tube containing 24 ml of broth,   the tube was 

shaken 50 times,   the desired concentration (220 ppm) of vitamin K 
5 

was added,   the tube was shaken 100 times,  and the tube was then 

incubated for  12 hours before plating. 

The second method studied was to put the Escherichia coli 

inoculum into the test tube,   shake 50 times,  add vitamin K   ,   invert 
5 

the test tube 20 times  (just enough to get the vitamin K    into solution), 
5 

and incubate for 12 hours.    This method was very similar to the first 

method except that there was less air oxidation able to take place. 

The third method was to add vitamin K    first,   shake 50 times, 
5 

inoculate with Escherichia coli,   shake 100 times,   and incubate for 

12 hours.    This method was carried out to see if stock solutions of 

vitamin K   ,  which would give greater concentration accuracy,  might 
5 

be utilized in the studies. 

A fourth tube was also run using the first method,  but adding 

30 ppm sodium bisulfite with the vitamin K    to retard air oxidation. 
5 
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Anaerobic Studies 

The study concerning the effect of vitamin K    against bacteria 
5 

in the absence of oxygen was carried out using the cultures of 

Escherichia coli,   Proteus vulgaris,  and Staphlococcus aureus.    These 

bacterial species were chosen since they are known to be facultative 

anaerobes (12,  p.   337,   365,   and 465). 

The method employed was as follows:    The bacteria were grown 

and prepared for inoculation exactly as before except each species 

was grown in nitrogen atmosphere as well as in air prior to inocula- 

tion.     Thunberg tubes were used for the inoculation,  with the desired 

concentration of vitamin K    being weighed out and placed in the cap 
5 

and 24 ml of Bacto-nutrient broth being placed in the tube.    The 

standard inoculation was introduced into the broth and the cap was 

placed on the tube.    A 30 inch vacuum was pulled on the tube,   after- 

which,   nitrogen was leaked back into the tube.    Another 30 inch 

vacuum was pulled on the tube and nitrogen was again leaked back 

until only a two inch vacuum remained (to keep the cap in place). 

The cap was turned and the tube was tilted to get the vitamin K    into 
5 

the broth.     The tube was then shaken 150 times and placed in the 

incubator for  12 hours.    All tubes were run in duplicate and plated 

in duplicate and the results averaged as before. 
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Contact Time Study 

In order to determine the effect of contact time on the anti- 

microbial activity of vitamin K    against Escherichia coli,   the follow- 
5  

ing procedure was followed:   The Escherichia coli was grown,  pre- 

pared for inoculation,  and inoculated as described before.    Plates of 

the total count were then prepared in duplicate at 1,   25,   50,   100, 

150,   200,   250,   300,  and 350 minutes respectively.    All plates were 

taken from the same tube.    The tube was tilted 40 times before plat- 

ing each time.    The tube was not shaken so that a minimum of air 

oxidation would take place. 

Propylene Glycol Study 

Cultures of Escherichia coli,   Proteus vulgaris,   and Bacillus 

subtilis were used to study the antimicrobial activity of propylene 

glycol and vitamin K    in combination.    Tubes containing 0,   1,   5, 
5 

and 10 percent solutions of propylene glycol in Bac to-nutrient broth 

were prepared and tested against the three species of bacteria 

studied.    The method employed was the same as that used for the 

vitamin K    studies except no vitamin K    was introduced into the 
5 5 

tubes and they were shaken 150 times before being incubated.    The 

tubes were run in duplicate and plated in duplicate and the results 

averaged (Table 9).    The results of this study calculated in percent 
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Table 9.    Effect of different concentrations of propylene glycol on 
the total microbial count after 12 hours. 

Total Count/ml x 104 

Microorganism . Cone,  of Propylene Glycol (percent) 
count/m 1 

10 

Escherichia coli       166,000   14,225     11,525        11,000        344.2 

Bacillus subtilis       200,000     1,295 527.5 67.5      17.95 

Proteus vulgaris      200,000     6,350        6,200 5,020 1.2375 

inhibition are shown in Table 10. 

From the results obtained it was decided to run the studies 

with all three species of bacteria in one and five percent solutions of 

propylene glycol to determine if there was any synergistic activity 

and resultant reduction in bactericidal concentrations of vitamin K 
5 

needed to inhibit the microorganisms. 

The microbiological methods employed were the same as 

those used in the studies with vitamin K    alone, 
5 
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Table 10.    Effect of different concentrations of propylene glycol on 
the percent inhibition after 12 hours. 

Percent Inhibition 

Microorganism . Cone,  of Propylene Glycol (percent) count/ml 

1 5 10 

Escherichia coli 

Bacillus subtilis 

Proteus vulgaris 

166,000 0 18.98 22.67 97.58 

200,000 0 59.27 94.79 98.61 

200,000 0 2.36 20.95 99.98 
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RESULTS AND DISCUSSION 

Effect of Method of Application 

Since Shwartzman (95) found reduction as well as an overexten- 

sive oxidation retarded the antimicrobial activity of vitamin K   ,   a 
5 

satisfactory method of applying vitamin K    to the microorganisms in 
5 

a test tube was sought. 

The results of the studies with the different methods of appli- 

cation are presented in Table 11.    The method utilizing the inocula- 

tion first followed by vigorous shaking gives the best result,  although 

the other two methods would have been bactericidal if the tubes had 

been incubated for a longer period of time. 

Since the vigorous shaking of the test tubes in methods  1 and 3 

produced many tiny bubbles one would expect a rapid oxidation of 

vitamin K    due to the increased surface area present.    The reason 
5 \ 

method 3 did not prove bactericidal will become apparent when the 

study of the effect of contact time is discussed. 

Method 2,  which involved inverting the tube to allow vitamin 

K    to go into solution,  afforded an opportunity only for minimal air 
5 

oxidation of vitamin K   .    It was also noticed that the purple color, 
5 

described by Knobloch (54,  p.   524),  formed in this tube, but only a 

red-brown coloration appeared in the tubes where methods 1 and 3 

were utilized.    This could be due to the fact that the greater initial 



Table 11. Effect of different methods of application on the antimicrobial activity of 220 ppm 
vitamin K5 against Escherichia coli as determined by subcultures stored at 320C 
for four days. 

Method of Application Total counts/ml after Results of 
12 hours subcultures 

1.    Escherichia coli inoculation first,   then shake 

2.    Escherichia coli inoculation first,   then invert 2.5 

3.    Vitamin Kg into solution first,  Escherichia coli 
inoculation,   then shake 6. 5 

4.    30 ppm sodium bisulfite - Escherichia coli 
inoculation,   then shake 9. 0 

+   =   growth 

-    =   no growth 

00 
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air oxidation in methods 1 and 3 caused a rapid decrease of vitamin 

K    so that a great amount of it was not present to condense with the 

secondary oxidation product (vitamin K  ) and form the purple com- 

pound as suggested by Knobloch (54,  p.   524).    It could also be that 

the greater air oxidation caused the purple compound itself to be 

oxidized and changed in some way. 

Method 4 demonstrates the retarding activity of reducing sub- 

stances and shows that oxidation is desireable. 

Effect of Purity of Vitamin Kp ——^___ g 

To determine if the white,  crystalline vitamin K    synthesized 
5 

in the laboratory had a greater antimicrobial activitythan the partially 

oxidized commercial preparations available,   the different prepara- 

tions were tested in a bactericidal dose of 220 ppm against 

Escherichia coli. 

Consistent results could not be obtained with the commercial 

preparations of vitamin K   .    A 220 ppm concentration of the differ- 

ent commercial preparations of vitamin K    would not prove to be 
5 

bactericidal all of the time, whereas the synthesized vitamin K    was 

consistently bactericidal at 220 ppm under the experimental conditions 

outlined. 

Since the commercial preparations of vitamin K    were 
5 

bactericidal part of the time it must be assumed that the oxidation 
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product or products present do not comprise too great a total of the 

preparation on a weight basis,  or that the product or products are 

bactericidal themselves.    The latter assumption would lead one to 

speculate that the reason the commercial preparations were not con- 

sistently bactericidal as opposed to the synthesized vitamin K       is 
5 

because of the difference in the initial rate of inhibition caused by 

air oxidation.    This will become clearer when the study of the effect 

of contact time is discussed. 

Effect of Vitamin K    Against Different Species of Bacteria 

The study to determine a bactericidal concentration of vitamin 

K    against the different species of bacteria used, was undertaken 
5 

because the work mentioned in the literature (56; 80; and 111) did not 

indicate the methods or the initial count/ml of microorganisms 

utilized. 

The bactericidal concentrations of vitamin K    necessary for the 
o 

inhibition of the different species of bacteria studied are presented in 

Table  12.    Table 13 shows the bactericidal concentrations of vitamin 

K    and the total counts /ml of the control tubes at the end of the 12 

hour incubation period. 

To determine that the results were truly bactericidal and not 

bacteriostatic ,  duplicate subcultures  (one ml in 20 ml of fresh broth) 

were prepared and incubated for four days.    If no growth appeared in 
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Table  12.    Bactericidal concentrations of vitamin K    in ppm. 
 5  

»,. Initial Gram's        Bactericidal 
Microorganisms _ .    , 

Count/ml stain concentration 

Staphlococcus aureus 160,000 + 60 

Bacillus subtilis 176,000 + 80 

Proteus vulgaris 173,000 - 120 

Pseudomonas fluorescens 186,000 - 140 

Escherichia coli 182,000 - 220 



Table  13.     Total counts/ml in the tubes at the end of the  12 hour incubation period. 

Microorganism Initial count/ml 
Concentration 

Vitamin K^ 
(ppm) 

Total , 
count/ml x 10 

Staphlococcus aureus 
160,000 

160,000 

0 

60 

61.5 

0 

Bacillus subtilis 
176,000 

176,000 

0 

80 

11.0 

0 

Pr o te us- vulgar i s 
173,000 

173,000 

0 

120 

60.0 

0 

Pseudomonas fluorescens 
186,000 

186,000 

0 

140 

13.4 

0 

Escherichia coli 
182,000 

182,000 

0 

22.0 

118.0 

0 
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these tubes at the end of the four day incubation period,   the concen- 

tration was termed bactericidal. 

It can be seen from Table  12 that Staphlococcus aureus and 

Bacillus subtillis,   the gram-positive microorganisms,   required the 

lowest concentrations of vitamin K    for inhibition,  while the gram- 

negative microorganisms,   Proteus vulgar is,   Pseudomonas fluores- 

cens,   and Escherichia coli,   required higher concentrations.    This is 

in agreement with the findings of Shwartzman (95) and Kitamikado 

(52) who also found vitamin K    to be more effective against gram- 
5 

positive microorganisms in a broth medium. 

Effect of Anaerobic Conditions 

Because Armstrong,  Spink,  and Kahnke (10) and Shwartzman 

(95) found air oxidation enhanced the antimicrobial activity of vitamin 

K   ,  and the workers (72; 73; 94; 96; and 97) studying the sensitizing 
5 

action of vitamin K    in conjunction with -y-radiation found it to be 
5 

more effective against bacteria in the absence of oxygen,   the anti- 

microbial activity of vitamin K    under anaerobic conditions was 
5 

investigated. 

The results are presented in Tables 14 and 15.    Table 14 shows 

the effect of vitamin K    against the bacteria grown in air while 
5 

Table  15 shows the results against bacteria grown in nitrogen.    The 

bacteria grown in nitrogen and treated (with vitamin K   ) in nitrogen 



Table 14.    Effect of nitrogen atmosphere on the antimicrobial activity of vitamin K    against 
5 microorganisms grown in air. 

Microorganism 
Initial 

count/ml 

Concentration _ 
„..       .     v Total vitamin Kc .    ,      , .4 

. .    D count/ml x 10 
(ppm) 

Inhibition 
(percent) 

Staphlococcus aureus 

Staphlococcus aureus 

200,000 

200,000 

0 

60 

1,290 

3. 14 

0 

99.76 

Proteus vulgaris 

Proteus vulgaris 

164,000 

164,000 

0 

120 

6,000 

1,015 

0 

83.08 

Escherichia coli 

Escherichia coli 

160,000 

160,000 

0 

220 

12,200 

5,825 

0 

52.25 

00 



Table 15.    Effect of nitrogen atmosphere on the antimicrobial activity of vitamin K    against 
.. 5 microorganisms grown in nitrogen. 

Microorganisms 
Initial 

count/ml 
Total 

Concentration 
Vitamin K,- .    ,       ,   A 

. ,    -> count/ml x 10 (ppm) 

Inhibition 
(percent) 

Staphlococcus aureus 

Staphlococcus aureus 

182,520 

182,520 

0 

60 

5,000 

0.4175 

0 

99.99 

Proteus vulgaris 

Proteus vulgaris 

176,000 

176,000 

0 

120 

5,000 

163.25 

0 

96.74 

Escherichia coli 

Escherichia coli 

200,000 

200,000 

0 

220 

12,400 

3,805 

0 

69.32 

4^ 
4^ 
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were a control to show that the results of those grown in air and 

treated in nitrogen did not represent a facultative adaptation. 

As can be seen from the results,   the concentrations of vitamin 

K    that were bactericidal for the different species by the regular 
5 

method (air oxidation,   Tables  12 and 13) were not completely bacter- 

icidal under a nitrogen atmosphere.    The tubes containing vitamin K 
5 

did,  however,  inhibit the growth of the different species in varying 

degrees in all cases. 

Staphlococcus aureus was inhibited to the greatest extent while 

Escherichia coli was inhibited the least amount by both methods.    The 

reasons for this inhibition could be that there was still some oxida- 

tion able to take place in the tubes or,  if there was no oxidation taking 

place,   that the inhibition was brought about by vitamin K    alone.    If 
5 

the latter possibility were the case,  it is also noted that the three 

species of bacteria were inhibited in an inverse relation to the con- 

centration of vitamin K    that was bactericidal in air.    This would 
5 

tend to explain why Escherichia coli which requires a high concentra- 

tion of vitamin K    for inhibition in air (and therefore more oxidation 
5 

and formation of oxidation products of vitamin K  ) was inhibited 
5 

only about half as much as Staphlococcus aureus which requires a low 

concentration for air inhibition (and therefore correspondingly lower 

amount of oxidation and oxidation product formation).    Proteus 

vulgaris which was inhibited by a concentration between those 
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required by S.  aureus and E.  coli in air also showed a corresponding 

percent inhibition between those of the other two species in this study. 

Effect of Contact Time 

Escherichia coli was not inhibited immediately on coming into 

contact with vitamin K    (Table 16).    The lethal effect of vitamin K   . 
5 5 

however,   increased as the contact time was increased; 50 percent 

inhibition (I_n) occurred after 25 minutes.    A rapid rate of inhibition 
50 

was maintained until I      was reached,   thereafter it became quite 

slow.    A plot of percent inhibition,  produced by 220 ppm of vitamin 

K  ,  versus contact time against Escherichia coli is shown in 

Figure 1. 

It can be seen from the results that the rapid inhibition of 

Escherichia coli cells to the  I       level could be caused by the vitamin 

K    itself and thereafter,  as most of the vitamin would have been 
5 

oxidized,   the inhibition would become much slower. 

It can also be said that the rapid inhibition might be caused by 

the formation of the intermediate oxidation products (quinoneimine 

and vitamin K   ) and their subsequent antimicrobial activity (if any), 

and as the vitamin K    and the intermediate products are exhausted, 
5 

due to further oxidation and condensation as suggested by Knobloch 

(54,  p.   519-524),   the reduced inhibition rate after   I       would occur. 

It is also possible that a combination of these two explanations 
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Table  16.    Effect of contact time on the antimicrobial activity of 220 
ppm vitamin K    against Escherichia coli (total counts). 

5   

Contact time 
(minutes) 

Vitamin K^ (ppm) 

220 

Inhibition 
(percent) 

(x 1000) (x 1000) 

5, 175 5, 175 

1 5,325 5, 012.5 3.2 

25 5,387.5 2, 537.5 51.0 

50 7,075 1. 262.5 75.6 

100 9,675 112.5 97.8 

150 20,750 32.5 99.9 

200 45,500 7.5 ca. 100 

250 177,500 3.75 ca. 100 

300 498,750 .075 ca. 100 

350 975,000 0 100 



ISO 

Time (minutes) 

200 250 300 
rri^ 

350 

Figure 1.    Effect of contact time on the antimicrobial activity of vitamin K    against 
Escherichia coli. 

oo 
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might be the actual method of inhibition. 

As can be seen from the rapid rate of initial inhibition,  method 

3 (vitamin K    in solution first) in the method of application study,  and 
5 

the results obtained with the partially oxidized commercial prepara- 

tions of vitamin K    could be explained by the fact that a plot of their 
5 

percent inhibition versus contact time curve would probably have 

fallen to the right of the curve plotted in Figure 1. 

A similar study using cells of Saccharomyces cerevisiae with 

a concentration of 100 ppm vitamin K    was reported by Rasulpuri 
5 

(81,  p.   40).    The results were very similar and showed an acceler- 

ated inhibition until   I        was reached with   I        occurring after 50 
90 50 

minutes. 

Effect of Initial Number of Microorganisms 

As expected an increase in the initial count of Escherichia coli, 

inoculated into a tube and treated with vitamin K   ,   requires a higher 
5 

concentration of vitamin K    to achieve bactericidal results  (Table  17). 
5 

It can be seen from the results presented in Table 17 that a 

concentration of 220 ppm vitamin K    was bactericidal to an initial 
5 

inoculation of 160,000 cells /ml of Escherichia coli.    On an initial 

inoculation of one-half,  or 80,000 cells/ml,   a concentration of 

approximately one-half (120 ppm) was not bactericidal for the 

E.  coli cells.    When the initial inoculation was  100 times as great 
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Table 17.    Effect of varying initial counts on the antimicrobial 
activity of vitamin K    against Escherichia coli. 

5  

Initial count/ml 
Concentration of vitamin K,-  (ppm) 

Bactericidal Growth 

80,000 - 120 

160,000 220 180 

200,000 220 200 

7,200,000 340 300 

16,000,000 440 400 

(16,000,000 cells/ml) the concentration of vitamin K    required for 
5 

complete inhibition was only twice as much (440 ppm). 

It is also noted that growth occurs in all cases at a concentra- 

tion 40 ppm less than that which is bactericidal except when the 

initial count approaches the upper limits for a certain concentration 

to remain bactericidal.    At a concentration 20 ppm less than the 

bactericidal concentration the results will vary,  with some experi- 

ments being bactericidal and others not,   except as mentioned in the 

previous case.    After a certain concentration is reached it will 

remain bactericidal over a range of counts as can be seen from the 

results obtained with initial counts of 160, 000 and 200, 000 cells/ml. 

The results of this study show that the concentration of vitamin 
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K    is not the limiting factor involved in the inhibition of Escherichia 
5   

coli,   since the initial count/ml can be increased without a propor- 

tional increase in the vitamin K    required for complete inhibition. 
5 

This could mean that the intermediate oxidation products of 

vitamin K    are quite important for inhibition of Escherichia coli, 
5   

since we know that the higher the concentration of vitamin K    the 

more rapidly it tends to oxidize in solution.    It could also indicate 

that a tanning effect on the cell membrane,  as mentioned by Hoffman- 

Ostenhof (44),   is the bactericidal factor in higher concentrations of 

vitamin K_ . 

Synergistic Effect of Vitamin K    and Propylene Glycol 
  5 ■  

The results of the synergistic effect of vitamin K    and propylene 
5 

glycol (five percent) on the bactericidal concentrations required for 

Bacillus subtilis,   Proteus vulgaris,   and Escherichia coli are pre- 

sented in Table  18.    The total counts of the control tubes,  one run 

with plain Bacto-nutrient broth and the other with Bacto-nutrient 

broth plus five percent propylene glycol,  are presented in Table  19. 

As can be seen,   the five percent propylene glycol caused a greater 

inhibition against Bacillus subtilis and Proteus vulgaris than it did 

against Escherichia coli.    The subsequent studies showed that the 

bactericidal concentrations of vitamin K    for Bacillus subtilis and 
5  

Proteus vulgaris were 40 ppm less in five percent propylene glycol 



Table  18.    Bactericidal concentrations as effected by the synergistic action of vitamin K    and 
propylene glycol. 

Microorganism Initial count/ml 

Bactericidal 
Bactericidal concentration 
concentration with 5% propylene 

glycol 

Vitamin Kc  (ppm) Vitamin K-  (ppm) 

Bacillus subtilis 176,000 80 40 

Proteus vulgaris 173,000 120 80 

Escherichia coli 168,000 220 200 
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Table  19.    Total counts/ml of control tubes after  12 hours. 

Total count/ml x 104 

Microorganisms Initial count/ml Percent 
Propylene Glycol 

Bacillus subtilis 176,000 1, 100 77 

Proteus vulgaris 173,000 6,000 160 

Escherichia coli 168,000 12,400 9,400 

as versus plain broth.    The bactericidal concentration of vitamin K 
5 

for Escherichia coli was only 20 ppm less in five percent propylene 

glycol as versus plain broth. 

For both Bacillus subtilis and Proteus vulgaris,   the bacteri- 

cidal concentration of vitamin K    was 20 ppm less,   in one percent 
5 

propylene glycol,   than that required in plain broth. 

From the results it is clear that the combined action of vitamin 

K    and propylene glycol is greater than the action of either one 
5 

alone.     The synergistic action produced would probably be greater 

if the initial counts were correspondingly lower. 







56 

BIBLIOGRAPHY 

1. Almquist,  H.   J.    Purification of the antihemorrhagic factor. 
Journal of Biological Chemistry 114:241-245.     1936. 

2. Almquist,  H.   J.    Purification of the antihemorrhagic vitamin by 
distillation.    Journal of Biological Chemistry 115:598-591. 
1936. 

3. Almquist,  H.   J.    Chemical and physical studies on the anti- 
hemorrhagic vitamin.    Journal of Biological Chemistry 117: 
517-523.    1937. 

4. Almquist,  H.   J.    Further studies on the antihemorrhagic 
vitamin.    Journal of Biological Chemistry 120:635-640.     1937. 

5. Almquist,  H.   J.    Vitamin K group.    V.    Estimation.    In: 
W.  H.   Sebrell and Robert S.  Harris (eds.)    The vitamins, 
vol.   2.    New York,  Academic Press,   1954.    p.  402-414. 

6. Almquist,  H.   J.    Vitamin K group.    VI.    Occurrence in nature. 
In:   W.  H.  Sebrell and Robert S.  Harris  (eds.)   The vitamins, 
vol.   2.    New York,  Academic Press,   1954.    p.   415-419. 

7. Almquist,  H.   J.  and A.  A.  Klose.    Color reaction with vitamin 
K concentrates.    Journal of the American Chemical Society 
61:1610-1611.    1939. 

8. Almquist,  H.   J.  and E.   L,.  R.  Stokstad.    Hemorrhagic chick 
disease of dietary origin.    Journal of Biological Chemistry 
111:105-113.    1935. 

9. Ansbacher,   S.    A quantitative biological assay of vitamin K. 
Journal of Nutrition 17:303-315.     1939. 

10. Armstrong,  W.  D. ,  W.  W.   Spink and J.  Kahnke.    Antibacterial 
effects of quinones.    Proceedings of the Society for Experi- 
mental Biology and Medicine 53:230-234.     1943. 

11. Athanassiadis,  C.  M. ,   J.   N.  Casper and H.   Y.   Yang.    Con- 
trolling secondary fermentation in wine with vitamin K   . 
Wines and Vines 37(ll):n.p.     1956.    (Reprint) 



57 

12. Bergey's manual of determinative bacteriology.    7th ed.    vol.   1. 
Baltimore,  Williams & Wilkins,   1957.     1094 p. 

13. Bernheim,   Frederick and Mary Bernheim.    Action of 4-amino- 
2-methyl naphthol on the oxidation of certain sulfhydryl groups. 
Journal of Biological Chemistry 134:457-458.     1940. 

14. Bicknell,   Franklin and Frederick Prescott.    The vitamins in 
medicine.    3d ed.    New York,  Grune and Stratton,   1953.    784 p. 

15. Binkley,   S.  B.  et al.    The isolation of vitamin K        Journal of 
Biological Chemistry 130:219-234.     1939. 

16. Browne,  C.  A.    The fermentation of sugar cane products. 
Journal of The American Chemical Society 28:453-469.     1906. 

17. Butt,   Hugh R.  and Albert M.  Snell.    Vitamin K.    Philadelphia, 
W.  B.   Saunders,   1941.    172 p. 

18. Casper,   J.   N.  and H.   Y.   Yang.    Vitamin K,c as a preservative 
for wine.    Food Technology 11:536-540.    1957. 

19. Chang,   Frances Nai-Hsuang,   John F.    Oneto   and   Peter P.   T. 
Sah.    Conversion of the semicarbazone and 2,4-dinitro- 
phenylhydrazone of vitamin K3 to vitamin K^.    Zeitschrift fur 
Vitamin -,  Hormon-und Fermentforschung 3 (1/2 supplement): 
61-65.     1950. 

20. Colwell,   Charlotte A.  and Mary McCall.    The mechanism of 
bacterial and fungus growth inhibition by 2-methyl-1, 4- 
naphthoquinone.    Science 101:592-594.     1945. 

21. Colwell,   Charlotte A.  and Mary McCall.    The mechanism of 
bacterial and fungus growth inhibition by 2-methyl- 1, 4- 
naphthoquinone.    Journal of Bacteriology 51:659-670.     1946. 

22. Cooper,   E.  A.    On the relations of phenol and meta-cresol to 
proteins; a contribution to our knowledge of the mechanism of 
disinfection.    Biochemical Journal 6:362-387.     1912. 

23. Dam,   Henrik.    Cholesterinstoff wechel in huhnereiern und 
huhnchon.    Biochemiushe Zeitschrift 215:475-480.     1929. 

24. Dam,  Henrik.    The antihemorrhagic of the chick.    Nature 
135:652-653.    1935. 



58 

25. Dam,  Henrik.    Vitamin K,   the fat-soluble antihemorrhagic 
vitamin.    Angewandte Chemie 50:807-811.     1937.     (Abstracted 
in Chemical Abstracts 32:6285.    1938) 

26. Dam,  Henrik.    Fat-soluble vitamins.    Annual Review of Bio- 
chemistry 9:353-382.    1940. 

27. Dam,  Henrik.    Vitamin K; its chemistry and physiology. 
Advances in Enzymology 2:285-324.     1942. 

28. Dam,  Henrik et.al.    Isolation of vitamin K in highly purified 
form.    Helvelica Chimica Acta 22:310-313.     1939.     (Abstracted 
in Chemical Abstracts 33:54486.     1939) 

29. Dam,  Henrik,   Johannes Glavind  and   E.  K.  Gabrielson.    Occur- 
rence of vitamin K in plants. Acta Physiologica Scandinavica 
13:9-19. 1947. (Abstracted in Chemical Abstracts 44:4968c. 
1950) 

30. Dam,  Henrik,   Johannes Glavind  and   I.  Svensen.    Vitamin K 
in the plant.    Biochemical Journal 32:485-487.     1938. 

31. Dam,  Henrik and Liese  Lewis.    The chemical concentration of 
vitamin K.    Biochemical Journal 31:17-21.     1937. 

32. Dam,  Henrik and Fritz Schonheyder.    The occurrence and 
chemical nature of vitamin K.    Biochemical Journal 30:897- 
901.    1936. 

33. Doisey,  E.  A.  et al.    The isolation,  constitution and synthesis 
of vitamin K   .    Science 90:407.    1939. 

34. Dufrenoy,   Jean.    Mycobacteriostatic agents and chemicals 
controlling the growth of chlorophyll-containing plants. 
Revue Canadienne de Biologie 11:511-512.    1953.    (Abstracted 
in Chemical Abstracts 47:7041i.     1953) 

35, Dufrenoy,   Jean,  R.   Pratt and P.   T.  Sah.    Significance of 
vitamin K in physiological problems related to horticulture. 
Revue Horticole 120:80-83;  133-134.    1948.    (Abstracted in 
Chemical Abstracts 42:7821e.    1948) 

36.    Emmette,  A.  D. ,   Oliver Kamm   and   E.  A.  Sharp.    The vitamin 
K activity of 4-amino-2-methyl-1-naphthol and 4-amino-3- 
methyl-1-naphthol.    Journal of Bacteriology 133:285-286.   1940. 



59 

37. Faggioli,  Gino.    Experiments with an analog of vitamin K as a 
food preservative.     L'Igiene Moderna (Parma) 46:166-173. 
1953.    (Abstracted in Chemical Abstracts 48:295b.    1954) 

38. Fieser,   L.   F.  et al.    Synthetic approach to vitamin Kj.    Journal 
of the American Chemical Society 61:2559-2561.    1939. 

39. Frazier,   William Carroll.    Food microbiology.    New York, 
McGraw-Hill,   1958.    472 p. 

40. Gomez,   Leticia P.    Vitamin K5 as a food preservative. 
Master's thesis.    Corvallis,  Oregon State University,   1962. 
68 numb,   leaves. 

41. Hanzlik,   P.   J.  et al.    Toxicity,   fats and excretion of propylene 
glycol and some other glycols.    Journal of Pharmacology and 
Experimental Therapeutics 67:101-113..    1939. 

42. Hanzlik,   P.   J.  et al.    General metabolic and glycogenic actions 
of propylene glycol and some other glycols.    Journal of 
Pharmacology and Experimental Therapeutics 67:114-126. 
1939. 

43. Hinz,  Charles F.  and John O.  Harris.    The effect of certain 
vitamin K compounds upon the respiration of Saccharomyces 
cerevisiae.    Archives of Biochemistry and Biophysics 48:261- 
266.    1954. 

44. Hoffman-Ostenhof,  Otto.    Mechanism of the antibiotic action of 
certain quinones.    Science 105:549-550.    1947. 

45. Ikeda,  Robert M.  and Donald G.  Crosby.    Chemicals and the 
food industry.    Davis,   I960.     127 p.     (California.    Agricultural 
Experiment Station.    Extension service.    Manual 26) 

46. Hand,   C.   N.    Effect of antibacterial analogues of vitamin K on 
M.    Tuberculosis.    Nature 161:1010.     1948. 

47. Jacobs,  Morris B.    The chemistry of food and food products. 
2d ed.  vol.   3.    New York,  Interscience,   1951.    2580 p. 

48. Kimler,  Alexander.   The in vitro effect of analogs of vitamin K 
on Mycobacterium tuberculosis var.  hominis,   strain H37rv. 
Journal of Bacteriology 60:469-472.    1950. 



60 

49. Kitamikado,  Manabu.    The mechanism of the antibiotic action of 
vitamin K.    The inhibition of phosphate uptake and assimilation. 
Hakko Kogaku Zasshi 36:232-234.     1958.     (Abstracted in 
Chemical Abstracts 52:17377b.     1958) 

50. Kitamikado,  Manabu.    The mechanism of antibiotic action of 
vitamin K.    IV.    Effect of vitamin K of hydrolytic enzymes. 
Nippon Suisangaku Kashi 23:120-123.     1957-58.     (Abstracted 
in Chemical Abstracts 53:4565a.     1959) 

51. Kitamikado,  Manabu.    The mechanism of the antimicrobial 
action of vitamin K.    Inhibition of phosphate cycle.    Hakko 
Kogaku Zasshi 37:242-248.     1959.     (Abstracted in Chemical 
Abstracts 54:16534c.    I960) 

52. Kitamikado,  Manabu.    Factors influencing the antibiotic action 
of vitamin K compounds.    Hakko Kogaku Zasshi 37:255-260. 
1959.    (Abstracted in Chemical Abstracts 54:17546f.     I960) 

53. Klose,  A.  A.,  H.   J.  Almquist   and  E.  Mecci.    Properties of 
the antihemorrhagic vitamin (vitamin K).    Journal of Biological 
Chemistry 115:681-696.     1936. 

54. Knobloch,  I.  E.    A polarographic and spectrographic study on 
vitamin Kc  (4-amino-2-methyl-1-naphthol) and its oxidation 
products.    Collection of Czechoslovak Chemical Communica- 
tions 14:508-531.    1949. 

55. Knobloch,  I.  E.    The hydrolytic splitting of the oxidation 
product of 2-methyl- 1, 4-amino-naphthol (vitamin K5) Sbornik 
Mezinarodniho Polarografickeho Sjezedu v Praze,   1st Congress, 
1951,  part 1,   Proceedings: 764-9.     (Abstracted in Chemical 
Abstracts 46:10960e.    1952) 

56. Kowalski,  Stefan.     The effect on microorganisms of 2-methyl- 
4-amino-1-naphthol.-  HC1 (vitamin K5).    Polska Akademia 
Umiejetnosci Rozprawy Wydzialu Lekarskiego 12:1-38.     1952. 
(Abstracted in Chemical Abstracts 48:4054b.     1954) 

57. Laufarcade,   S.    Activators and inhibitors in alcohol fermenta- 
tion of grape musts.    Annales de L'institut National de la 
Recherche Agronomique Serie E.   Annales de Technologie 
Agricole 4:5-66.     1955.     (Abstracted in Chemical Abstracts 
50:7386i.    1956) 



61 

58. Lev,   M.  and B.  Reiter.    Growth response of a strain of 
Haemophilus parainfluenza to menadione  (vitamin K   ).    Nature 
193:905-906.    1962. 

59. MacCorquodale,  D.  W.  ej; aj..    Inactivation of vitamin K by light. 
Proceedings of the Society for Experimental Biology and 
Medicine 40:482-483.    1939. 

60. MacCorquodale,  D.  W.  et al.    On the constitution of vitamin Kj. 
Journal of the American Chemical Society 61:1928-1929.    1939. 

61. Masoni,   S. ,   F.  Zuliani and P.   Neppi-Levi.    Antifungal and anti- 
bacterial action of mixtures of vitamin K^ (2-methyl-4-amino- 
1-naphthol hydrochloride) and antibiotics.    I.    Antagonism and 
synergism in respect of Micrococcus pyogenes var.  aureus, 
Escherichia coli,   Pseudomonas aeruginosa,  and Candida 
albicans.    Archivio di scienze biologiche  (Bologna) 40:38-46. 
1956.    (Abstracted in Chemical Abstracts 50:14042h.    1956) 

62. Masuo,  Eitaro and T.  Okabayashi.    Antifungal substances.    II. 
Vitamin K-, and K5 and their antimicrobial activity.    Annual 
Report of Shionogi Research Laboratory 3:105-108.     1953. 
(Abstracted in Chemical Abstracts 51:82101.    1957) 

63. Masuo,  Eitaro and T.  Okabayashi.    Antibacterial activity of 
vitamin K.    Annual Report of Shionogi Research Laboratory 
3:105-108.    1953.    (Abstracted in Chemical Abstracts 
50:15712c.    1956) 

64. Matsumoto,  Kenji and Naokazu Komatsu.    Antiseptics for Miso: 
Vitamin K-j and K5 as antiseptics for miso.    Journal of the 
Society of Brewing (Japan) 47:513-516.     1952.     (Abstracted in 
Chemical Abstracts 49:5766c.    1955) 

65. McKee,   R.  W.  et al.    The isolation of vitamin Kj and K2. 
Journal of the American Chemical Society 6l::1295.    1939. 

66. Menotti,  Amel R.    Detection and quantitative determination of 
4-amino-2-methyl-1-naphthol; a synthetic vitamin K.    In- 
dustrial and Engineering Chemistry,  Analytical Edition 14: 
601-602.    1942. 

67. Michalek,   Joan E.    A method for the determination of vitamin 
K5 in fruits and vegetables.    Master's thesis.    Corvallis, 
Oregon State University,   1962.    41 numb,   leaves. 



62 

68. Morgan,  G.  T.  and E.  A.  Cooper.    The bactericidal action of 
the quinones and allied compounds.    Biochemical Journal 15: 
587-594.    1921. 

69. Morgan,  G.   T.  and E.  A.  Cooper.    Bactericidal action of 
quinones and allied compounds.    Journal of the Society of 
Chemical Industry 43:352-354.     1924. 

70. Neipp,   Lucien.    Action du propylene-glycol et d'autres sub- 
stances k fonction alcool sur  L'activit€ antibact^rienne. 
Schweizerische Zeitschrift fiir Allgemeine Pathologie und 
Bakteriologie 20:150-160.     1957. 

71. Neppi-Levi,   P.  and S.  Masoni.    Action of antioxidants on the 
antibacterial power of vitamin Kc.    Nuovi Annali d'Igiene e 
Microbiologia 5:412-423.    1954.    (Abstracted in Chemical 
Abstracts 49:8389a.    1955) 

72. Noaman,   M.  A.,  G.   J.  Silverman,  and S.  A.  Goldblith. 
Further observations concerning the effect of vitamin K^ and 
related compounds on the radiosensitization.    Abstract No.   92, 
Program of 23rd Annual Meeting of Institute of Food Tech- 
nologists,  Detroit,  Michigan,  May 26-29,   1963. 

73. Noaman,  M. A. _et al.    Radiosensitization of Streptococcus 
faecalis and Escherichia coli.    Journal of Food Science 29: 
80-86.    1964. 

74. Novelli,  Armando.    A sensitive color test for 2-methyl-1, 4- 
naphthoquinone and related compounds.    Science 93:358.     1941. 

75. Oneto,   John F.  and Peter P.   T.  Sah.    Die Darstellung von 
Vitamin Kc aus Vitamin K^.    Pharmaceutica Acta Helvetiae 
24:108-112.    1949. 

76. Oxford,  A.  E.  and H.  Raistrick.    Antibacterial substances from 
molds.    IV.    Spinulosin and fumigatin,  metabolic products of 
PeniciIlium spinulosum Thorn and Aspergillus fumigatus 
Fresenius.    Journal of the Society of Chemical Industry 61: 
128-129.    1942. 

77. Pratt,  Robertson et al.    Enhancement of penicillin activity in 
vitro by vitamin K5.    Journal of the American Pharmaceutical 
Association 37:435-438.    1948. 



63 

78. Pratt,  Robertson et al.    Vitamin K5 as an inhibitor of the growth 
of fungi and of fermentation by yeast.    Proceedings of the 
National Academy of Sciences of the United States of America 
34:325-328.    1948. 

79. Pratt,  Robertson,   Jean Dufrenoy and Virginia Pickering. 
Vitamin Kc as a preservative for fruits and disinfectant for 
seeds.    Phytopathology 39:862.    1949. 

80. Pratt,  Robertson et al.    Vitamin Kc as an antimicrobial medica- 
ment and preservative.    Journal of the American Pharmaceuti- 
cal Society,  Analytical Edition 39:127-134.    1950. 

81. Rasulpuri,  Muhammad Latif.    Mode of action of vitamin K^ on 
Saccharomyces cerevisiae.    Ph.D.   thesis.    Corvallis,  Oregon 
State University,   1963.    81 numb,   leaves. 

82. Rasulpuri,  M.   Latif,  A.  W.  Anderson and H.   Y.   Yang.    Mode 
of action of vitamin Kc on Saccharomyces cerevisiae.    Paper 
presented at the 24th annual meeting of the Institute of Food 
Technologists,  Washington,  D.  C.,  May 24-28,   1964. 

83. Reynolds,  Howard and Harold Lichtenstein.    Effect of certain 
growth factors on the heat resistance of anaerobic spores. 
The Society of American Bacteriologists. Bacteriological 
Proceedings,   1950,  p.   28. 

84. Riberau - Gayon,   J.  and E.   Peynaud.    Inhibition of wine yeasts 
by vitamin Kc and other antibiotics.    Comptes Rendus des 
Seances de I'Academie d'Agriculture de France 39:479-481. 
1952.    (Abstracted in Chemical Abstracts 48:12367f.    1954) 

85. Riberau - Gayon,   J.  and E.   Peynaud.    Prevention of secondary 
fermentation in mead. Gazette Apicole 55:148-150. 1954. 
(Abstracted in Chemical Abstracts 49:15l66d.    1955) 

86. Robertson,   O.  H.    The bactericidal action of propylene glycol 
vapor  on microorganisms suspended in air.    Journal of Ex- 
perimental Medicine 75:593-610.    1942. 

87. Robertson,  O.  H.    Air-borne infection.    Science 97:495-502. 
1943. 

88. Robertson,  O.  H.   et al.    Sterilization of air by certain glycols 
employed as aerosols.    Science 93:213-214.    1941. 



64 

89. Robertson,  O. H.  et al.    The protection of mice against infec- 
tion with air-borne influenza virus by means of propylene 
glycol.    Science 94:612-613.    1941. 

90. Robertson,  O. H,  et al.    The lethal effect of triethylene glycol 
vapor on air-borne bacteria and influenza virus.    Science 97: 
142-144.    1943. 

91. Sah,   Peter P.   T,    Quinones as reagents for the dehydrogena- 
tion of cholesteryl acetate to provitamin D.    Recueil des 
Travaux Chimiques des Pays-Bas 59:454-460.    1940. 

92. Sah,   Peter P.   T,    Synthesis of compounds related to anti- 
hemorrhagic vitamin K.    IV,    a-naphthol as a starting material 
for preparation of 2-methyl- l-hydroxy-4-amino-naphthalene 
hydrochloride (vitamin Kc).    Recueil des Travaux Chimiques 
des Pays-Bas 60:373-377.    1941. 

93. Schonheyder,   Fritz.    The determination of vitamin K.    Bio- 
chemical Journal 30:890-896.    1936. 

94. Shehata,  A,  M.  El-Tabey.    Effect of combined action of ionizing 
radiation and chemical preservatives on microorganisms. 
I.    Vitamin K    as a sensitizing agent.    Radiation Research 15: 
78-85.    1961. 

95. Shwartzman, Gregary.    Antibacterial properties of 4-amino-2- 
methyl-1-naphthol hydrochloride  (synkamin).    Proceedings of 
the Society for Experimental Biology and Medicine 67:376-378, 
1948. 

96. Silverman,  G.   J. , A.  M.  El-Tabey Shehata and S, A.  Goldblith. 
The radiosensitivity of Escherichia coli and Streptococcus 
faecalis as influenced by vitamin Kc and its analogs.    Radiation 
Research 16:432-440.    1962. 

97. Silverman,  G.   J. ,   N.  S.  Davis and S.  A.   Goldblith.    Modifica- 
tion of radio lethality by vitamin Kc and certain analogs in model 
systems and in foods.    Journal of Food Science 28(6):687-691. 
1963. 

98. Smith,  E.  S. ,   J.   F.   Bowen and D.  R.  MacGregor.    Yeast 
growth as affected by sodium benzoate,  potassium sorbate and 
vitamin K_.    Food Technology l6(3):93-95.    1962. 

5 



65 

99.    Tanaka,  Shigeki.    Antiseptics.    II.    The effect of 2-methyl-4- 
aminonaphthol hydrochloride,   Z-methyl-1, 4-naphthoquinone, 
and 2-methy 1-1, 4-naphthoquinone sodium bisulfite.    Journal 
of Fermentation Technology (Japan) 29: 347-349.    1951.    (Ab- 
stracted in Chemical Abstracts 47:1899c.    1953) 

100. Tanaka,   Shigeki and Hyozo Kawakita.    Antiseptics.    IV.    The 
effect of vitamin K as a preserving agent for sake.    Journal 
of Fermentation Technology (Japan) 29:393-398.     1951.     (Ab- 
stracted in Chemical Abstracts 74:4513i.    1953) 

101. Tanaka,  Shigeki and Hyozo Kawakita.    The effect of vitamin K 
as a preserving agent for fish-meat paste.    Journal of Fer- 
mentation Technology (Japan) 29:431-435.    1951.    (Abstracted 
in Chemical Abstracts 47:4514a.    1953) 

102. Tanaka, Shigeki and Hyozo Kawakita. Antiseptics. VI. The 
effect of vitamin K as a preservative for soy sauce. Journal 
of Fermentation Technology (Japan) 30:211-214. 1952. (Ab- 
stracted in Chemical Abstracts 48:2936h.    1954) 

103. Tendergy,  Robert and Otto Francia.    Vitamin K-type compounds 
as beer preservatives.    Yearbook of the Institute of Agricul- 
tural Chemical Technology at the University of Technical 
Sciences (Budapest) 3-4:136-143.    1952-1954.    (Abstracted in 
Chemical Abstracts 49:14263b.    1955) 

104. Thalhimer,  William and B.   Palmer.    The bactericidal action 
of quinone and other phenol oxidation products as determined 
by the Rideal-Walker method.    Journal of Infectious Diseases 
9:172-180.    1911. 

105. Thalhimer,  William and B.   Palmer.    A comparison of the 
bactericidal action of quinone with that of some of the com- 
moner disinfectants.    Journal of Infectious Diseases 9:181- 
189.    1911. 

106. Thayer,  S.  A. et al.    Isolation of a crystalline compound with 
vitamin K activity.    Science 88:243.     1938. 

107. Tomiyasa,   Yukio et al.    Antibiotic action of synthetic vitamin 
K.    Journal of Fermentation Technology (Japan) 29:187-190. 
1950.    (Abstracted in Chemical Abstracts 47:2824h.    1953) 



66 

108. Trivellato, E.    Action of vitamin Kg on Aspergillus niger. 
Giornale di Malattie Infective e Parassitarie 9:3Z6-327.    1957. 
(Abstracted in Chemical Abstracts 52:12084e.    1958) 

109. Veldstra,  H.  and P. W. Wiardi,    Water-soluble antihemor- 
rhagic substances.    I.    Synthesis of 2-methyl-4-amino- 1- 
naphthol hydrochloride and 2-methyl-1, 4-diaminonaphthalene 
dihydrochloride - The water soluble vitamin K^ and K^. 
Recueil des Travaux Chimiques des Pays-Bas 62:75-84.    1943. 

110. Verona,  Onorato.    Action of vitamin K-j and Kg on yeasts, par- 
ticularly on wine yeast.    Academia Italiana della Vite e Vino, 
Sienna Atti 4:345-357.    1952.    (Abstracted in Chemical Ab- 
stracts 49:10440e.    1952) 

111. Verona,  Onorato.    Antimicrobial action of vitamin K,-. 
Agricola Italiana,   L^Pisa) 8:120-123.    1953.    (Abstracted in 
Chemical Abstracts 48:13818h.    1954) 

112. Verona,  Onorato.    The effect of vitamin Kg .on the resistance 
to heat of the spores of Bacillus subtilis.    Annali della Sper- 
mentazione Agraria (Rome) 9:443-448.    1955.    (Abstracted in 
Chemical Abstracts 49:11067c.    1955) 

113. Waksman,  S. A.  and H.  B.  Woodruff.    Selective antibiotic ac- 
tion of various substances of microbial origin.    Journal of 
Bacteriology 44:373-384.    1942. 

114. Wilkowske, H. H.  et al.    Influence of certain vitamin K com- 
pounds on lactic acid development in milk.    Journal of Dairy 
Science 38:1077-1082.    1955. 

115. Yang,  H.  Y.  e^ al.    Vitamin K    as a food preservative.    Food 
Technology 127501-504.    1958. 

116. Yang,  H.   Y.  et al.    The effect of vitamin Kg on gas production 
in fruit juices.  ~Food Technology 16:109- 111.    1962. 


